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SP1-IKBIP axis promotes the proliferation
and invasion of glioma with Wnt/B-catenin
associated epithelial-mesenchymal transition
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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/B-catenin/epithelial-mesenchymal transition (EMT) pathway, including B-catenin,
ZEB1, ZEB2, N-cadherin, whereas the expression of E-cadherin was increased. Conversely, IKBIP overexpression re-
duced the level of phosphorylated B-catenin (p-B-catenin) while increasing the expression of total B-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 B-catenin. These findings collectively suggest that upregulation of IKBIP promotes the pro-
liferation and invasive behaviors of glioma cells by activating the Wnt/3-catenin/EMT pathway. Overall, our findings
suggest that SP1-IKBIP axis facilitates the proliferation and invasion of glioma through Wnt/B-catenin-associated
EMT, and SP1-IKBIP axis may represent a promising target for the clinical diagnosis and treatment of glioma.

Keywords: SP1-IKBIP axis, glioma, proliferation and invasion, Wnt/B-catenin pathway, epithelial-mesenchymal
transition (EMT)

Introduction tion, gliomas exhibit a modest male predomi-

nance, with a male-to-female ratio of approxi-

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-

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.

IKB kinase-interacting protein (IKBIP) is an
important protein associated with the regula-
tion of the NF-kB signaling pathway by interact-
ing with the NF-kB protein complex [13, 14].
NF-kB 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-kB 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 IkB family proteins, which normally sup-
press NF-kB activity by binding to NF-kB and
preventing its nuclear translocation. Through
modulation of this process, IKBIP regulates the
release and activation of NF-kB 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-kB signaling is implicated in the
pathogenesis of multiple inflammatory diseas-
es, including rheumatoid arthritis and inflam-
matory bowel disease. Targeting IKBIP may rep-
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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-kB
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-kB 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/B-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% CO,. 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.

gRT-PCR assay

Total RNA was extracted from glioma cells using
TRIzol reagent (Invitrogen, USA). The purity and
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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

each time point, 10 uL 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, 1x10°% cells were inocu-
lated into a 60-mm culture dish
and incubated at 37°C in a 5%
CO, incubator. After being cul-
tured in DMEM containing 10%

Reagent Volume concz:tar;tion
TB Green Premix Ex Taq Il (Tli RNaseH Plus) (2X) 25 uL 1X

PCR Forward Primer (10 uM) 2uL 0.4 yM
PCR Reverse Primer (10 pM) 2 uL 0.4 yM
ROX Reference Dye Il (50X) 1uL 1X

DNA Template 4 uL 200 ng
ddH,0 16 L

Total 50 uL

FBS for approximately 7-10

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.

gPCR 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 22t method [23]. The gRT-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 gRT-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 yl DMEM
supplemented with 10% FBS and seeded into a
96-well plate at a density of 1x10° cells, and
cultured at 37°C with 5% CO,. Cell proliferation
was tested at 24, 48 and 72 h after seeding. At
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days, the clones were fixed and
stained with 0.5% crystal violet
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, 5x10* 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% CO, 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.
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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 1x107
cells in 100 pL 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 B-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,
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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-p-
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-B-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 B-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 (~1x107)
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
I1gG (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 (TITANGEN, China). gRT-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 (B-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
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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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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.
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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 Il gliomas (n=255). F. WHO grade llI
gliomas (n=269). IDH, isocitrate dehydrogenase; LGG, lower-grade glioma; WHO, World Health Organization.

analysis further confirmed the prognostic value High IKBIP expression was significantly associ-
of IKBIP expression in predicting survival out- ated with shorter OS in IDH-wildtype tumors
comes in LGG patient (Figure 1F). However, (P=0.021), 1p/19qg non-codeleted tumors (P=
these associations were not observed in GBM 0.002), and WHO grade Il gliomas (P=0.007),
patients (Figure 1G, 1H). whereas no significant association was ob-

served in IDH-mutant tumors (P=0.1), 1p/19q
Univariate Cox analysis further demonstrated codeleted tumors (P=0.27), or WHO grade ||
that elevated IKBIP expression was signifi- tumors (P=0.68). These findings indicate that
cantly associated with poorer OS in LGG pa- the prognostic impact of IKBIP expression in
tients (P < 0.001); however, in the multivariate TCGA-LGG is concentrated in molecularly
Cox regression model, the association did aggressive subgroups, including IDH-wildtype,
not remain statistically significant (P=0.064) non-codeleted, and high-grade tumors. There-
(Figure 1l). To further clarify this discrepancy, fore, the borderline significance observed in
stratified survival analyses were conducted in the overall multivariate analysis (P=0.064) may
the TCGA-LGG cohort according to isocitrate reflect confounding effects by these estab-
dehydrogenase (IDH) mutation status, 1p/19q lished prognostic markers rather than an
codeletion status, and WHO grade (Figure 2). absence of biological relevance.
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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
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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 B-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/B-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/[B-catenin signaling pathway and
epithelial-mesenchymal transition (EMT). IKBIP
knockdown resulted in decreased expression
N-cadherin, B-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/B-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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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.

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 B-catenin (Figure 11B),
suggesting activation of the Wnt/[B-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 -catenin and activated the
Wnt/B-catenin/EMT pathway

Through the WB experiment, we found that
when SP1 and IKBIP were overexpressed,
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B-catenin was overexpressed in glioma cells,
while the expression of p-B-catenin decreased
(Figure 11B). It was speculated that the over-
expression of SP1 and IKBIP inhibited the deg-
radation of B-catenin and subsequently pro-
moted its nuclear translocation to activate the
Wnt/B-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 B-catenin in glioma cells (Figure 12).
These findings confirmed our previous hypoth-
esis that SP1 overexpression indeed activated
the Wnt/B-catenin/EMT pathway by promoting
the nuclear translocation of 3-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/B-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
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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.
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migration, and invasion (Fi-
gure 14C-E). IKBIP overex-
pression also promoted the
nuclear translocation of [-
catenin (Figure 15). These
findings suggest that overex-
pression of IKBIP activates
the Wnt/B-catenin pathway,
thereby promoting the EMT
process, and subsequently
facilitating the proliferation
and invasive growth of glioma
cells.

sh-NC sh-IKBIP-1

Discussion

IKBIP-sh

control group (scale bar: 50 ym, Magnification 100x).

expressions of B-catenin and N-cadherin sig-
nificantly increase, while the expressions of
P-B-catenin and E-cadherin significantly de-
crease (Figure 14B). This indicates that the
overexpression of IKBIP can enhance the ex-
pression of [-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,
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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, 06-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
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-kB signaling pathway
by interacting with NF-kB dimers and blocking

Am J Cancer Res 2026;16(3):1115-1141
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vs. the control group.

their translocation to the nucleus [32, 33]. The
NF-kB 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-kB activity, thereby promoting cell prolifera-
tion and inhibiting cell apoptosis. For instance,
Bi et al. identified IKBIP as a key regulator of
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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-
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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 11. SP1 overexpression upregulated IKBIP expression and promoted gli-
oma cell proliferation, migration, and invasion. A. gRT-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-B-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 um, Magnification 100x). 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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Figure 12. Immunofluorescence analysis of B-catenin expression and subcellular localization following SP1 overex-
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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/
B-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/B-
catenin-EMT pathway, thereby promoting the
proliferative and invasive phenotypes of glioma
cells. Mechanistically, overexpression of IKBIP
decreased the phosphorylation of B-catenin
while promoting nuclear accumulation of
B-catenin in glioma cells. These findings sug-
gest that in glioma, overexpression of IKBIP
may promote stabilization and nuclear translo-
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cation of [-catenin, thereby activating the
Wnt/B-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-
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Figure 13. Effects of SPI knockdown com-
bined with IKBIP overexpression in glioma
cells. A. gRT-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
SPIl and overexpressing IKBIP on the migra-
tion and invasion of U251 and U87 cells
(scale bar: 50 ym, Magnification 100x).
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/B-catenin/EMT pathway. A. qRT-PCR analysis of
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**P < 0.01, ***P < 0.001, vs. the control group.
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Figure 15. Immunofluorescence analysis of B-catenin expression and and subcellular localization in U251 and U87
cells following IKBIP overexpression (scale bar: 50 ym, Magnification 100x).

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
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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/B-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-
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Figure 16. Schematic diagram illustrating the mechanism by which the SP1-IKBIP axis promotes glioma progression
via activation of the Wnt/B-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 B-catenin, while suppressing the expression of epithelial marker, E-cadherin. In
addition, IKBIP overexpression reduces the expression of phosphorylated B-catenin, thereby inhibiting its degrada-
tion, leading to the intracellular accumulation of total B-catenin. The accumulated B-catenin translocates to the
nucleus and activates downstream target genes, ultimately facilitating epithelial-mesenchymal transition (EMT) and
promoting glioma cell proliferation, migration, and invasion.

ing EMT, a biological process essential for the
embryonic development and tumor metastasis.
In the absence of Wnt signaling, B catenin is
targeted for degradation by a group of proteins
including GSK-3B, Axin and APC. This degrada-
tion process maintains low intracellular levels
of B-catenin and prevents its translocation into
the nucleus [52, 53]. In contrast, upon Wnt sig-
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naling pathway activation, the activity of the
destruction complex is inhibited, leading to the
stabilization and accumulation of B-catenin in
the cytoplasm. Stabilized B-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
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of the Wnt/B-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/B-catenin pathway has been
reported in various cancers, including colorec-
tal cancer, breast cancer, and glioma. Con-
stitutive activation of [-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/B-catenin signaling pathway has
been implicated in tumor development, pro-
gression, and therapeutic failure. This is be-
cause increased B-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
B-catenin, thereby activating the Wnt/B-
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/B-catenin/EMT
signaling pathway, accompanied by reduced
glioma cell motility and invasiveness. More-
over, IKBIP knockdown led to decreased ex-
pression of B-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/B-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.
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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/B-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.

Acknowledgements

This work was supported by the Grant of
Guangdong Province Science and Technology
Expert Workstation from Huizhou Central
People’s Hospital, and the Grant of Science
and Technology Innovation and Entrepreneur-
ship Leading talent Project of Huizhou (No.
2025EQ050012), and The Medical Science
and Technology Research Fund Project of
Guangdong Province (No. A2024508).

Disclosure of conflict of interest
None.

Address correspondence to: Yanyang Tu, Science
Research Center, Huizhou Central People’s Hos-
pital, No. 41, Geiling North Road, Huizhou 516001,
Guangdong, China. Tel: +86-15029090988; E-mail:
tufmmu@188.com; Haining Zhen, Department of
Neurosurgery, Xijing Hospital, Fourth Military
Medical University, No. 127 Changle West Road,
Xi'an 710032, Shaanxi, China. E-mail: 139919-
98909@163.com; Tongcun Zhang, School of Life
Sciences and Health, Wuhan University of Science
and Technology, No. 10, Huangjiahu West Road,
Hongshan District, Wuhan 430065, Hubei, China.
E-mail: zhangtongcun@wust.edu.cn

References

[1] Torre LA, Siegel RL, Ward EM and Jemal A.
Global cancer incidence and mortality rates

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


mailto:tufmmu@188.com
mailto:13991998909@163.com
mailto:13991998909@163.com
mailto:zhangtongcun@wust.edu.cn

[2]

(3]

(4]

(5]

(6]

(7]

(8]

[9]

[10]

1139

Upregulation of IKBIP promotes the proliferation and invasion of glioma

and trends--an update. Cancer Epidemiol Bio-
markers Prev 2016; 25: 16-27.

Bombino A, Magnani M and Conti A. A promis-
ing breakthrough: the potential of Vorasidenib
in the treatment of low-grade glioma. Curr Mol
Pharmacol 2024; 17: e18761429290327.
Siegel RL, Miller KD, Fuchs HE and Jemal A.
Cancer statistics, 2021. CA Cancer J Clin
2021; 71: 7-33.

Sung H, Ferlay J, Siegel RL, Laversanne M, So-
erjomataram |, Jemal A and Bray F. Global can-
cer statistics 2020: GLOBOCAN estimates of
incidence and mortality worldwide for 36 can-
cers in 185 countries. CA Cancer J Clin 2021;
71: 209-249.

Berger TR, Wen PY, Lang-Orsini M and Chuk-
wueke UN. World Health Organization 2021
classification of central nervous system tu-
mors and implications for therapy for adult-
type gliomas: a review. JAMA Oncol 2022; 8:
1493-1501.

Ryan CS, Juhn YJ, Kaur H, Wi Cl, Ryu E, King KS
and Lachance DH. Long-term incidence of glio-
ma in Olmsted County, Minnesota, and dispari-
ties in postglioma survival rate: a population-
based study. Neurooncol Pract 2020; 7:
288-298.

Ryall S, Zapotocky M, Fukuoka K, Nobre L,
Guerreiro Stucklin A, Bennett J, Siddaway R, Li
C, Pajovic S, Arnoldo A, Kowalski PE, Johnson
M, Sheth J, Lassaletta A, Tatevossian RG,
Orisme W, Qaddoumi |, Surrey LF, Li MM,
Waanders AJ, Gilheeney S, Rosenblum M, Bale
T, Tsang DS, Laperriere N, Kulkarni A, Ibrahim
GM, Drake J, Dirks P, Taylor MD, Rutka JT,
Laughlin S, Shroff M, Shago M, Hazrati LN,
D’Arcy C, Ramaswamy V, Bartels U, Huang A,
Bouffet E, Karajannis MA, Santi M, Ellison DW,
Tabori U and Hawkins C. Integrated molecular
and clinical analysis of 1,000 pediatric low-
grade gliomas. Cancer Cell 2020; 37: 569-
583, e565.

Ricklefs FL, Wollmann K, Salviano-Silva A,
Drexler R, Maire CL, Kaul MG, Reimer R, Schiil-
ler U, Heinemann S, Kolbe K, Mummert T, Glat-
zel M, Peine S, Gempt J, Westphal M, Diihrsen
L and Lamszus K. Circulating extracellular
vesicles as biomarker for diagnosis, prognosis,
and monitoring in glioblastoma patients. Neu-
ro Oncol 2024; 26: 1280-1291.

Wang J, Zhang M, Liu YF, Yao Y, Ji YS, Etchever-
ry A, Chen K, Song BQ, Lin W, Yin A and He YL.
Potent predictive CpG signature for temozolo-
mide response in non-glioma-CpG island meth-
ylator phenotype glioblastomas with methylat-
ed MGMT promoter. Epigenomics 2022; 14:
1233-1247.

Fletcher-Sananikone E, Kanji S, Tomimatsu N,
Di Cristofaro LFM, Kollipara RK, Saha D, Floyd

(11]

[12]

(13]

(15]

(16]

(17]

(18]

(19]

[20]

JR, Sung P, Hromas R, Burns TC, Kittler R,
Habib AA, Mukherjee B and Burma S. Elimina-
tion of radiation-induced senescence in the
brain tumor microenvironment attenuates glio-
blastoma recurrence. Cancer Res 2021; 81:
5935-5947.

Sipos D, Raposa BL, Freihat O, Simon M, Mekis
N, Cornacchione P and Kovéacs A. Glioblasto-
ma: clinical presentation, multidisciplinary
management, and long-term outcomes. Can-
cers (Basel) 2025; 17: 146.

Gurses ME, Lu VM, Gecici NN, Gokalp E, Shah
KH, Metzler AR, Chandar J, Merenzon MA,
Shah AH, lvan ME and Komotar RJ. Laser inter-
stitial thermal therapy in neurosurgery: a sin-
gle-surgeon experience of 313 patients. J Neu-
rosurg 2024; 141: 1281-1291.

Darmayanti S, Lesmana R, Meiliana A and Ab-
dulah R. V-ATPase subunit C 1 and IKBIP as
tandem prospective biomarkers for diabetic
nephropathy. Diabetes Res Clin Pract 2023;
203:110887.

Li J, Chen H, Bai L and Tang H. Identification of
CD8(+) T-cell exhaustion signatures for prog-
nosis in HBV-related hepatocellular carcinoma
patients by integrated analysis of single-cell
and bulk RNA-sequencing. BMC Cancer 2024;
24: 53.

Chen C and Shen Z. FN1 promotes thyroid car-
cinoma cell proliferation and metastasis by ac-
tivating the NF-Kb pathway. Protein Pept Lett
2023; 30: 54-64.

Huang Y, Sun W, Zhu D, Liu L, Feng J and Yi Q.
RBM3 inhibits the cell cycle of cutaneous
squamous cell carcinoma through the PI3K/
AKT signaling pathway. Curr Mol Pharmacol
2024; 17: e18761429323760.

Zhou X, Cheng Y, Kang J and Mao G. STAM-
binding protein-like 1 promotes growth and mi-
gration of colorectal cancer by NF-kB pathway.
Protein Pept Lett 2023; 30: 1058-1066.
Zhang H, Tang R, Wen X, Cai J, Huang J, Luo L
and Yang Z. Prognostic value of IKBIP in papil-
lary renal cell carcinoma. BMC Urol 2023; 23:
121.

Bi C, Wang Z, Xiao Y, Zhao Y, Guo R, Xiong L, Ji
Z, Li Y, Li Q and Qin C. | kappa B kinase inter-
acting protein as a promising biomarker in
pan-cancer: a multi-omics analysis. Front Gen-
et 2023; 14: 1138137.

Chen H, Liang B, Luo X, Zhang W, Song X, Lan
H, Yue Q, Xie J and Zhang M. IKBIP might be a
potential prognostic biomarker for glioblasto-
ma multiforme. Int Immunopharmacol 2023;
118: 110030.

Hu J, Dai C, Ding Z, Pan Y, Lu L, Bao J and
Zheng J. IKBIP promotes tumor development
via the akt signaling pathway in esophageal

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



[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

1140

Upregulation of IKBIP promotes the proliferation and invasion of glioma

squamous cell carcinoma. BMC Cancer 2024;
24: 759.

Li K, Huang G, Wang Z, Yang R, Zhang W, Ni B,
Guan J,Yi G, Li Z, Zhu Q, Peng Q, Yang L, Qi L
and Liu Y. IKBIP, a novel glioblastoma biomark-
er, maintains abnormal proliferation of tumor
cells by inhibiting the ubiquitination and degra-
dation of CDK4. Biochim Biophys Acta Mol Ba-
sis Dis 2023; 1869: 166571.

Li X, Wang Y, Li J, Mei X, Liu Y and Huang H.
gPCRtools: an R package for qPCR data pro-
cessing and visualization. Front Genet 2022;
13: 1002704.

Wang J, Sun L, Liu Y and Zhang Y. FIGNL1 pro-
motes hepatocellular carcinoma formation via
remodeling ECM-receptor interaction pathway
mediated by HMMR. Curr Gene Ther 2024; 24
249-263.

Wu J, Heidelberg RE and Gajjar A. Adolescents
and young adults with cancer: CNS tumors. J
Clin Oncol 2024; 42: 686-695.

Poon CC, Herbrich SM, Chen Y, Hossain A, Full-
er GN, Jindal S, Basu S, Ledbetter D, Macaluso
M, Phillips LM, Gumin J, He Z, Parker Kerrigan
BC, Singh SK, Singh P, Zaman MF, Ng Tang D,
Goswami S, Lang FF and Sharma P. Mesenchy-
mal stem cells and fibroblasts contribute to
microvascular proliferation in glioblastoma
and are correlated with immunosuppression
and poor outcome. Cancer Immunol Res 2025;
13: 804-820.

Han S, Liu Y, Cai SJ, Qian M, Ding J, Larion M,
Gilbert MR and Yang C. IDH mutation in glio-
ma: molecular mechanisms and potential ther-
apeutic targets. Br J Cancer 2020; 122: 1580-
1589.

Jovanovi¢ N, Lazarevié¢ M, Cvetkovi¢ VJ, Nikolov
V, Kosti¢ Peri¢ J, Ugrin M, Pavlovi¢ S and
Mitrovi¢ T. The significance of MGMT promoter
methylation status in diffuse glioma. Int J Mol
Sci 2022; 23: 13034.

Xing A, Lv D, Wu C, Zhou K, Zhao T, Zhao L,
Wang H and Feng H. Tertiary lymphoid struc-
tures gene signature predicts prognosis and
immune infiltration analysis in head and neck
squamous cell carcinoma. Curr Genomics
2024; 25: 88-104.

Blasco-Santana L and Colmenero I. Molecular
and pathological features of paediatric high-
grade gliomas. Int J Mol Sci 2024; 25: 8498.
Sun'Y, Su C, Deng K, Hu X, Xue Y and Jiang R.
Mean apparent propagator-MRI in evaluation
of glioma grade, cellular proliferation, and IDH-
1 gene mutation status. Eur Radiol 2022; 32:
3744-3754.

Mukherjee T, Kumar N, Chawla M, Philpott DJ
and Basak S. The NF-kB signaling system in
the immunopathogenesis of inflammatory
bowel disease. Sci Signal 2024; 17: eadh1641.

(33]

(34]

[35]

(36]

(37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

Song K and Li S. The role of ubiquitination in
NF-kB signaling during virus infection. Viruses
2021; 13: 145.

Ye W, Cui Y, Rong J, Huang W, Zheng Z, Li A and
Li Y. MCPIP1 suppresses the NF-kB signaling
pathway through negative regulation of K63-
linked ubiquitylation of TRAF6 in colorectal
cancer. Cancer Gene Ther 2023; 30: 96-107.
Wu Z, Berlemann LA, Bader V, Sehr DA, Dawin
E, Covallero A, Meschede J, Angersbach L,
Showkat C, Michaelis JB, Minch C, Rieger B,
Namgaladze D, Herrera MG, Fiesel FC, Spring-
er W, Mendes M, Stepien J, Barkovits K, Mar-
cus K, Sickmann A, Dittmar G, Busch KB, Rie-
del D, Brini M, Tatzelt J, Cali T and Winklhofer
KF. LUBAC assembles a ubiquitin signaling
platform at mitochondria for signal amplifica-
tion and transport of NF-kB to the nucleus.
EMBO J 2022; 41: €112006.

Chen TY, Liu Y, Chen L, Luo J, Zhang C and
Shen XF. Identification of the potential bio-
markers in patients with glioma: a weighted
gene co-expression network analysis. Carcino-
genesis 2020; 41: 743-750.

Yang Y, Wang J, Xu S, Lv W, Shi F and Shan A.
IKBIP is a novel EMT-related biomarker and
predicts poor survival in glioma. Transl Neuro-
sci 2021; 12: 9-19.

Li Y, Azmi AS and Mohammad RM. Deregulat-
ed transcription factors and poor clinical out-
comes in cancer patients. Semin Cancer Biol
2022; 86: 122-134.

Wang W, Liu W, Chen Q, Yuan Y and Wang P.
Targeting CSC-related transcription factors by
E3 ubiquitin ligases for cancer therapy. Semin
Cancer Biol 2022; 87: 84-97.

Yao M, He H, Wang B, Huang X, Zheng S, Wang
J, Gao X and Huang T. Testing the significance
of ranked gene sets in genome-wide transcrip-
tome profiling data using weighted rank corre-
lation statistics. Curr Genomics 2024; 25:
202-211.

Deng C,WuY, Lv X, Li J, Liu Y, Du G, Chen J and
Liu L. Refactoring transcription factors for met-
abolic engineering. Biotechnol Adv 2022; 57:
107935.

Kant R, Manne RK, Anas M, Penugurti V, Chen
T, Pan BS, Hsu CC and Lin HK. Deregulated
transcription factors in cancer cell metabo-
lisms and reprogramming. Semin Cancer Biol
2022; 86: 1158-1174.

Coomans de Brachéne A and Demoulin JB.
FOXO transcription factors in cancer develop-
ment and therapy. Cell Mol Life Sci 2016; 73:
1159-1172.

Kassab A, Gupta | and Moustafa AA. Role of
E2F transcription factor in oral cancer: recent
insight and advancements. Semin Cancer Biol
2023; 92: 28-41.

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



[45]

[46]

[47]

(48]

[49]

(50]

(51]

1141

Upregulation of IKBIP promotes the proliferation and invasion of glioma

Zhang X, Zhang M, Sun H, Wang X, Wang X,
Sheng W and Xu M. The role of transcription
factors in the crosstalk between cancer-associ-
ated fibroblasts and tumor cells. J Adv Res
2025; 67: 121-132.

Di Sano C, D’Anna C, Montalbano AM, Gjomar-
kaj M and Profita M. The interplay between oxi-
dant/antioxidant system, transcription factors,
and non-coding RNA in lung cancer. Int J Mol
Sci 2025; 26: 7679.

Bae T, Hallis SP and Kwak MK. Hypoxia, oxida-
tive stress, and the interplay of HIFs and NRF2
signaling in cancer. Exp Mol Med 2024; 56:
501-514.

Panieri E, Pinho SA, Afonso GJM, Oliveira PJ,
Cunha-Oliveira T and Saso L. NRF2 and mito-
chondrial function in cancer and cancer stem
cells. Cells 2022; 11: 2401.

Miunter D, de Faria FW, Richter M, Aranda-Par-
dos I, Hotfilder M, Walter C, Paga E, Inserte C,
Albert TK, Roy R, Rahman S, Riedel NC, Muller
V, Pascher A, Wiebe K, Schmid I, Vokuhl C, Win-
kler B, Juttner E, Vieth S, Mucke U, Kluiver TA,
Peng WC, Rossig C, Schlué J, Madadi-Sanjani
0O, Sandmann S, Hartmann W, A-Gonzalez N,
Soehnlein O and Kerl K. Multiomic analysis un-
covers a continuous spectrum of differentia-
tion and Wnt-MDK-driven immune evasion in
hepatoblastoma. J Hepatol 2025; 83: 367-
382.

Sharma A, Zalejski J, Bendre SV, Kavrokova S,
Hasdemir HS, Ozgulbas DG, Sun J, Pathmasiri
KC, Shi R, Aloulou A, Berkley K, Delisle CF,
Wang Y, Weisser E, Buweneka P, Pierre-
Jacques D, Mukherjee S, Abbasi DA, Lee D,
Wang B, Gevorgyan V, Cologna SM, Tajkhor-
shid E, Nelson ER and Cho W. Cholesterol-tar-
geting Wnt-B-catenin signaling inhibitors for
colorectal cancer. Nat Chem Biol 2025; 21:
1376-1386.

Guha A, Sultana J, Bhuniya A, Chakravarti M,
Bera S, Sarkar A, Dhar S, Choudhury PR, Das P,
Das J, Ganguly N, Guha |, Bairagya D, Das T,
Alam N, Ghosh |, Hajra S, Barik S, Mukherjee
KK, Baral R, Bose A and Banerjee S. Tumor-
educated-platelets interact with breast cancer-
stem-cells via P-selectin-PSGL1 and ensure
stemness and metastasis through WNT-3-
catenin-VEGF-VEGFR2 intra-cellular signaling:
therapeutic modulation by aspirin. Breast Can-
cer Res 2025; 28: 15.

(52]

(53]

(54]

[55]

(56]

(57]

(58]

Yu P, Xu T, Ma W, Fang X, Bao Y, Xu C, Huang J,
Sun Y and Li G. PRMT6-mediated transcrip-
tional activation of ythdf2 promotes glioblas-
toma migration, invasion, and emt via the wnt-
B-catenin pathway. J Exp Clin Cancer Res
2024; 43: 116.

Barzegar Behrooz A, Talaie Z, Jusheghani F,
tos MJ, Klonisch T and Ghavami S. Wnt and
PI3K/Akt/mTOR survival pathways as thera-
peutic targets in glioblastoma. Int J Mol Sci
2022; 23: 1353.

Song P, Gao Z, Bao Y, Chen L, Huang Y, Liu Y,
Dong Q and Wei X. Wnt/B-catenin signaling
pathway in carcinogenesis and cancer therapy.
J Hematol Oncol 2024; 17: 46.

Goyal A, Murkute SL, Bhowmik S, Prasad CP
and Mohapatra P. Belling the “cat”: Wnt/B-
catenin signaling and its significance in future
cancer therapies. Biochim Biophys Acta Rev
Cancer 2024; 1879: 189195.

Xue W, Yang L, Chen C, Ashrafizadeh M, Tian Y
and Sun R. Wnt/B-catenin-driven EMT regula-
tion in human cancers. Cell Mol Life Sci 2024;
81: 79.

Shome R and Ghosh SS. Tweaking EMT and
MDR dynamics to constrain triple-negative
breast cancer invasiveness by EGFR and Wnt/
B-catenin signaling regulation. Cell Oncol (Dor-
dr) 2021; 44: 405-422.

Basu B, Karmakar S, Basu M and Ghosh MK.
USP7 imparts partial EMT state in colorectal
cancer by stabilizing the RNA helicase DDX3X
and augmenting Wnt/B-catenin signaling. Bio-
chim Biophys Acta Mol Cell Res 2023; 1870:
119446.

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



