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Abstract: Glioma is the most aggressive tumor of the central nervous system and is associated with poor prognosis, 
especially in patients with high-grade gliomas. In this study, we investigated the biological role of inhibitor of kappa 
B kinase interacting protein (IKBIP) in promoting the progression of glioma. Analysis of the TCGA and GTEx data-
bases revealed that IKBIP is upregulated in both lower-grade gliomas (LGG) and glioblastomas (GBM) compared 
with normal brain tissues. Kaplan-Meier survival analysis demonstrated that IKBIP upregulation is associated with 
shorter overall survival (OS) and disease-specific survival (DSS) in patients with LGG. Pan-cancer analysis indicated 
that IKBIP is aberrantly expressed in various malignant tumors, including gliomas. IKBIP knockdown inhibited the 
proliferation of glioma cells both in vitro and in vivo. Additionally, IKBIP knockdown in U251 and U87 glioma cell lines 
significantly suppressed their invasive capacity. Furthermore, IKBIP knockdown resulted in decreased expression 
of proteins associated with Wnt/β-catenin/epithelial-mesenchymal transition (EMT) pathway, including β-catenin, 
ZEB1, ZEB2, N-cadherin, whereas the expression of E-cadherin was increased. Conversely, IKBIP overexpression re-
duced the level of phosphorylated β-catenin (p-β-catenin) while increasing the expression of total β-catenin in glioma 
cells. Furthermore, we identified that transcription factor SP1 (Specificity Protein 1), which is also upregulated in 
glioma tissues and cell lines and is associated with the malignant phenotype of glioma, can bind to the promoter re-
gion of IKBIP. Upregulation of SPI in glioma cells significantly increased the expression level of IKBIP, while inhibiting 
the phosphorylation of β-catenin. These findings collectively suggest that upregulation of IKBIP promotes the pro-
liferation and invasive behaviors of glioma cells by activating the Wnt/β-catenin/EMT pathway. Overall, our findings 
suggest that SP1-IKBIP axis facilitates the proliferation and invasion of glioma through Wnt/β-catenin-associated 
EMT, and SP1-IKBIP axis may represent a promising target for the clinical diagnosis and treatment of glioma.
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Introduction

Glioma is the most common type of primary 
brain tumor in adults and is characterized by 
high invasiveness, rapid proliferation, infiltra-
tion into surrounding tissues, and the forma-
tion of tumors with poorly defined boundaries 
[1, 2]. These tumors are most frequently diag-
nosed in individuals aged 45-70 years. In addi-

tion, gliomas exhibit a modest male predomi-
nance, with a male-to-female ratio of approxi-
mately 1.5:1 [3, 4]. Globally, the incidence of 
Gliomas is higher in North America and Europe 
as compared to the Asian countries [5, 6]. 
Differences in disease prevalence have also 
been observed among ethnic groups, with 
Caucasian population showing a higher inci-
dence than Asians and Africans.
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Several factors are associated with an in- 
creased risk of developing gliomas, including 
inherited disorders such as neurofibromatosis 
type 1 and type 2, genetic alterations involving 
IDH1/2, TP53 or 1p/19q codeletion [7, 8]. En- 
vironmental factors, including exposure to ion-
izing radiation, have also been implicated in the 
development of glioma [9, 10]. Glioblastoma, 
the most malignant subtype of glioma, has a 
median survival of about 18 months following 
surgery. Current therapeutic strategies for glio-
mas mainly include surgical resection, radio-
therapy, and chemotherapy [11, 12]. However, 
despite the use of these conventional thera-
pies, survival outcomes are still suboptimal, 
with limited improvement over the past two 
decades. Therefore, the identification of molec-
ular markers specific to tumor subtypes and 
the development of targeted therapeutic strat-
egies based on these molecular markers repre-
sent important and promising directions of fur-
ther research. Identifying reliable biomarkers 
that can guide therapeutic target selection may 
further improve the clinical management of gli-
oma patients.

IκB kinase-interacting protein (IKBIP) is an 
important protein associated with the regula-
tion of the NF-κB signaling pathway by interact-
ing with the NF-κB protein complex [13, 14]. 
NF-κB is a key transcription factor that regu-
lates cellular responses to stress, immune 
responses, inflammation, cell growth, and 
apoptosis [15-17]. IKBIP specifically inhibit 
NF-κB activity, thereby preventing its nuclear 
translocation and subsequent transcriptional 
activation of target genes that are critical for 
cell survival and function [18, 19]. In addition, 
IKBIP is involved in the degradation and regula-
tion of IκB family proteins, which normally sup-
press NF-κB activity by binding to NF-κB and 
preventing its nuclear translocation. Through 
modulation of this process, IKBIP regulates the 
release and activation of NF-κB signaling [20, 
21].

IKBIP plays an essential role in immune regula-
tion, including the activation and proliferation 
of T and B lymphocytes, enabling them to 
respond to immune challenges. Additionally, 
IKBIP is involved in the regulation of inflamma-
tory processes, which is particularly important 
because NF-κB signaling is implicated in the 
pathogenesis of multiple inflammatory diseas-
es, including rheumatoid arthritis and inflam-
matory bowel disease. Targeting IKBIP may rep-

resent a potential therapeutic strategy for con-
trolling immune response and inflammation.

Beyond immune regulation, IKBIP is also 
involved in the regulation of cell proliferation 
and apoptosis. Through the regulation of NF-κB 
activity, IKBIP can affect cell life and death and 
thus affect tumorigenesis and cancer progres-
sion. Altered expression of IKBIP has been 
observed in several types of cancers [19, 22]. 
Given that NF-κB signaling is frequently dysreg-
ulated in cancer and contributes to cancer pro-
gression, IKBIP is considered as a potential 
target in cancer research. However, the specific 
molecular mechanism by which IKBIP regulates 
the occurrence and development of glioma still 
needs to be clarified.

Therefore, this study aimed to investigate the 
role and underlying mechanism of IKBIP in glio-
ma progression, particularly its regulation of 
the Wnt/β-catenin/EMT pathway and its poten-
tial as a prognostic biomarker and therapeutic 
target.

Materials and methods

Cell culture and transfection

Both human glioma cell lines and normal 
human astrocytes were cultured in high-glu-
cose DMEM medium (Gibco, USA) supplement-
ed with 10% fetal bovine serum (FBS) (Gibco, 
USA). Cells were cultured at 37°C in a humidi-
fied incubator containing 5% CO2. All cell lines 
were used within 10-15 passages to ensure 
experimental consistency and reliability. To 
knock down IKBIP or SP1, shRNAs provided by 
Jikai Gene (Shanghai, China) were used. The 
shRNAs were cloned into a lentiviral expression 
vector. Lentiviral particles were produced by 
co-transfecting the recombinant plasmids into 
293T cells along with packaging plasmids. The 
harvested lentiviral particles were subsequent-
ly used to infect U251 and U87 glioma cells to 
establish stable knockdown cell lines. Next, 
infected cells were selected using puromycin. 
After 48 hours of transfection, the knockdown 
efficiency of the target genes was verified 
through quantitative real-time PCR (qRT-PCR) 
and Western blotting.

qRT-PCR assay

Total RNA was extracted from glioma cells using 
TRIzol reagent (Invitrogen, USA). The purity and 
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concentration of the extracted RNA were mea-
sured using a Nanodrop spectrophotometer to 
ensure suitability for downstream experiments. 
cDNAs was then synthesized using a reverse 
transcription kit (TaKaRa, Japan), which were 
used as a template for qRT-PCR.

qPCR was performed using TB Green (TaKaRa, 
Japan) on an Applied Biosystems 7500 real-
time PCR system. GAPDH served as the refer-
ence gene, and relative gene expression levels 
were normalized to human GAPDH expression 
using the 2-ΔΔCt method [23]. The qRT-PCR prim-
ers used in this study are listed in Table 1, and 
the reaction system is presented in Table 2. 
The reaction conditions were as follows: initial 
denaturation at 95°C for 30 s; 40 cycles of 
denaturation at 95°C for 5 s, and annealing/
extension at 60°C for 34 s; and a final melting 
curve analysis. All qRT-PCR reactions were per-
formed in triplicate.

CCK-8 assay

Cell proliferation was evaluated using a CCK- 
8 kit (Dojindo, CK04-500T, Japan). U251 and 
U87 cells were suspended in 200 µl DMEM 
supplemented with 10% FBS and seeded into a 
96-well plate at a density of 1×103 cells, and 
cultured at 37°C with 5% CO2. Cell proliferation 
was tested at 24, 48 and 72 h after seeding. At 

staining solution (MCE, USA). The number of 
colonies was counted, and the data were col-
lected for statistical analysis [24].

Cell migration and invasion assays

For the migration experiment, the cells were 
cultured in a serum-free DMEM for 24 hours 
prior to the experiment. A total of 600 uL of 
complete DMEM medium containing 10% FBS 
was added to the lower chamber of a 24-well 
plate. Subsequently, 5×104 starved cells were 
suspended in 100 uL of serum-free DMEM  
and seeded into the upper chamber (Corning 
Falcon, USA). The chamber was then cultured 
at 37°C in an incubator containing 5% CO2 for 
24 hours. The migrated cells on the lower sur-
face of the membrane were fixed with 4% para-
formaldehyde (MCE, USA) and stained with 
0.5% crystal violet (MCE, USA). After washing 
with PBS and air-drying, the stained cells were 
observed and photographed under an Oly- 
mpus IX73 inverted microscope. Three to five 
random microscopic fields were captured for 
each sample, and the number of migrated cells 
was quantified using ImageJ software. For the 
invasion experiment, the chamber were pre-
coated with Matrigel before cell inoculation, 
and the other procedures were identical to 
those used in the migration assay.

Table 1. The qRT-PCR primers used in the manuscript
Genes Primers
SP1 Forward 5’-TGGCAGCAGTACCAATGGC-3’
SP1 Reverse 5’-CCAGGTAGTCCTGTCAGAACTT-3’
IKBIP Forward 5’-GCTCATCTAAAGCGTCTACAG-3’
IKBIP Reverse 5’-AAGCGTCGTCAGACTGTTGTT-3’
GAPDH Forward 5’-GGAGCGAGATCCCTCCAAAAT-3’
GAPDH Reverse 5’-GGCTGTTGTCATACTTCTCATGG-3’

Table 2. The qRT-PCR reaction system

Reagent Volume Final  
concentration

TB Green Premix Ex Taq II (Tli RNaseH Plus) (2X) 25 μL 1X
PCR Forward Primer (10 μM) 2 μL 0.4 μM
PCR Reverse Primer (10 μM) 2 μL 0.4 μM
ROX Reference Dye II (50X) 1 μL 1X
DNA Template 4 μL 200 ng
ddH2O 16 μL
Total 50 μL

each time point, 10 μL of CCK-8 
solution was added to each 
well, and the plates were incu-
bated at 37°C for 2 hours. The 
absorbance at 490 nm was 
measured using a microplate 
reader to evaluate cell prolife- 
ration. Each experiment was 
repeated three times to ensure 
data reproducibility, and the 
obtained values were norma- 
lized.

Colony formation assay

For the colony formation experi-
ment, 1×103 cells were inocu-
lated into a 60-mm culture dish 
and incubated at 37°C in a 5% 
CO2 incubator. After being cul-
tured in DMEM containing 10% 
FBS for approximately 7-10 
days, the clones were fixed and 
stained with 0.5% crystal violet 
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In vivo tumourigenicity assay

Female BALB/C nude mice (weighting 20-22 g, 
aged 6 weeks) were used for tumor transplan-
tation. To minimize animal suffering, mice were 
anesthetized by inhalation of isoflurane prior  
to tumor cell inoculation. Glioma cells were 
resuspended at a concentration of 1×107  
cells in 100 μL of 0.9% sterile normal saline 
(Biosharp, China) and injected subcutaneously 
into the right axillary region of each mouse 
using a sterile 27G needle.

After injection, the mice were monitored closely 
for four weeks, and tumor size was measured 
on a weekly basis. At the end of the experiment, 
mice were deeply anesthetized with isoflurane 
and euthanized by cervical dislocation in accor-
dance with ethical guidelines. Tumors were 
excised and weighed immediately. The tumor 
tissues were then subjected to histological  
processing, including fixation, paraffin embed-
ding, sectioning, and immunohistochemical 
staining. All animal experiments were conduct-
ed in accordance with the Guidelines for the 
Care and Use of Laboratory Animals and were 
approved by the Institutional Animal Care and 
Use Committee of Guangdong Medical Uni- 
versity (Approval No.: GDY2302676).

Immunohistochemistry (IHC)

Paraffin-embedded tumor tissues were depar-
affinized, rehydrated, and subjected to antigen 
retrieval. After permeabilization and blocking, 
the sections were incubated overnight at 4°C 
with primary antibodies against Ki67 (1:8000, 
proteintech, China), PCNA (1:3000, protein-
tech, China), and β-catenin (1:10000, protein-
tech, China).

After reaction with HRP-Goat anti-Rabbit sec-
ondary antibodies (Ready to use, proteintech, 
China), immunoreactivity was visualized using a 
DAB staining kit (Aladdin, China). Finally, the 
sections were counterstained with hematoxy-
lin, and digital images were captured using an 
Olympus IX73 inverted microscope for evalua-
tion of immunohistochemical results.

Western blotting

Cells were lysed using M-PER™ reagent 
(Thermo Scientific, USA) supplemented with a 
protease inhibitor cocktail (Thermo Scientific, 

USA). The lysates were then centrifuged, and 
the supernatants were collected for protein 
extraction. Protein concentrations were then 
measured using a BCA protein assay kit 
(Thermo Scientific, USA).

Equal amounts of proteins were separated  
by SDS-PAGE and subsequently transferred 
onto nitrocellulose membranes. The mem-
branes were then blocked to prevent non-spe-
cific binding, and then incubated overnight  
with primary antibodies: anti-SP1 (1:1000, 
Abcam, UK), anti-IKBIP (1:1000, Abcam, UK), 
anti-ZEB2 (1:2000, Proteintech, China), anti-
ZEB1 (1:1000, Proteintech, China), anti-β-
catenin (1:1000, Cell Signaling Technology, 
USA), anti-E-cadherin (1:1000, Santa Cruz 
Biotechnology, USA), anti-N-cadherin (1:1000, 
Cell Signaling Technology, USA), anti-Slug 
(1:1000, Cell Signaling Technology, USA), anti-
Snail (1:1000, Cell Signaling Technology, USA), 
Phospho-Beta Catenin (Ser33) (1:5000, Pro- 
teintech, China) and anti-β-actin (1:10000, 
Proteintech, China). After incubation with HRP 
conjugated secondary antibodies (1:10000, 
Proteintech, China), protein bands were visual-
ized using an enhanced chemiluminescence 
detection system. The band intensities was 
quantified, and the expression levels of target 
proteins were normalized to β-actin, which 
served as the internal loading control.

Chromatin immunoprecipitation (ChIP) analy-
sis

ChIP assays were performed using a Millipore 
EZ ChIP analysis kit (Kaihong, Shandong, 
China). Glioma U251 or U87 cells (~1×107)  
were treated with 1% formaldehyde at 27°C for 
15 minutes. Glycine (125 mM) was added to 
terminate the crosslinking reaction. Then, the 
cells were washed twice with pre-cooled PBS 
and lysed in lysis buffer. The cells were then 
incubated with anti-SP1 (Abcam, USA) and  
IgG (Abcam, USA) at 4°C overnight, followed by 
the addition of Protein A/G agarose (Thermo 
Scientific, USA) and incubation at 65°C for 6 
hours. Proteinase K (Thermo Scientific, USA) 
was added to digest chromatin proteins and 
antibodies. DNA was purified using the DNA 
purification kit (TIANGEN, China). qRT-PCR was 
performed using SYBR Green dye (Promega, 
USA) to assess SP1 binding to the IKBIP pro-
moter regions. IKBIP primer sequences were 
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forward: 5’-GCCCGCTTATGCAAATAAACAC-3’, re- 
verse: 5’-CATCCTCGTTGCTTCACTGAG-3’.

Immunofluorescence assay

Cells were seeded onto glass coverslips and 
cultured until approximately 70% confluence. 
The cells were washed three times with PBS 
and fixed with 4% paraformaldehyde for 20 
minutes. After fixation, the cells were washed 
three times with PBS and permeabilized with 
0.2% Triton X-100 at room temperature for 5 
minutes. The slides were then blocked with 3% 
BSA for 1 hour followed by incubation with pri-
mary antibody (β-catenin, 1:500; Proteintech, 
China) for 2 hours at room temperature. After 
washing with PBS, the cells were incubated 
with the corresponding fluorophore-conjugated 
secondary antibody (1:800, Proteintech, China) 
at room temperature for 1 hour. Finally, the 
slides were mounted using mounting medium 
containing DAPI to stain the nuclei. Fluores- 
cence images were observed using Olympus 
IX73 fluorescence inverted microscope.

Data acquisition

RNA expression data and corresponding clini-
cal information were acquired from The Cancer 
Genome Atlas (TCGA) and the Genotype-Tissue 
Expression (GTEx) databases through system-
atic data downloads. Additionally, glioma-relat-
ed datasets from the Chinese Glioma Genome 
Atlas (CGGA) were retrieved and analyzed using 
its online platform.

Bioinformatics analysis

Gene expression data and related clinical in- 
formation, including survival time, survival sta-
tus, and clinicopathological parameters, were 
analyzed using R software. Receiver operating 
characteristic (ROC) curve analysis was initially 
performed to evaluate the predictive perfor-
mance of IKBIP expression for patient survival, 
with the optimal cutoff values determined. 
Kaplan-Meier survival analysis was then con-
ducted to assess the association between 
IKBIP expression and patient survival out-
comes. Survival curves were generated using 
the survival and survminer R packages to com-
pare survival probabilities between groups with 
different levels of IKBIP expression. Univa- 
riate Cox proportional hazards regression was 
applied to evaluate the association between 

IKBIP expression and overall survival (OS). 
Subsequently, multivariate Cox regression 
analysis was performed to determine whether 
IKBIP expression served as an independent 
prognostic factor after adjusting for other  
clinical variables. In addition, ROC curves were 
generated using the survival ROC R package to 
evaluate the prognostic value of IKBIP expres-
sion for predicting 1-, 3-, and 5-year survival 
outcomes.

Statistical analysis

All statistical analyses were performed using 
GraphPad Prism and R software. Data were 
presented as mean ± standard deviation (SD). 
Comparisons between two groups were per-
formed using two-tailed Student’s t-tests. 
Differences among multiple groups were ana-
lyzed using one-way analysis of variance 
(ANOVA) followed by Newman-Keuls post hoc 
tests.

Survival analyses were conducted using the 
Kaplan-Meier method, and differences in sur-
vival curves were evaluated using the log-rank 
test. Univariate and multivariate Cox propor-
tional hazards regression analyses were per-
formed to identify independent prognostic  
factors for OS. For experiments involving mea-
surements at multiple time points, repeated-
measures ANOVA was applied. A p value < 0.05 
was considered statistically significant. 

Results

IKBIP is upregulated in glioma tissues and as-
sociated with poor prognosis

Bioinformatics analyses of datasets from TCGA 
and GTEx revealed that the expression level of 
IKBIP was significantly higher in both LGG and 
GBM samples, compared to normal brain tis-
sues (Figure 1A, 1C). ROC curve analysis was 
performed to evaluate the prognostic value of 
IKBIP expression, demonstrating that IKBIP 
exhibit favorable predictive performance for 
survival in both LGG and GBM patients, as 
reflected by relatively high areas under the 
curve (AUCs) (Figure 1B, 1D).

Kaplan-Meier survival analysis revealed that 
higher IKBIP expression was significantly asso-
ciated with shorter OS and DSS in LGG patients 
(Figure 1E). The time-dependent ROC curve 
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analysis further confirmed the prognostic value 
of IKBIP expression in predicting survival out-
comes in LGG patient (Figure 1F). However, 
these associations were not observed in GBM 
patients (Figure 1G, 1H).

Univariate Cox analysis further demonstrated 
that elevated IKBIP expression was signifi- 
cantly associated with poorer OS in LGG pa- 
tients (P < 0.001); however, in the multivariate 
Cox regression model, the association did  
not remain statistically significant (P=0.064) 
(Figure 1I). To further clarify this discrepancy, 
stratified survival analyses were conducted in 
the TCGA-LGG cohort according to isocitrate 
dehydrogenase (IDH) mutation status, 1p/19q 
codeletion status, and WHO grade (Figure 2). 

High IKBIP expression was significantly associ-
ated with shorter OS in IDH-wildtype tumors 
(P=0.021), 1p/19q non-codeleted tumors (P= 
0.002), and WHO grade III gliomas (P=0.007), 
whereas no significant association was ob- 
served in IDH-mutant tumors (P=0.1), 1p/19q 
codeleted tumors (P=0.27), or WHO grade II 
tumors (P=0.68). These findings indicate that 
the prognostic impact of IKBIP expression in 
TCGA-LGG is concentrated in molecularly 
aggressive subgroups, including IDH-wildtype, 
non-codeleted, and high-grade tumors. There- 
fore, the borderline significance observed in 
the overall multivariate analysis (P=0.064) may 
reflect confounding effects by these estab-
lished prognostic markers rather than an 
absence of biological relevance.

Figure 1. IKBIP expression and prognostic significance in gliomas. (A, C) IKBIP is significantly upregulated in LGG 
(A) and GBM (C) tissues compared to normal brain tissues, as shown by TCGA and GTEx data. (B, D) ROC curve 
analyses demonstrate high AUC values for IKBIP in distinguishing LGG (B) and GBM (D) from normal tissues. (E, G) 
Kaplan-Meier survival curves reveal that high IKBIP expression correlates with poorer OS and DSS in LGG patients 
(E) but not in GBM patients (G). (F, H) Time-ROC curves confirm IKBIP’s strong prognostic capability for LGG (F) but 
not GBM (H). (I) High IKBIP expression in LGG is associated with poor OS, though it does not emerge as an indepen-
dent prognostic factor in multivariate analysis (P=0.064). Data are expressed as mean ± SD. **P < 0.01, ***P < 
0.001, vs. the control group.

Figure 2. Stratified Kaplan-Meier survival analyses of IKBIP expression in TCGA-LGG cohort. Kaplan-Meier curves 
showing overall survival of TCGA-LGG patients stratified by IKBIP expression (High vs. Low, median cutoff) within 
molecular and histological subgroups. A. IDH-mutant tumors (n=91). B. IDH-wildtype tumors (n=34). C. 1p/19q non-
codeleted tumors (n=330). D. 1p/19q codeleted tumors (n=195). E. WHO grade II gliomas (n=255). F. WHO grade III 
gliomas (n=269). IDH, isocitrate dehydrogenase; LGG, lower-grade glioma; WHO, World Health Organization.
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Further validation using the CGGA database 
revealed consistent findings. Glioma patients 
with low IKBIP expression had significantly  
better OS than those with high expression 
(Figure 3A). Time-dependent ROC curve analy-
sis showed that IKBIP expression possessed 
moderate prognostic predictive ability, with 
AUC values of 0.791, 0.781, and 0.710 for pre-
dicting 1-, 3-, and 5-year survival, respectively 
(Figure 3B). Both univariate and multivariate 
Cox regression analyses confirmed that IKBIP 
was an independent prognostic factor for OS in 
glioma patients (Figure 3C, 3D). Furthermore, 
IKBIP expression was closely associated with 
several key clinicopathological characteris- 
tics, including age, primary-recurrent-second-
ary (PRS) type, tumor grade, 1p19q codeletion 
status, chemotherapy status, IDH mutation 
status, and histological subtype of glioma 
(Figure 3E). These results indicate that the 
prognostic significance of IKBIP expression in 
gliomas may be influenced by various clinical 
and molecular factors.

IKBIP knockdown inhibited the proliferation of 
glioma cells both in vitro and in vivo

We first examined the expression levels of 
IKBIP in several glioma cell lines (U87, U251, 
LN229, TJ905, and LN308) and normal human 
astrocytes (HEB cells). qRT-PCR and Western 
blot assays revealed that IKBIP expression was 
significantly higher in glioma cell lines com-
pared with HEB cells (Figure 4A). To further 
investigate the biological function of IKBIP in 
glioma, stable IKBIP-knockdown cell lines were 
established in U251 and U87 cells. The knock-
down efficiency was verified using qRT-PCR  
and Western blot assay, which showed that 
IKBIP expression at both mRNA and protein lev-
els was reduced by more than 60% (Figure 4B).

CCK-8 and colony formation assays revealed 
that IKBIP knockdown significantly inhibited 
cell viability of U251 and U87 cells, reflected by 
reduced cell proliferation and colony formation 
(Figure 4C, 4D). These results indicate that 
IKBIP plays a significant role in glioma cell 
proliferation. 

To investigate the effect of IKBIP on tumor 
growth in vivo, a subcutaneous transplanted 
tumor model was established in mice using 
U87 cells with stable IKBIP knockdown. Tumors 

in the IKBIP knockdown group exhibited a sig-
nificantly slower growth rate compared with 
those in the control group, and both tumor vol-
ume and weight were significantly reduced at 
endpoint (Figure 5).

In addition, IHC staining showed that the 
expression of Ki-67 and PCNA was significantly 
reduced in tumor tissues of IKBIP-knockdown 
group, and IKBIP knockdown was associated 
with reduced nuclear localization of β-catenin 
(Figure 6). These results indicate that IKBIP 
knockdown significantly inhibits the prolifera-
tion of glioma both in vitro and in vivo, suggest-
ing that it plays an important role in the pro-
gression of glioma.

IKBIP knockdown inhibited glioma invasion via 
Wnt/β-catenin/EMT pathway

To further investigate the role of IKBIP in glioma 
cell invasion, Transwell migration and invasion 
assays were conducted, showing that IKBIP 
knockdown significantly inhibited the migration 
and invasion abilities of glioma U251 and U87 
cells (Figure 7A, 7B).

To investigate the specific molecular mecha-
nism underlying this inhibitory effect, we exam-
ined the expression of key proteins associated 
with the Wnt/β-catenin signaling pathway and 
epithelial-mesenchymal transition (EMT). IKBIP 
knockdown resulted in decreased expression 
N-cadherin, β-catenin, ZEB1, ZEB2, Snail, and 
Slug. In contrast, E-cadherin expression was 
notably increased (Figure 7C). These findings 
indicate that IKBIP knockdown inhibits glioma 
cell proliferation and invasion by inhibiting  
activation of the Wnt/β-catenin pathway and 
reversing EMT process.

SP1 knockdown suppressed IKBIP expression 
and inhibited the proliferation, migration and 
invasion of glioma cells

PCR and WB analyses revealed that, compared 
with normal astrocytes, SP1 expressed was  
significantly increased in glioma cells (Figure 
8A). SP1 knockdown significantly suppressed 
the expression of IKBIP in U251 and U87 glio-
ma cells (Figure 8B). In addition, SP1 knock-
down markedly decreased the clonogenic 
capacity, migration and invasion ability of U251 
and U87 glioma cells (Figure 8C-E).
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SP1 bound to the promoter region of IKBIP 
and promoted its expression

Bioinformatics analysis of the TCGA database 
showed that SP1 expression was significantly 
higher in glioma tissues than in normal brain 
tissues (Figure 9A, 9B). Elevated SP1 expres-
sion was strongly associated with poorer 5- 
year OS and DSS in LGG patients (Figure 9C). 
Furthermore, both univariate and multivariate 
Cox regression analyses indicated that high 
SP1 expression was significantly associated 
with unfavorable prognosis in LGG patients 
(Figure 9D).

To identify potential SP1 binding sites within 
the IKBIP promoter region, we performed tran-
scription factor binding prediction using the 
JASPAR database. A high-scoring SP1 bind- 
ing motif (TTAGCCACGCCCCGT) was identified 
within the IKBIP promoter region (-1680 to 
-1666, positive strand) (Figure 10A, 10C). 
Pearson correlation analysis revealed a signifi-
cant positive correlation between IKBIP and 
SP1 expression in gliomas (Figure 10B). 
Additionally, ChIP assays showed that SP1 
directly bound to the promoter region of IKBIP 
(Figure 10D).

To further explore the molecular mechanism by 
which SP1 regulates IKBIP expression, as well 
as the biological role of the SP1-IKBIP axis in 
the development of glioma, stable SP1-
overexpressing U251 and U87 cell lines were 
established. SP1 overexpression significantly 
increased IKBIP expression in both cell lines 
(Figure 11A, 11B) and decreased the phos-
phorylation level of β-catenin (Figure 11B),  
suggesting activation of the Wnt/β-catenin sig-
naling pathway. Functional assays further dem-
onstrated that overexpression of SP1 signifi-
cantly enhanced the proliferation, migration, 
and invasion of glioma cells (Figure 11C-E).

SP1 overexpression promoted the nuclear 
translocation of β-catenin and activated the 
Wnt/β-catenin/EMT pathway

Through the WB experiment, we found that 
when SP1 and IKBIP were overexpressed, 

β-catenin was overexpressed in glioma cells, 
while the expression of p-β-catenin decreased 
(Figure 11B). It was speculated that the over- 
expression of SP1 and IKBIP inhibited the deg-
radation of β-catenin and subsequently pro-
moted its nuclear translocation to activate the 
Wnt/β-catenin/EMT pathway, thereby promot-
ing the proliferation and invasive phenotype of 
glioma cells.

To further verify this hypothesis, immunofluo-
rescence staining was performed, and the 
results showed that overexpression of SP1  
significantly enhanced the nuclear accumula-
tion of β-catenin in glioma cells (Figure 12). 
These findings confirmed our previous hypoth-
esis that SP1 overexpression indeed activated 
the Wnt/β-catenin/EMT pathway by promoting 
the nuclear translocation of β-catenin, thereby 
promoting the proliferation and invasive pheno-
type of glioma cells.

Pro-tumorigenic effects of SP1 are functionally 
dependent on IKBIP

To further determine whether the tumor-pro-
moting effect of SP1 was mediated through  
the regulation of IKBIP expression, we con-
structed stable U251 and U87 cell lines with 
simultaneous overexpression of SP1 and 
knockdown of IKBIP (Figure 13A). SP1 overex-
pression alone significantly enhanced the pro-
liferation and invasion of glioma cells (Figure 
11C-E), which were notably attenuated by con-
current SP1 overexpression and IKBIP knock-
down (Figure 13B-D). These observations sug-
gest that the pro-tumorigenic effect of SP1 was 
counteracted by IKBIP knockdown, supporting 
that the oncogenic role of SP1 is functionally 
dependent on IKBIP.

Overexpression of IKBIP promoted glioma pro-
liferation, migration and invasion by activating 
the Wnt/β-catenin/EMT pathway

To further evaluate the role of IKBIP in glioma 
progression, we constructed U251 and U87 
cell lines with stable IKBIP overexpression 
(Figure 14A). When IKBIP is overexpressed, the 

Figure 3. Prognostic value of IKBIP in gliomas based on the CGGA cohort. A. Low IKBIP expression is associated 
with better OS in glioma patients, whereas high expression correlates with worse prognosis. B. Time-dependent 
ROC curve analysis demonstrates the predictive performance of IKBIP for survival, with AUCs of 0.791, 0.781, and 
0.710 at 1, 3, and 5 years, respectively. C, D. Univariate and multivariate Cox regression analyses reveal that IKBIP 
serves as an independent predictive marker for OS in glioma patients. E. The correlation of IKBIP in glioma with age, 
primary-recurrent-secondary (PRS) type, tumor grade, 1p19q codeletion status, chemotherapy status, IDH mutation 
status, and histological subtype of glioma.



Upregulation of IKBIP promotes the proliferation and invasion of glioma

1125	 Am J Cancer Res 2026;16(3):1115-1141

Figure 4. Effect of IKBIP knockdown on glioma cell proliferation. A. qRT-PCR and western blot analysis showing IKBIP expression levels in glioma cell lines (U87, 
U251, A172, LN308, HEB) and normal astrocytes. B. qRT-PCR and western blot analysis confirming the efficient IKBIP knockdown in U87 and U251 cells. C, D. CCK-
8 and clonogenic assays showing the effect of IKBIP knockdown on cell proliferation in U251 and U87 cells. Data are expressed as mean ± SD. **P < 0.01, ***P 
< 0.001, vs. the control group.
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expressions of β-catenin and N-cadherin sig-
nificantly increase, while the expressions of 
P-β-catenin and E-cadherin significantly de- 
crease (Figure 14B). This indicates that the 
overexpression of IKBIP can enhance the ex- 
pression of β-catenin, which is presumably 
achieved by inhibiting its phosphorylation and 
degradation. Additionally, the overexpression 
of IKBIP can significantly promote the EMT pro-
cess. Functional assays demonstrated that 
IKBIP overexpression significantly enhanced 
glioma cell proliferation, colony formation, 

prognostic value may vary across different  
subtypes [29]. Among these factors, tumor 
pathological grade remains the most direct 
prognostic indicator, and high-grade gliomas 
usually have a poorer prognosis [30, 31]. 
Therefore, it is urgent to clarify the molecular 
mechanism underlying glioma pathogenesis 
and search for new diagnostic and therapeutic 
targets.

IKBIP modulates the NF-κB signaling pathway 
by interacting with NF-κB dimers and blocking 

Figure 5. Impact of IKBIP knockdown on glioma tumor growth in vivo. A. The 
subcutaneously transplanted tumors in nude mice; B. IKBIP knockdown sig-
nificantly inhibited the tumor-forming ability of glioma cells in vivo. Data are 
expressed as mean ± SD. **P < 0.01, ***P < 0.001 vs. the control group.

Figure 6. Immunohistochemical analysis of Ki67, PCNA and β-catenin ex-
pression in tumor tissues of mice in the IKBIP knockdown group and the 
control group (scale bar: 50 μm, Magnification 100×).

migration, and invasion (Fi- 
gure 14C-E). IKBIP overex-
pression also promoted the 
nuclear translocation of β- 
catenin (Figure 15). These 
findings suggest that overex-
pression of IKBIP activates 
the Wnt/β-catenin pathway, 
thereby promoting the EMT 
process, and subsequently 
facilitating the proliferation 
and invasive growth of glioma 
cells.

Discussion

Glioma is a malignant intra- 
cranial tumor that poses a  
significant threat to human 
health, especially high-grade 
gliomas, which are associated 
with poor clinical outcomes. 
The prognosis of glioma pa- 
tients is influenced by multi- 
ple factors, including patho-
logical grade and molecular 
characteristics [25, 26]. Key 
prognostic markers of glioma 
include IDH mutations, 1p/ 
19q co-deletion, O6-methyl- 
guanine-DNA methyltransfer-
ase (MGMT) promoter methyl-
ation, TP53 mutations, and 
tumor grade. IDH mutations 
are generally associated with 
a more favorable prognosis; 
however, not all patients har-
bor IDH mutations [27, 28]. 
TP53 mutations have been 
associated with increased tu- 
mor invasiveness and dr- 
ug resistance, although their 
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their translocation to the nucleus [32, 33]. The 
NF-κB pathway plays a critical role in regulating 
cell survival and proliferation, and its dysregu-
lation due to aberrant IKBIP expression may 
contribute to tumor occurrence and progres-
sion. This mechanism highlights the impor-
tance of IKBIP in the pathological process of 
cancer [34, 35]. Previous studies have suggest-
ed that IKBIP overexpression can enhance 
NF-κB activity, thereby promoting cell prolifera-
tion and inhibiting cell apoptosis. For instance, 
Bi et al. identified IKBIP as a key regulator of 

GBM progression, with higher expression cor-
relating with advanced tumor grade and poor 
prognosis [19]. In addition, IKBIP has been 
reported to interact with CDK4, preventing its 
degradation and enhancing its stability, thereby 
promoting glioblastoma cell proliferation [22]. 
Consistently, studies have reported that IKBIP 
is upregulated in gliomas and is correlated with 
unfavorable prognostic outcomes [19, 20, 36, 
37]. Yang et al. reported, based on analysis of 
TCGA and CGGA databases, that IKBIP was 
associated with more aggressive glioma phe-

Figure 7. Effect of IKBIP knockdown on glioma cell migration, invasion, and EMT-related protein expression. A, B. 
Transwell assays showing that IKBIP knockdown significantly inhibited cell migratory and invasive abilities (scale 
bar: 50 μm, Magnification 100×). C. Western blot analysis showing the expression levels of N-cadherin, β-catenin, 
ZEB1, ZEB2, Snail, and Slug after IKBIP knockdown. Data are expressed as mean ± SD. **P < 0.01, ***P < 0.001, 
vs. the control group.
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Figure 8. Effect of SP1 knockdown on IKBIP expression and glioma cell behavior. A. qRT-PCR and western blot analysis showing SP1 expression in glioma cell lines 
(U87, U251, A172, LN308, HEB) and normal controls. B. qRT-PCR and western blot analysis confirming the efficiency of SP1 knockdown in U87 and U251 cells. 
C. Colony formation assays showing that SP1 knockdown significantly inhibited cell proliferation in U251 and U87 cells. D, E. Transwell assays showing that SP1 
knockdown significantly suppressed cell invasion and migration in U251 and U87 cells (scale bar: 50 μm, Magnification 100×). Data are expressed as mean ± SD. 
**P < 0.01, ***P < 0.001, vs. the control group.
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Figure 9. SP1 expression and its prognostic significance in glioma. A, B. Elevated SP1 expression in glioma tissue samples compared to normal brain tissues. C. 
High SP1 expression correlates with poorer 5-year OS and DSS in LGG. D. SP1 is an independent prognostic factor for LGG.
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Figure 10. SP1 binds to the promoter region of IKBIP. A. Predicted SP1 binding sites within the IKBIP promoter region based on JASPAR analysis. B. Correlation 
analysis between IKBIP expression and candidate transcription factor SP1, based on TCGA-LGG RNA-seq data. C. Predicted binding site and motif of SP1 within the 
IKBIP promoter region. D. ChIP analysis confirming of binding of SP1 to the IKBIP promoter region. Data are expressed as mean ± SD. **P < 0.01, ***P < 0.001, 
vs. the control group.
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Figure 11. SP1 overexpression upregulated IKBIP expression and promoted gli-
oma cell proliferation, migration, and invasion. A. qRT-PCR analysis confirming 
the expression levels of SP1 and IKBIP in U251 and U87 cells after SP1 over-
expression. B. Western blot analysis showing the expression of SP1, IKBIP, and 
p-β-Catenin in U251 and U87 cells after SP1 overexpression. C. CCK8 assay dem-
onstrating the effect of SP1 overexpression on the proliferation of U251 and U87 
cells. D. Transwell assays showing that SP1 overexpression enhanced cell migra-
tion and invasion (scale bar: 50 μm, Magnification 100×). E. Colony formation as-
say evaluating the long-term proliferative ability of U251 and U87 cells after SP1 
overexpression. Data are expressed as mean ± SD. **P < 0.01, ***P < 0.001, 
vs. the control group.
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notypes and is significantly involved in EMT, 
serving as an independent prognostic factor in 
glioma [37]. However, the specific molecular 
mechanism by which IKBIP activates the Wnt/
β-catenin/EMT pathway to promote glioma  
progression remains unclear. This study con-
firmed, through public database analyses and 
both in vitro and in vivo experiments, that  
IKBIP is highly expressed in glioma tissues and 
cells. More importantly, our findings demon-
strate that elevated expression of IKBIP is 
associated with activation of the Wnt/β- 
catenin-EMT pathway, thereby promoting the 
proliferative and invasive phenotypes of glioma 
cells. Mechanistically, overexpression of IKBIP 
decreased the phosphorylation of β-catenin 
while promoting nuclear accumulation of 
β-catenin in glioma cells. These findings sug-
gest that in glioma, overexpression of IKBIP 
may promote stabilization and nuclear translo-

cation of β-catenin, thereby activating the  
Wnt/β-catenin signaling pathway and facilitat-
ing EMT, ultimately contributing to glioma 
progression.

Transcription factors are crucial regulatory  
proteins that control gene expression by bind-
ing to specific DNA sequences and modulat- 
ing transcriptional activity [38-41]. The role of 
transcription factors is particularly significant 
as they influence tumor cell growth, differentia-
tion, metastasis, and therapeutic response 
[42, 43]. For instance, transcription factors 
such as c-Myc and E2F are overexpressed in 
various cancers and can promote tumorigene-
sis by upregulating oncogenic gene expression 
[44]. In contrast, some transcription factors 
promote cancer development by inhibiting 
tumor suppressor genes [45, 46]. Transcription 
factors are also key drivers of tumor progres-

Figure 12. Immunofluorescence analysis of β-catenin expression and subcellular localization following SP1 overex-
pression (scale bar: 50 μm, Magnification 100×).
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Figure 13. Effects of SPI knockdown com-
bined with IKBIP overexpression in glioma 
cells. A. qRT-PCR analysis confirming the 
expression of SP1 and IKBIP levels in 
U251 and U87 cells after simultaneous 
SPI knockdown and IKBIP overexpression. 
B. CCK-8 assay demonstrating the effect 
of combined SPI knockdown and overex-
pressing IKBIP on the proliferation of U251 
and U87 cells. C. Transwell assay verified 
the effect of simultaneously knocking down 
SPI and overexpressing IKBIP on the migra-
tion and invasion of U251 and U87 cells 
(scale bar: 50 μm, Magnification 100×). 
D. Colony formation assays evaluating the 
long-term survival and proliferative ability 
of U251 and U87 cells after simultaneous 
SPI knockdown and IKBIP overexpression. 
Data are presented as mean ± standard 
deviation (SD). NS, not significant.
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Figure 14. IKBIP overexpression promoted glioma proliferation, migration and invasion via activation of the Wnt/β-catenin/EMT pathway. A. qRT-PCR analysis of 
IKBIP expression in U251 and U87 cells after IKBIP overexpression. B. Western blot analysis showing the expression of IKBIP, β-Catenin, P-β-Catenin, N-cadherin, 
and E-cadherin in U251 and U87 cells after IKBIP overexpression. C. CCK-8 assay demonstrating the effect of IKBIP overexpression on the proliferation of U251 and 
U87 cells. D. Transwell assay showing that IKBIP overexpression enhances migration and invasion of U251 and U87 cells (scale bar: 50 μm, Magnification 100×). 
E. Colony formation assays evaluating the long-term proliferative capacity of U251 and U87 cells following IKBIP overexpression. Data are expressed as mean ± SD. 
**P < 0.01, ***P < 0.001, vs. the control group.
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sion through promoting cell division and sup-
pressing apoptosis. Conversely, several tran-
scription factors, including Snail and Slug, are 
critically involved in tumor metastasis by pro-
moting cell motility and invasiveness. Moreover, 
transcription factors such as Nrf2 have been 
implicated in the development of drug resis-
tance through the regulation of antioxidant and 
detoxification-related genes, enabling tumor 
cells to withstand therapeutic stress [47, 48]. 
Therefore, investigating the roles of transcrip-
tion factors is essential for understanding com-
plex tumorigenesis and for identifying novel 
therapeutic targets. Our study demonstrated 
that the transcription factor SP1 binds to the 
promoter region of IKBIP and promotes its tran-
scription, resulting in increased IKBIP expres-
sion in glioma. Bioinformatics analysis based 
on TCGA datasets further demonstrated that 
SP1 expression is significantly higher in glioma 

tissues and is associated with poor prognosis. 
Consistently, functional experiments confirm- 
ed that SP1 positively regulates IKBIP expres-
sion, as SP1 knockdown led to a notable 
decrease in IKBIP expression in glioma cells. 
Furthermore, knockdown of SP1 greatly 
impaired the clonogenic capacity and invasive 
growth of glioma cells. These observations 
underscore the critical role of SP1 in glioma 
progression by regulating IKBIP expression, 
thereby influencing cell proliferation, survival, 
and metastatic potential.

The Wnt/β-catenin signaling pathway is com-
plex yet not fully elucidated molecular mecha-
nism that plays a crucial role in various biologi-
cal processes, including tissue development, 
cell differentiation, and the maintenance of tis-
sue homeostasis in different organs [49-51]. 
This pathway is especially important in regulat-

Figure 15. Immunofluorescence analysis of β-catenin expression and and subcellular localization in U251 and U87 
cells following IKBIP overexpression (scale bar: 50 μm, Magnification 100×).
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ing EMT, a biological process essential for the 
embryonic development and tumor metastasis. 
In the absence of Wnt signaling, β catenin is 
targeted for degradation by a group of proteins 
including GSK-3β, Axin and APC. This degrada-
tion process maintains low intracellular levels 
of β-catenin and prevents its translocation into 
the nucleus [52, 53]. In contrast, upon Wnt sig-

naling pathway activation, the activity of the 
destruction complex is inhibited, leading to the 
stabilization and accumulation of β-catenin in 
the cytoplasm. Stabilized β-catenin subse-
quently translocates to the nucleus, where it 
binds with transcription factors and regulates 
the expression of genes involved in cell growth, 
survival, and differentiation [54, 55]. Activation 

Figure 16. Schematic diagram illustrating the mechanism by which the SP1-IKBIP axis promotes glioma progression 
via activation of the Wnt/β-catenin/EMT pathway. In glioma cells, SP1 binds to the promoter region of IKBIP and en-
hances its transcription. Upregulation of IKBIP promotes the expression of mesenchymal markers, including ZEB1, 
ZEB2, Slug, Snail, N-cadherin, and β-catenin, while suppressing the expression of epithelial marker, E-cadherin. In 
addition, IKBIP overexpression reduces the expression of phosphorylated β-catenin, thereby inhibiting its degrada-
tion, leading to the intracellular accumulation of total β-catenin. The accumulated β-catenin translocates to the 
nucleus and activates downstream target genes, ultimately facilitating epithelial-mesenchymal transition (EMT) and 
promoting glioma cell proliferation, migration, and invasion.
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of the Wnt/β-catenin pathway promotes EMT, 
during which epithelial cells of strong cell-cell 
adhesion and low motility acquire mesenchy-
mal-like properties, including increased moti- 
lity and invasiveness. This phenotypic transi-
tion is crucial for cancer cells to detach from 
the primary site, invade surrounding tissues, 
and migrate to distant organs. Aberrant activa-
tion of the Wnt/β-catenin pathway has been 
reported in various cancers, including colorec-
tal cancer, breast cancer, and glioma. Con- 
stitutive activation of β-catenin signaling 
results in uncontrolled cell division and tumor 
progression. Additionally, dysregulation of this 
pathway plays a pivotal role in EMT-mediated 
cancer metastasis by enhancing the invasive-
ness of cancer cells [56-58]. In gliomas, dys-
regulated Wnt/β-catenin signaling pathway has 
been implicated in tumor development, pro-
gression, and therapeutic failure. This is be- 
cause increased β-catenin activity in the glio-
ma cells is associated with increased cell prolif-
eration, reduced apoptosis, and enhanced cell 
motility.

Our study demonstrates that the SP1-IKBIP 
axis promotes the nuclear translocation of 
β-catenin, thereby activating the Wnt/β- 
catenin pathway. This activation further facili-
tates EMT and enhances the proliferative and 
invasive phenotypes of glioma cells. Me- 
chanistically, we identified IKBIP as a critical 
mediator of this pathway, and its knockdown 
leads to suppressed glioma cell proliferation, 
migration and invasiveness. Besides, IKBIP 
silence attenuated the Wnt/β-catenin/EMT  
signaling pathway, accompanied by reduced 
glioma cell motility and invasiveness. More- 
over, IKBIP knockdown led to decreased ex- 
pression of β-catenin, N-cadherin, and EMT-
related transcription factors, implying inhibi- 
tion of mesenchymal phenotype and a shift 
toward a more epithelial-like state. These find-
ings support the role of IKBIP as an important 
regulator of glioma metastasis through mo- 
dulation of the Wnt/β-catenin pathway and 
EMT process. From a clinical perspective,  
targeted inhibition of IKBIP may represent a 
potential therapeutic strategy for glioma. 
Modulation of this pathway could potentially 
suppress tumor growth and limit metastatic 
progression, thereby improving patient out- 
comes.

Conclusion

IKBIP is significantly upregulated in glioma tis-
sues and is associated with poor clinical out-
come. Elevated IKBIP expression promotes  
proliferation, migration, and invasion of glioma 
cells, whereas its knockdown markedly sup-
presses these malignant phenotypes. Trans- 
cription factor SP1 is highly expressed in glio-
ma and directly binds to the promoter region of 
IKBIP, functioning as an upstream regulator of 
IKBIP. Inhibition of SP1 significantly reduces 
IKBIP expression and impairs glioma cell prolif-
eration and invasion. Mechanistically, the SP1-
IKBIP axis promotes glioma progression by  
activating the Wnt/β-catenin pathway and 
inducing EMT process (Figure 16). Collectively, 
these findings suggest that the SP1-IKBIP axis 
may serve as a potential diagnostic biomarker 
and therapeutic target in the management of 
gliomas.
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