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Prognostic biomarker HIF1a and its correlation
with immune infiltration in gliomas
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Abstract. Certain glioma subtypes, such as glioblastoma
multiforme or low-grade glioma, are common malignant
intracranial tumors with high rates of relapse and malignant
progression even after standard therapy. The overall survival
(OS)is poor in patients with gliomas; hence, effective prognostic
prediction is crucial. Herein, the present study aimed to explore
the potential role of hypoxia-inducible factor 1 subunit alpha
(HIFlo) in gliomas and investigate the association between
HIFlo and infiltrating immune cells in gliomas. Data from The
Cancer Genome Atlas were evaluated via RNA sequencing,
clinicopathological, immunological checkpoint, immune
infiltration and functional enrichment analyses. Validation of
protein abundance was performed using paraffin-embedded
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samples from patients with glioma. A nomogram model was
created to forecast the OS rates at 1, 3 and 5 years after cancer
diagnosis. The association between OS and HIFla expression
was estimated using Kaplan-Meier survival analysis and the
log-rank test. Finally, HIFla expression was validated using
western blotting, reverse transcription-quantitative PCR, Cell
Counting Kit-8 and Transwell assays. The results demon-
strated that HIF1a expression was significantly upregulated
in gliomas compared with normal human brain glial cells.
Immunohistochemistry staining demonstrated differential
expression of the HIFla protein. Moreover, glioma cell
viability and migration were inhibited via HIFla downregu-
lation. HIF1a impacted DNA replication, cell cycling, DNA
repair and the immune microenvironment in glioma. HIFla
expression was also positively associated with several types
of immune cells and immunological checkpoints and with
neutrophils, plasmacytoid dendritic cells and CD56™ " cells.
The Kaplan-Meier survival analyses further demonstrated a
strong association between high HIFla expression and poor
prognosis in patients with glioma. Analysis of the receiver
operating characteristic curves demonstrated that HIFla
expression accurately differentiated paired normal brain cells
from tumor tissues. Collectively, these findings suggested the
potential for HIFla to be used as a novel prognostic indicator
for patients with glioma and that OS prediction models may
help in the future to develop effective follow-up and treatment
strategies for these patients.

Introduction

In 2016, 227,000 fatalities and 330,000 new cases of central
nervous system cancers were reported worldwide (1). Gliomas,
which have a high level of heterogeneity and diverse origins,
are the most frequently diagnosed primary brain tumors,
accounting for 80% of malignant primary tumors in the central
nervous system (2). Current standard treatment includes
surgical resection, followed by radiotherapy and chemo-
therapy (3). In the USA, the adjuvant carmustine, a nitrosourea
drug, is commonly prescribed (4-6); however, patients with
malignant glioma continue to have a poor overall prognosis
owing to the high mortality rates (7) and debilitating symp-
toms. Glioma has been histologically classified from low to
high grades by the World Health Organization (WHO) (8-10).
Despite substantial research and the use of a combination
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of standard therapies, the median survival for patients is
still only 14-24 months, with ~10% chance of surviving for
5 years (4,11). Therefore, novel therapeutic strategies are
urgently needed. Studies on therapeutic approaches targeting
the tumor microenvironment have created new treatment
strategies (12). Low-grade gliomas, anaplastic gliomas and
glioblastomas have median overall survival (OS) durations of
78.1, 37.6 and 14.4 months, respectively (13). Consequently,
prognostic indicators have been investigated to predict patient
survival and responsiveness to personalized treatment (14).

Hypoxia-inducible factors (HIFs) belong to a family
of DNA-binding transcription factors called basic helix-
loop-helix/Per-ARNT-Sim (15). HIF1 is a heterodimeric
transcription factor comprising two subunits, HIFla and
HIF1p, each with unique functions (16). HIFla is an impor-
tant regulator of gene expression associated with the cellular
response to hypoxia (17,18). However, HIFla promotes carci-
nogenesis and is a common cancer treatment target (19,20).
Notably, HIFla upregulation enhances the development
of certain tumors, including gliomas, breast cancer and
prostate cancer, whereas its downregulation inhibits tumor
growth (21). The tumor microenvironment, which is crucial
for the development, angiogenesis and migration of tumors,
has immunosuppressive properties (22). Gliomas actively
recruit immune cells by releasing chemokines (23,24) and
after entering the tumor environment, immune cells are
regulated by immunomodulatory cytokines and molecules,
such as TGF-pB1 (25). Therefore, tumor-specific immunity
is suppressed, while tumor development is promoted by the
recruitment of peripheral immune cells into tumors. HIFla
signaling in cancer cells recruits immunosuppressive cells by
secreting modulators, thus promoting tumor progression (26).
Considering the close association between HIF1a and immune
cells, alterations in HIFla may influence the progression and
prognosis of glioma by regulating the level of infiltrating
immune cells. However, the relationship between HIFla and
new immune-infiltrating cells needs to be further explored.

Therefore, the present study aimed to investigate the
potential role of HIFla and explore the association between
HIFlo and new infiltrating immune cells in gliomas.

Materials and methods

Data extraction and preprocessing. RNA sequencing data were
collected from The Cancer Genome Atlas (TCGA)-glioblastoma
multiforme (GBM) and TCGA-low-grade glioma (LGG) projects
using the Genomic Data Commons Data Portal (https:/portal.
gdc.cancer.gov) and the Genotype-Tissue Expression (GTEx)
databases (http://www.Gtexportal.org/home/) in the transcripts
per million format for pan-cancer research. From the TCGA
database, data levels 3 HTSeq-FPKM and HTSeq-Count data
for GMB/LGG were extracted. The publication requirements of
TCGA and GTEx were rigorously adhered to.

Differential expression gene analysis. In the GBM/LGG data,
the median HIFla expression was used as the cutoff value
(HTSeq-Count) to distinguish differentially expressed genes
(DEGsS) between groups with low and high HIF1a expression.
An unpaired student's t-test was conducted using the DESeq2
package in R (version 4.3.0) (27).

Pathological specimen selection. A total of 20 paired
paraffin-embedded normal tissue samples and glioma speci-
mens were obtained from the Pathology Department of the
First Affiliated Hospital of Nanchang University (Nanchang,
China). Informed consent was obtained from all patients
and ethical approval was obtained from The Medical Ethics
Committee of the First Affiliated Hospital of Nanchang
University [approval no. (2023)CDYFY YLK(01-018)].

Immunohistochemistry. Immunohistochemical (IHC)
staining was used to assess the expression levels of HIFla in
paraffin-embedded tissues obtained from patients with glioma.
The tissue samples were subjected to fixation using 4% para-
formaldehyde for 24 h at room temperature. Following fixation,
the samples were dehydrated through a graded series of alcohol,
were subsequently embedded in paraffin, and finally sectioned
into 4-um serial sections. Tissue slides were deparaffinized at
60°C, and then treated with 100% xylene for 20 min before being
rehydrated in a graded series of ethanol at room temperature.
Antigen retrieval was conducted in a water bath with 100 ml
ethylenediaminetetraacetic acid retrieval buffer (OriGene
Technologies, Inc.), at 95°C, and the sections were then treated
with 3% hydrogen peroxide to eliminate endogenous peroxidase
for 10 min. Subsequently, the sections were blocked with 5%
normal goat serum (cat. no. SL0O38; Beijing Solarbio Science
& Technology Co., Ltd.) at 37°C for 30 min. The sections
were incubated with anti-HIFla primary antibodies (1:500;
cat. no. 20960-1-AP; Proteintech) overnight at 4°C, followed
by incubation with enzyme-labeled Goat Anti-Mouse/Rabbit
secondary antibodies (1:100; cat. no. PV-6000D; Beijing
Zhongshan Jingiao Biotechnology Co., Ltd.) at 37°C for 30 min.
Staining was performed using diamino-benzidine (cat. no.
PV-6000D; Beijing Zhongshan Jingiao Biotechnology Co.,Ltd.)
for 3-5 min at room temperature [both the secondary antibody
and DAB were obtained from a kit (cat. no. PV-6000D; Beijing
Zhongshan Jingiao Biotechnology Co., Ltd.)] and a hematoxylin
counterstain at room temperature for 20 sec. Brain tissue
sections that previously demonstrated positive immunostaining
were used as positive controls, whereas samples without the
primary antibody staining served as negative controls. A light
microscope (ZEISS Axio Lab. Al; CarlZeiss AG) was used
to acquire images at x200 and x400 magnifications. Three
representative fields of view were examined for each sample.
ImageJ Software (version 1.53; National Institutes of Health)
was used to determine the average optical density associated
with positive expression. The level of expression was evalu-
ated on a scale ranging from 0-7, where 0-2 indicated negative
expression and 3-7 indicated positive expression. A score of 3-4
represented weak positive expression and a score of 5-7 denoted
strong positive expression. Staining intensity was classified as
follows: A score of 0 for no staining, 1 for mild staining, 2 for
moderate staining and 3 for intense staining. The scoring for
staining area was as follows: A score of O for no staining, 1 for
staining over 1-25% of the area, 2 for staining over 26-50% of
the area, 3 for staining over 51-75% of the area and 4 for staining
over 76-100% of the area.

Functional enrichment analysis of HIF la-related DEGs. The
functional enrichment analysis threshold for DEGs was set at
llog fold change (FC)I>2 with an adjusted P-value (P adj) <0.05.
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The clusterProfiler package in R was used to conduct Gene
Ontology (GO) analysis, including molecular functions (MFs),
cellular components (CCs) and biological processes (BPs) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis (28,29).

Gene set enrichment analysis. The clusterProfiler R package
was used to explore functional and pathway differences
between high- and low-HIFla expression groups (30).
Statistical significance for enrichment findings was set at a
false discovery rate <0.25 and a P adj <0.05.

Assessment of immune infiltration and immune checkpoints.
The single-sample gene set enrichment analysis function in
the GSVA R package (31) was used to evaluate HIFla immu-
nological infiltrates reported in the literature and explore
the relationships between HIFla expression and 24 distinct
immune cell subsets (32). The relationships between HIF1la
and immunological checkpoints, such as programed cell death
protein 1 (PDCDI1), CD274, hepatitis A virus cellular receptor
2 (HAVCR2), cytotoxic T-lymphocyte protein 4 (CTLA4),
T-cell immunoreceptor with Ig and ITIM domains (TIGIT),
lymphocyte activation gene 3 protein (LAG-3) and CD48,
were further examined.

Prognostic analysis. Age, sex, WHO grade, isocitrate dehy-
drogenase 1 (IDH1) mutation status and 1p19q co-deletion
status were applied as clinicopathological characteristics in
the Cox regression analysis to evaluate the influence of physi-
ological parameters on clinical outcomes. Furthermore, the
RMS and survival R packages were used to produce calibra-
tion and nomogram plots to estimate the 1-, 3- and 5-year OS
rates (33,34). The ability of the nomogram to discriminate
between groups was assessed using calibration, receiver
operating characteristic (ROC) curves and concordance index
methods (35).

Cell culture and cell transfection. The human normal brain
glial cell line HEB (cat. no. C449) was acquired from mlbio
(Shanghai Enzyme-linked Biotechnology Co., Ltd.), and
glioma cell lines U251 (cat. no. AW-CELLS-H0379) and T98G
(cat. no. AW-CELLS-H0365) were acquired from AnWei-sci.
The U-87 MG cell line is a glioblastoma of unknown origin
(cat.no. AW-CELLS-H0381) and was acquired from AnWei-sci.
All cells were cultured in high-glucose Dulbecco's modified
Eagle's medium (Beijing Solarbio Science & Technology Co.,
Ltd.) supplemented with 10% fetal bovine serum (FBS; Gibco;
Thermo Fisher Scientific, Inc.) and 1% penicillin-streptomycin
(Beijing Solarbio Science & Technology Co., Ltd.) at 37°C and
5% CO,. All small interfering RNAs (siRNAs), including a
negative control (si-NC) and those targeting HIFla (si-HIF1a),
were obtained from HanBio Biotechnology Co., Ltd. The
si-HIFla (5 nM) and si-NC (5 nM) were initially combined
with Opti-MEM (Invitrogen; Thermo Fisher Scientific, Inc.),
and incubated for 5 min. Subsequently, this mixture was
co-incubated with Lipofectamine® 2000 (Invitrogen; Thermo
Fisher Scientific, Inc.) for 20 min. The resulting complex was
then transfected into the T98G and U87 glioma cell lines and
maintained for 6 h at 37°C and the culture medium was substi-
tuted with high-glucose DMEM containing 10% FBS. The

following functional experiments were carried out 24 h after
transfection. The siRNA sequences were as follows: si-NC
sense, 5-UUCUCCGAACGUGUCACGUTT-3' and antisense,
5'-ACGUGACACGUUCGGAGAATT-3"; and si-HIF1a sense,
5'-GCCGAGGAAGAACUAUGAATT-3' and antisense,
5-UUCAUAGUUCUUCCUCGGCTT-3".

Reverse transcription-quantitative PCR (RT-gPCR). The
Total RNA Small Amount Extraction kit (Axygen; Corning,
Inc.) was used to lyse T98G or U87 cells and extract their total
RNA. Prime script RT Master mix (Takara Biotechnology Co.,
Ltd.) used to reverse transcribe the extracted RNA into cDNA
according to the manufacturer's protocol. HIFla. and GAPDH
were amplified using primers purchased from Sangon Biotech
Co.,Ltd. SYBR Green Master Mix (Tiangen Biotech Co., Ltd.)
was used for RT-qPCR following the manufacturer's instruc-
tions. The thermocycling conditions used for PCR were: Initial
denaturation at 95°C for 10 min, followed by 40 cycles at 95°C
for 15 sec and 60°C for 60 sec. The 224 method (36) was used
to calculate the relative mRNA expression levels. GAPDH was
used as the endogenous control. The primer sequences were as
follows: HIF1a. forward (F) 5'-GTGGTGGTTACTCAGCAC
TTT-3"and reverse (R), 5'- ATCTCCGTCCCTCAACCTCT-3";
and GAPDH F, 5"AGGTCGGTGTGAACGGATTTG-3' and
R, 5-GGGGTCGTTGATGGCAACA-3.

Protein extraction and western blotting. U87 cells
(2x10° cells/cm?) and T98G cells (2x10° cells/cm?) were
lysed using RIPA buffer (cat. no. POO13B; Beyotime
Institute of Biotechnology) and PMSF (Beyotime Institute of
Biotechnology) with phosphatase inhibitor (Beijing Solarbio
Science & Technology Co., Ltd.). The cell lysates were subse-
quently centrifuged at 15,000 x g for 15 min at 4°C to isolate the
soluble proteins. Proteins were extracted from both cell lysates
and supernatants. The BCA Protein Assay Kit (cat. no. PO012;
Beyotime Institute of Biotechnology) was used to evaluate
the protein concentration of cells. Proteins (20 ug/lane)
were separated using 7.5% SDS-PAGE and transferred to
polyvinylidene fluoride membranes (Millipore Sigma). The
membranes were then blocked using 5% non-fat milk at room
temperature for 2 h, and washed with Trisbuffered saline with
0.1% Tween 20 (TBST) and incubated with primary antibodies
against HIFla (1:5,000; cat. no. 20960-1-AP; Wuhan Sanying
Biotechnology) and GAPDH (1:20,000; cat. no. 10494-1-AP;
Wuhan Sanying Biotechnology) at 4°C overnight. After the
wash with TBST and incubation with goat anti-rabbit IgG
(1:10,000; cat. no. BS13278; BioWorld Technology, Inc.) and
goat anti-mouse IgG (1:10,000; cat. no. BS12478; BioWorld
Technology, Inc.) for 1 h at 25°C, ECL western blotting
substrate (Beijing Solarbio Science & Technology Co., Ltd.)
was added to visualize the protein bands using the ChemiDoc
XRS molecular imager system (Bio-Rad Laboratories, Inc.).
Densitometry was analyzed using Imagel] Software (version
1.53; National Institutes of Health).

Cell Counting Kit-8 (CCK-8) assay. Cell proliferation was inves-
tigated using the CCK-8 assay (BIOSS). T98G and US87 cells
were transfected with either si-HIFla or si-NC at 37°C and 5%
CO, for 2 days. Subsequently, cells were transferred to 96-well
plates (~2x10° cells/well) and cultured for 1, 2, 3 or 4 days under
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Figure 1. HIFla expression levels in different tumor samples. HIF1a expression in (A) normal tissues and pan-cancer tissues and (B) glioblastoma multi-

ok

forme/low-grade glioma samples. "P<0.05, “P<0.01 and ““P<0.001 vs. normal tissue. Ns, not significant; HIFla, hypoxia-inducible factor 1 subunit alpha.

standard conditions. Cells were incubated with CCK-8 for 2 h and
the optical density (450 nm) of each sample was measured using
a microplate reader (SpectraMax i3X; Molecular Devices, LLC).

Transwell assay. The upper chamber in the Transwell plate
(pore size, 8 ym; Corning Inc.) was filled with 200 pl of
serum-free medium and 3x10* transfected T98G orU87 cells.
Thereafter, 600 ul of complete medium with 5% FBS was
added to the lower chamber. After the cells were incubated at
37°C in 5% CO, for 48 h, the Transwell insert was removed
and the cells on the upper surface of the membrane were
cleared. Cells on the lower surface of the membrane were fixed
with 4% paraformaldehyde at room temperature for 30 min,
stained with 0.1% crystal violet (Beijing Solarbio Science &
Technology Co., Ltd.) at room temperature for 20 min and
Images were captured using a light microscope (ZEISS Axio
Lab. Al; Carl Zeiss AG) and counted with ImageJ Software
(version 1.53; National Institutes of Health).

Statistical analysis. The present study used GraphPad Prism
(version 9.3.0; Dotmatics) and R software (version 4.2.1;
https://cran.r-project.org/) for conducting all statistical anal-
yses. The Wilcoxon rank-sum test was used for cases where
normality tests were not met, while an unpaired Student's
t-test was used to assess differences between the two groups
when normality tests were satisfied. The Kruskal-Wallis test, a
non-parametric test, and one-way ANOVA, a parametric test,
were used to compare data across various groups. For ANOVA,
a post hoc test (Dunnett's test) was performed if the findings

were considered significant, and for the Kruskal-Wallis test,
a Dunn's test was utilized. The association between HIFla
expression levels and glioma clinicopathological character-
istics was examined using the chi-square test. Kaplan-Meier
survival analysis and log-rank tests were used to determine
survival distributions. The IHC score was analyzed by a
Wilcoxon signed-rank test. The 95% confidence intervals (Cls)
and hazard ratios (HRs) for various clinical characteristics
were assessed using Cox regression analysis, which identified
independent prognostic factors. P<0.05 was considered to
indicate a statistically significant difference.

Results

Increased HIF lo expression levels were observed in GBM/LGG.
Comparisons of HIFla expression in tumor samples and healthy
tissues from TCGA and GTEXx datasets showed that most tumor
types exhibited significant upregulation of HIFla expression
(Fig. 1A), including GBM and LGG (P<0.001; Fig. 1B).

To confirm the increased abundance of the HIFla protein
in GBM/LGG tissues compared with that in the corresponding
healthy tissues, IHC staining was conducted. Positive staining
was primarily observed in the cytoplasm and markedly higher
HIFla expression was observed in glioma tissues compared
with matched normal tissues (Fig. 2). Hence, HIFla was
overexpressed in gliomas at the protein level.

HIFla and functional enrichment analysis for DEG identifi-
cation. The llogFCI>1.5 and P adj <0.05 criteria were applied
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Figure 2. Representative images of HIFla expression in glioblastoma multiforme/low-grade glioma tissues and their matched normal tissues. Magnification,

x200 and x400. HIFla, hypoxia-inducible factor 1 subunit alpha.

to identify 918 DEGs between two sets of HIFla samples
(low- and high-expression), which comprised 883 upregulated
and 35 downregulated genes (Fig. 3A).

GO enrichment analyses demonstrated that the DEGs were
enriched in various BPs, including ‘nuclear division’, ‘chro-
mosome segregation’, ‘mitotic nuclear division’ and ‘nuclear
chromosome segregation’. The enriched CCs included the
‘collagen-containing extracellular matrix’, ‘chromosomal
region’, ‘protein-DNA complex’ and ‘nucleosome’. The MFs
included ‘receptor ligand activity’, ‘DNA-binding transcrip-
tion activator activity, RNA polymerase’, ‘cytokine activity’
and ‘extracellular matrix structural constituents’. KEGG
pathway enrichment analysis further demonstrated that the
DEGs were associated with ‘cytokine-cytokine receptor
interaction’, ‘transcriptional misregulation in cancer’,
‘systemic lupus erythematosus’ and the ‘IL-17 signaling
pathway’ (Fig. 3B).

Gene set enrichment analysis was performed to verify
the pathway analyses (Fig. 3C). Clusters associated with cell
proliferation exhibited a statistically significant enrichment
in HIFla-related DEGs involving genes related to cell cycle
checkpoints, mitotic G1 phase and G1/S transition, DNA
replication, cell cycle mitotic and G2/M checkpoints.

Tumor-immune infiltrates and immunological checkpoints
in GBM/LGG. Immune cell infiltration is essential for the

development of myriad solid tumor types. Analysis of 24
immune cell subtypes in the high- and low-HIFla expression
groups demonstrated that the proportions of T-helper 2 (T}2),
vOT, effector memory T cells (Tgy,), central memory T cells
(Tcwm)s Ty and CD8* T cells, as well as neutrophils, macro-
phages, eosinophils and activated dendritic cells (aDCs) were
markedly increased in the high-HIFla group compared with
those in the low-HIFla group (Fig. 4A). By contrast, plasma-
cytoid dendritic cells (pDCs) and Treg, CD56°¢" natural killer
(NK) and mast cells were significantly downregulated in the
high-HIFlo group compared with those in the low-HIFla
group. No significant differences in were observed in B,
cytotoxic, CD56%™ NK, NK, T, T follicular helper cells (Tth),
THi, T,17, DCs and interdigitating DCs (iDCs) in the low- and
high-expression groups.

Moreover, infiltration of Ty17, T2, Tyl, YOT, Tey, Ths
CDS8*T cells, neutrophils, macrophages, eosinophils and aDCs
was associated with HIFla expression. By contrast, the infil-
tration of Treg, CD56¢" NK and mast cells and pDCs was
inversely associated with HIF1a expression (Figs. 4B and C,
S1 and S2). A heat map was used to visualize the association
between the ratios of the 24 distinct immune cell subpopula-
tions that permeated the tumors (Fig. 4D).

The relationship between HIFlo expression and immu-
nological checkpoints, including PDCD1, CD274, HAVCR2,
CTLAA4, TIGIT, LAG-3 and CD48, was also assessed (Fig. 5A).
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The expression levels of PDCDI1, CD274, HAVCR2, LAG-3,

TIGIT, CTLA4 and CD48 were positively associated with HIF1a
expression levels (P<0.005). The expression levels of these
checkpoints were higher in the high-HIFla group compared
with the low-HIF1a group (Fig. 5B). These results suggested that
HIFla serves a crucial role in immune infiltration of gliomas.

Correlation between HIFIa expression and clinical features.
The key clinical characteristics between the GBM/LGG low-
and high-HIF1a expression groups were compared (Table I).
The number of patients with glioblastoma in the IDH1 wild
type, 1p/19q non-co-deletion (co-del), WHO G4 and histological
type categories were significantly greater in the high-HIFla
expression group compared with the low-HIFla expression
group. Additionally, the expression of HIFla in relation to
other clinical parameters was assessed (Fig. 6). Compared with

normal expression levels, HIFla expression was significantly
upregulated in cases of glioblastoma histological type, IDH1
wild type, 1p/19q non-co-deletion and WHO G4.

Relationship between prognostic performance and HIFIa
expression levels. The association between HIFla expression
levels and disease-specific survival (DSS), progression-free
interval (PFI) and OS in patients with GBM/LGG was evaluated
using Kaplan-Meier analysis (Fig. 7). High HIFla expression
levels were associated with a significantly worse prognosis
compared with low HIF1a expression (P<0.001). Notably, the PFI
(HR=1.30; 95% CI=1.05-1.60; P=0.015; Fig. 7C), DSS (HR=1.45;
95% CI=1.13-1.86; P=0.004; Fig. 7B) and OS (HR=1.34; 95%
CI=1.05-1.69; P=0.017; Fig. 7A) were significantly lower in the
high-HIFla expression group compared with the low expression
group. The relationships between the risk score, survival time
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Figure 4. Association between HIF 1o expression and immune infiltration in GBM/LGG. (A) The infiltrating levels of 24 immune cell subtypes in high- and
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factor 1 subunit alpha; ns, not significant.

and HIFla expression patterns were also examined. Utilizing
the risk score, patients with glioma were categorized into two
distinct groups. As the risk score increased, there was a concur-
rent rise in the risk of mortality and a decrease in favorable
clinical outcomes for the patients, respectively (Fig. 8).

Age, 1p/19q co-del, WHO grade, IDHI status, sex and
HIFla expression levels were among the clinical character-
istics incorporated in the nomogram model (Fig. 9A). The
nomogram demonstrated high therapeutic efficacy for esti-
mating the 1-, 3- and 5-year OS rates of patients with glioma.

The diagnostic utility of HIFloa expression was evaluated
using ROC curve analysis. Based on an area under the curve

(AUC) of 0.962 (95% CI=0.952-0.972), HIFla expression
demonstrated a statistically significant predictive capacity
to differentiate glioma tissues from normal tissues (Fig. 9B).
Using calibration plots and time-dependent ROC curves, the
likelihood of the 1-, 3- and 5-year OS rates was predicted
with AUC values of 0.566, 0.585 and 0.575, respectively. The
calibration plots supported the findings of the time-dependent
ROC curve analysis. (Fig. 9C and D).

Prognostic value of HIFIa within the specific clinical
parameters of gliomas. The predictive value of HIFla
was determined by analyzing specific clinical parameters,
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including WHO grade, IDHI status, 1p/19q, sex, ethnicity and  clinical parameters: Ethnicity, white and African-American
histological type (Fig. 10). Elevated HIFla expression levels  (hazard ratio [HR]=1.29; P=0.041); sex, female (HR=1.51;
correlated with adverse OS in patients with glioma for four  P<0.05); age, <60 years (HR=1.49; P<0.005); and clinical
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Table I. Association between HIFla expression levels and clinicopathologic features in glioblastoma multiforme/low-grade

glioma.
Characteristic Low expression level of HIF1a High expression level of HIF1a P-value
Total number of patients, n 348 348
Sex, n (%) 0.193
Female 158 (22.7%) 140 (20.1%)
Male 190 (27.3%) 208 (29.9%)
Histological type, n (%) <0.001
Astrocytoma 101 (14.5%) 94 (13.5%)
Glioblastoma 61 (8.8%) 107 (15.4%)
Oligoastrocytoma 77 (11.1%) 57 (8.2%)
Oligodendroglioma 109 (15.7%) 90 (12.9%)
World Health Organization grade, n (%) <0.001
G2 131 (20.6%) 93 (14.6%)
G3 123 (19.4%) 120 (18.9%)
G4 61 (9.6%) 107 (16.9%)
Isocitrate dehydrogenase status, n (%) 0.010
Wild type 106 (15.5%) 140 (20.4%)
Mutated 236 (34.4%) 204 (29.7%)
1p/19q co-deletion, n (%) 0.007
Co-deletion 102 (14.8%) 69 (10%)
Non-co-deletion 245 (35.6%) 273 (39.6%)
Age, median (interquartile range) 445 (35, 58) 46.5 (34, 59) 0.809*

Data were analyzed using the * test or *“Wilcoxon rank-sum test. HIF1a, hypoxia-inducible factor 1 subunit alpha.
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Figure 6. Association between HIFla expression and clinical features. (A) Expression level of HIFla in different histology types. (B) Expression level of
HIFlo in different WHO grades. (C) Expression level of HIFla in different IDH mutation statuses. (D) Expression level of HIF 1o in different 1p19q codeletion
statuses. The statistical methods used were the Kruskal-Wallis test and Dunn' test (A and B) and the Wilcoxon rank-sum test (C and D). “P<0.01 and “"P<0.001.
HIF1a, hypoxia-inducible factor 1 subunit alpha; WHO, World Health Organization; IDH, isocitrate dehydrogenase. Co-del, co-deletion.
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histologic types, oligoastrocytoma, oligodendroglioma and
glioblastoma (HR=1.44; P=0.008; Fig. 10A). Unfavorable DSS
correlated with high HIFla expression levels for five clinical
parameters: 1p/19q, no-co-del (HR=1.32; P=0.043); ethnicity,
white and African-American (HR=1.39; P=0.011); sex, female
(HR=1.72; P<0.005); age, <60 years (HR=1.53; P<0.005);
and clinical histologic types, oligoastrocytoma, oligodendro-
glioma and glioblastoma (HR=1.58; P=0.002; Fig. 10B). In
addition, high HIFla expression was associated with poor
PFI for four clinical parameters: 1p/19q, no-co-del (HR=1.31;
P=0.022); sex, female (HR=1.46; P=0.025); ethnicity, white
and African-American (HR=1.28; P=0.023); and clinical
histologic types, oligoastrocytoma, oligodendroglioma and
glioblastoma (HR=1.43; P=0.004; Fig. 10C). Therefore, patients
with gliomas expressing high HIFla levels demonstrated a
significantly lower survival rate compared with patients with
low HIF1a expression levels.

Knockdown of HIFla expression by siRNA transfection
inhibits glioma cell growth and migration. To investigate the

functional role of HIFla in glioma cells, the expression levels
of HIFla were detected in both glioma cell lines (T98G, U87
and U251) and normal brain tissue cells (HEB). HIF1loo. mRNA
(Fig. 11A) and protein (Fig. 11B) expression levels were signifi-
cantly higher in GBM cells compared with normal brain tissue
cells. si-HIF1la significantly suppressed endogenous HIF1a
expression in two glioma cell lines (T98G and U87), whereas
HIFla expression remained unaffected in si-NC-transfected
cells (Fig. 11C and D). The CCK-8 assay was used to assess
cell proliferation (Fig. 11E). The proliferative capacities of
HIFla-knockdown T98G and U87 cells were significantly
inhibited compared with those of si-NC-transfected cells
on days 3 and 4 following transfection. Additionally, HIFla
knockdown significantly decreased the migration of T98G and
U87 GBM cells (Fig. 11F).

These results indicated that siHIF1a effectively reduced
HIFla expression and inhibited glioma cell growth and
migration. Mechanistically, this may potentially be caused by
the reduction of microvascular mimicry by silencing HIFla
expression, thus inhibiting glioma growth.

Discussion

HIFla is abundantly expressed in several types of malignan-
cies and has been linked to various cancer features, including
metastasis, stimulation of tumor formation, invasion via angio-
genesis and modulation of cellular metabolism in hypoxic
tumor microenvironments (26,37). PRMT?3 has previously been
reported to accelerate the development of gliomas by promoting
HIFla-mediated glycolysis and metabolic rewiring (38).
Moreover, HIF1a and programmed death-ligand 1 (PD-L1) are
positively associated with gliomas. Therefore, targeting HIFla
can improve the effectiveness of anti-PD-1/PD-L1 therapies for
gliomas (39). Mechanistically, HIFla promotes chemoresis-
tance by enabling the dedifferentiation of normal glioma cells
and preserving glioma stem cell stemness (40). Additionally,
HIFla is expressed by various immune cells, including
macrophages, neutrophils, dendritic cells, and lymphocytes,
and modulates innate and adaptive immunity within the
tumor microenvironment (26,41,42). To assess the predictive
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significance of HIFla, data were collected from the TCGA
database and the expression patterns of HIFla in gliomas were
evaluated. The results of the present study provided a potential
theoretical basis for the development of personalized treatment
strategies for patients with glioma. Therefore, characterizing
the clinical and molecular relationships between HIF1a expres-
sion and glioma malignancy may potentially identify viable
therapeutic targets and provide insights into glioblastoma treat-
ment. According to the findings of the present study, immune
infiltration and OS were significantly associated with HIFla
expression in patients with GBM/LGG.

In the present study, HIFla expression levels were
compared across several types of cancers. In most cancer
types analyzed, including GBM/LGG, HIFla expression
was significantly upregulated compared with that in normal
tissues. Moreover, glioma tissues exhibited upregulation of
HIFla-associated DEGs involved in DNA replication, DNA

damage repair and the cell cycle. DNA is a fundamental feature
of tumor cell proliferation and is closely related to the cell cycle
process (43). The proliferation of cells in gliomas may thus
be influenced by upregulated HIF1a expression. Additionally,
DNA repair promotes chemotherapeutic resistance in tumor
cells while ensuring cell survival (44). Therefore, downregu-
lating HIFla expression may cause cells to enter a state of
defective DNA repair, which may prove advantageous for
patients with chemotherapy-resistant gliomas. Tumor-specific
immunotherapy modifies the immune system to treat a range
of cancers (45-47). The gene function enrichment findings in
the present study suggested that HIFla alterations may impact
the glioma immune microenvironment.

Furthermore, the expression of HIFla mRNA was posi-
tively associated with the proportion of certain immune
cells, such as Ty17, T2, Tyl and CD8* T cells. Tumors with
high HIFla expression were heavily infiltrated by immune
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Figure 10. Association between HIF1a expression and (A) overall survival, (B) disease-specific survival and (C) progression-free interval in patients with
glioma with specific clinical features. HIFla, hypoxia-inducible factor 1 subunit alpha; WHO, World Health Organization; IDH, isocitrate dehydrogenase;

WT, wild type; mut, mutated; HR, hazard ratio.

cells. Previous studies have reported that the stabilization of = HIFla expression was positively associated with the presence
expression of HIFla in macrophages (48), Ty17 cells (49),  of neutrophils. Tumor-associated neutrophils may facilitate
CDS8* T cells (50) and Tyl cells (51) influences glioma invasion and migration of tumor cells (52-54), while increased
progression, which was corroborated by the results of the neutrophil recruitment during antiangiogenic therapy accel-
present study. The present study also demonstrated that erates the development of gliomas and may contribute to
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Figure 11. Upregulation of HIFla in GBM cells and the migratory capacity of cells in vitro. (A) RT-qPCR analysis of HIFla expression in GBM cells.
(B) Western blotting analysis of HIF1a abundance in GBM cells. (C) RT-qPCR verification of siRNA efficiency. (D) Western blotting verification of siRNA
efficiency. (E) Cell Counting Kit-8 assay of GBM proliferation following HIF1a knockdown. (F) Transwell assay of GBM migration following HIFla knock-
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tive control.

treatment resistance (55). In glioblastoma, the present study
demonstrated an association between HIFla expression and
CD56" NK cells and pDCs. Innate immunological defense
against cancer relies on NK cells (56). Meanwhile, IFN-I
generated by pDCs exhibits anticancer properties (57). Owing
to the inverse relationship between CD56" NK cells and

HIFla expression observed in the present study, the infiltra-
tion of CD56" NK cells into solid tumors was relatively
minimal compared with other types of immune cells. The
primary function of CD56"¢" NK cells is immunomodula-
tion via the generation of a myriad of cytokines (58,59). This
may result in an antitumor effect and deregulation of tumor
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immunosurveillance. HIF1a expression may be modified in
these cells and thus influence glioma progression. Additionally,
the present study demonstrated a positive relationship between
HIFla expression and immunological checkpoints, namely
PDCDI, CTLA4, CD274, HAVCR2, TIGIT, LAG-3 and
CD48. CTLA-4 and PDCD-1 are critical proteins associated
with tumor immune escape (60,61). Ipilimumab, a CTLA-4
inhibitor, and nivolumab, a PDCD-1 inhibitor, are immune
checkpoint inhibitors (ICIs) that increase the OS rates of
patients with melanoma (62,63). Hence, HIFla may impact
tumor immunology, making it an immunological target rather
than merely a prognostic indicator.

In the future, a treatment combination of HIF1a inhibi-
tors with ICIs utilizing the features of HIFla that enhance
the proportions of macrophages and neutrophils while
decreasing the proportions of CD56¢" NK cells and pDCs
could be leveraged, thus improving the therapeutic effects of
immunotherapy in patients with gliomas. The results of the
present study indicated that HIFla alteration may affect the
progression and prognosis of glioma by regulating the levels of
infiltrating immune cells. Wild type IDHI, 1p/19q non-deletion
and WHO G4 ratios were significantly increased in patients
with elevated HIFla expression, which suggested a potential
role for HIFla as a positive prognostic predictor. Hence, the
predictive potential of HIF1a in patients with GBM/LGG was
further investigated.

Using Kaplan-Meier survival analysis, it was demonstrated
that HIF1a expression was related to PFI, DSS and OS, which
suggested that high HIFla expression may be associated with
adverse results in patients with GBM/LGGs, with specific
associations detected with clinical features including IDH1
status, 1p/19q, sex, ethnicity and histological type. These results
demonstrated the possible potential of HIFla as a diagnostic
and predictive indicator of gliomas. To further evaluate the 1-,
3- and 5-year OS rates of GBM/LGG, a nomogram prognostic
model based on HIFla expression levels was developed.
HIFlo expression greatly enhanced the prognostic evaluation
of patients with gliomas. Calibration plots, ROC curves and
time-dependent ROC curves confirmed the accurate predic-
tive ability of the nomogram. The methodology presented in
the present study offers a novel perspective on the evaluation
and prediction of outcomes in patients with GBM/LGG,
while providing insights into the progression of gliomas, new
therapeutic targets and prognostic indicators.

Furthermore, the present study confirmed that HIFla
was highly expressed in GBM cells and contributed to their
migratory abilities. EI-Naggar et al (64) reported that the
ability of sarcoma cells to metastasize may be increased by
overexpressing HIFla. Similarly, HIFla can regulate breast
cancer metastasis, promoting its development (65). The
present study demonstrated that HIF1a promoted the migra-
tion and, thus, the malignancy of GBM cells. Vasculogenic
mimicry (VM) reportedly contributes to the growth of many
tumor types, including breast cancer (66), liver cancer (67)
and glioma (68). Under hypoxic conditions, the mamma-
lian target of rapamycin participates in VM development
in gliomas via HIFla (69). By contrast, B cell lymphoma
2 inhibits the formation of VM in gliomas by suppressing
HIFla-matrix metalloprotease (MMP)-2-MMP-14 signaling
pathway activation (70). Therefore, mechanistically, HIFla

silencing may reduce cell proliferation and migration by
inhibiting microvascular mimicry, thereby inhibiting glioma
progression. This further demonstrates the potential of
HIFla as a target for the future diagnosis and treatment of
malignancies.

The present study has several limitations. The molecular
mechanisms underlying the effects of HIF1a silencing on cell
migration and proliferation in glioma cells were not experi-
mentally validated. In vivo experiments are warranted to
verify the correlation between HIFla expression and glioma
development and elucidate the underlying molecular mecha-
nisms. In addition, temporary transfection was performed.
Hence, future studies should use stable transfection trials
to evaluate the associated impact of HIFla knockdown.
Moreover, clinical studies are required to evaluate the
relationship between HIFla expression, clinical character-
istics and patient prognosis, which may aid in the potential
identification of novel markers for monitoring tumor growth,
accelerate the development of new drugs and enhance future
treatment approaches.

The findings of the present study suggested that poor
prognosis in GBM/LGGs was associated with HIFla overex-
pression. HIF1a may affect the proliferation and metastasis
of gliomas by regulating infiltrating immune cells, including
neutrophils, pDCs and CD56" cells. Hence, HIF1a may
be a potentially promising independent predictive factor and
potential candidate for the treatment of GBM/LGGs.
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