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Background: This study investigates whether Hypoxia-Inducible Factor 1 alpha
(HIF1α) and Hypoxia-Inducible Factor 2 alpha (HIF2α) coordinately regulate
insulin-like growth factor 1 receptor (IGF1R) expression, thereby influencing
chemosensitivity in glioblastoma multiforme (GBM).

Methods:We analyzed the expression and correlation of HIF1α, HIF2α, and IGF1R
in glioma using The Cancer Genome Atlas (TCGA) and Chinese Glioma Genome
Atlas (CGGA) databases. Immunohistochemistry (IHC) was performed to detect
the expression of HIF1α, HIF2α, and IGF1R in GBM tissues and cells, as well as
oxygen tension. Cell cycle analysis, apoptosis assays, lactate dehydrogenase
(LDH) release measurements, Western blotting, and xenograft tumor models
were employed to explore the synergistic regulation of IGF1R by HIF1α and HIF2α,
focusing on activation of the PI3K/AKT signaling pathway and its contribution to
GBM drug resistance. Chromatin immunoprecipitation-quantitative PCR (ChIP-
qPCR) and dual-luciferase reporter assays were used to investigate the binding
sites of HIF1α and HIF2α involved in regulating IGF1R.

Results: Our study demonstrated that HIF1α and HIF2α were highly expressed in
GBM tissues and hypoxia-cultured cells, and their expression positively correlated
with IGF1R expression. Simultaneous knockout of HIF1α and HIF2α in GBM cells
resulted in the highest LDH release and apoptosis rates under hypoxic conditions,
accompanied by the most significant decrease in IGF1R, p-PDK1, and p-AKT
levels. Knockout of IGF1R in tumor cells under hypoxia led to an increas of LDH
release and apoptosis rates, and reduced phosphorylation of PDK1 and AKT. In
addition, we demonstrated that HIF1α and HIF2α promoted IGF1R expression by
binding to a specific hypoxia response element (HRE) sequence (5′-
GAACGTGCCT-3′) within the IGF1R promoter using dual-luciferase
reporter system.

Conclusion: Glioblastoma cells, residing within a hypoxic microenvironment,
exhibit high expression of HIF1α and HIF2α. These transcription factors promote
the upregulation of IGF1R, which subsequently activates the PI3K/AKT signaling
pathway. This activation, in turn, promotes cell proliferation and
chemoresistance, ultimately contributing to tumor malignancy.
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1 Introduction

Glioblastoma multiforme (GBM), the most malignant type of
intracranial tumor, is associated with a poor prognosis (Ostrom
et al., 2023). The current standard treatment for GBM involves
surgical resection combined with radiotherapy and
chemotherapy. However, despite these treatments, the
prognosis remains dismal, with a median survival rate of only
14–16 months (Bou-Gharios et al., 2024; Valerius et al., 2024).
This poor outcome is largely attributed to the hypoxic
microenvironment of gliomas. The hypoxic tumor
microenvironment lead to malignant phenotype, such as drug
resistance, invasion, and proliferation (Wang et al., 2017b;
Greenwald et al., 2024). Under hypoxic conditions, hypoxia-
inducible factors (HIFs), particularly HIF1α and HIF2α, are
stabilized and activated. These factors coordinately regulate the
expression of multiple target genes, thereby activating the HIF
signaling pathway (Wang et al., 2022; Sharma et al., 2023).

The insulin-like growth factor 1 receptor (IGF1R) is a
transmembrane receptor tyrosine kinase that plays a crucial
role in the development and progression of various cancers,
including gliomas (Wang et al., 2023; Li et al., 2024). In GBM,
the IGF1R-related signaling pathway has been shown to be
closely associated with resistance to radiotherapy and
chemotherapy, making it a key target for therapeutic
intervention (Svalina et al., 2016; Liu et al., 2024). Studies
have demonstrated that IGF1R activation promotes cell
proliferation and therapy resistance, thereby enhancing the
malignant phenotype of tumors (Yu et al., 2019; Wang et al.,
2020). HIF1α and HIF2α, through complex mechanisms,
synergistically increase IGF1R expression and activate
downstream signaling pathways, such as the PI3K/AKT
signaling pathway, which promotes tumor cell survival and
proliferation, ultimately leading to resistance to temozolomide
(TMZ) (Wen et al., 2023; Xiong et al., 2023). A deeper
understanding of the mechanisms underlying the HIF1α/
HIF2α-IGF1R axis in GBM progression is essential for
developing novel therapeutic strategies.

2 Materials and methods

2.1 Public data collection

The expression of HIF1α and HIF2αin glioma and overall
survival (OS) were analyzed using the Chinese Glioma Genome
Atlas (CGGA) database (http://www.cgga.org.cn). The correlation
between HIF1A and HIF2A with IGF1R in The Cancer Genome
Atlas (TCGA) database (http://cancergenome.nih.gov/) was
analyzed using the ggrepel, ggpubr, and ggplot2 packages in R.

2.2 Patients and specimens

GBM tissues (WHO IV) were obtained from surgical waste.
Tumor grading was confirmed post-surgery by pathology, and
ethical related to tumor tissues was approved by the ethics
committee of Chongqing General Hospital (No. KY S2022-094-01).

2.3 Cell culture

HEK293T, U-87 MG, and U251 MG cells used in this study were
purchased from the Cell Bank of the Chinese Academy of Sciences
(www.cellbank.org.cn). Cells were cultured in DMEM/HG medium
(Gibco, United States) supplemented with 10% fetal bovine serum
(FBS, Gibco, United States). All cells were confirmed to be free of
mycoplasma contamination to ensure the integrity of the experiments.

2.4 HIF and IGF1R knockout assays

sgRNAs targeting HIF1α, HIF2α, and IGF1R were used for
plasmid construction (sgRNA oligonucleotide sequences are
detailed in Supplementary Table S1). These were designed and
synthesized using the CRISPR design program (http://crispr.mit.
edu) and cloned into the lentiCRISPRv2 vector (Addgene, #52961,
United States). The constructed plasmids were co-transfected with
psPAX2 (Addgene #12260, United States) and pMD2. G (Addgene
#12259, United States) into HEK293T cells to package lentivirus,
which was then used to infect U87 and U251 cells for gene knockout.
Western blotting was used to confirm the knockout of HIF1α, HIF2α,
and IGF1R. To determine the effects of lowHIF1α, HIF2α, and IGF1R
expression on GBM cells, U87 and U251 cells were cultured under
hypoxic conditions (1% O2) with TMZ, followed by detection of
apoptosis and lactate dehydrogenase (LDH) release.

2.5 Cell treatments

Hypoxic (HYP) conditions used in our experiments consisted of
1% O2, 5% CO2, and 94% N2. For mRNA expression detection and
hypoxia probe experiments, cells were cultured under HYP
conditions for 12 h. For Western blotting, immunofluorescence,
and cell cycle analysis, HYP group cells were cultured under HYP
conditions for 72 h. For LDH release and flow cytometry apoptosis
detection, HYP group cells were cultured under HYP conditions for
24 h, then stimulated with TMZ (400 or 800 μM) and continued to
be cultured under HYP conditions for 72 h.

2.6 Immunohistochemistry detection

GBM tissues obtained from patients and tumor tissues from
nude mice after intracranial tumor formation were used for IHC
detection of HIF1α, HIF2α, IGF1R, and pimonidazole. Tissues were
fixed in formalin, paraffin-embedded, and sectioned. Sections were
deparaffinized in xylene, hydrated through a graded ethanol series,
and finally immersed in distilled water. Antigen retrieval was
performed by treating sections with citrate buffer at 95°C for
15 min. After washing with phosphate buffered saline (PBS),
sections were incubated with primary antibodies overnight at 4°C
(antibody information is provided in Supplementary Table S2).
Sections were washed again with PBS, incubated with HRP-
conjugated anti-mouse/rabbit secondary antibodies at room
temperature for 2 h, and then incubated with 3,3′-
diaminobenzidine (DAB) chromogen for approximately 1 min
for color development. Finally, nuclei were counterstained with
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hematoxylin. Images were captured using an upright microscope
(Olympus, United States).

2.7 Immunofluorescence detection

After culturing U87 and U251 cells under HYP conditions, the
expression of HIF1α, HIF2α, and IGF1R was detected by
immunofluorescence. Cells were fixed with 4% paraformaldehyde
at 4°C for 30 min, washed three times with PBS for 5 min each,
permeabilized with 0.5% Triton X-100 (Sigma, United States) at room
temperature for 10 min, and then washed with PBS. Cells were
blocked with goat serum (BOSTER, China) at room temperature
for 2 h, incubated with primary antibodies overnight at 4°C (antibody
information is provided in Supplementary Table S3), and thenwashed
with PBS. Cells were incubated with Alexa Fluor 488-conjugated
secondary antibodies (Beyotime, China) at room temperature in the
dark for 2 h. After washing, cells were mounted with anti-fade
mounting medium containing 4′,6-Diamidino-2′-phenylindole
(DAPI) (Beyotime, China). Images were captured using an
inverted fluorescence microscope (Olympus, United States).

2.8 Flow cytometry analysis

Cell apoptosis was detected using the FITC Annexin V
Apoptosis Detection Kit I (BD Pharmingen, United States). Cells
were digested with 0.25% trypsin, and 1 × 105 cells were resuspended
in 100 μL Annexin V binding buffer. Then, 5 μL Annexin V-FITC
and 5 μL propidium iodide (PI) solution were added, mixed gently,
and incubated at room temperature in the dark for 15 min.
Apoptosis was detected using a flow cytometer (NovoCyte,
United States). For cell cycle analysis, approximately 5 × 105 cells
were fixed in pre-chilled 75% ethanol at 4°C for 24 h, centrifuged at
1,000 rpm for 5 min, and the supernatant was discarded. Cells were
resuspended in 500 μL PBS, and 5 μL PI and 5 μL ribonuclease
(RNase) were added. Cells were incubated at 37°C for 30 min and
stored at 4°C, with detection completed within 24 h.

2.9 Hypoxyprobe™-1 kit

The Hypoxyprobe™-1 kit (Hypoxyprobe, United States) was
used to detect hypoxia in tissues or cells. Pimonidazole HCl was
administered intraperitoneally (60 mg/kg), and nude mice were
continued to be fed for 90 min. After perfusion with 4%
paraformaldehyde, brains were removed, paraffin-embedded,
sectioned, and stained using IHC. Pimonidazole HCl was added
to the culture medium at a concentration of 100 μmol/mL, and cells
were cultured under HYP conditions for 1 h, followed by staining
using the immunofluorescence method.

2.10 Western blot

Total protein was extracted using radioimmunoprecipitation
assay buffer (RIPA) (Beyotime, China), and protein concentration
was determined using the Bicinchoninic Acid (BCA) Protein Assay

Kit (Beyotime, China). Proteins were separated by sodium dodecyl
sulfate - polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to a membrane at 200 mA for 2 h. The membrane was
blocked with 5% skim milk at room temperature for 2 h, incubated
with primary antibodies overnight at 4°C (antibody details are
provided in Supplementary Table S4), and then washed with tris
buffered saline with tween® 20 (TBST). The membrane was incubated
with HRP-conjugated secondary antibodies (Beyotime, China) at
room temperature for 2 h, washed again with TBST, and finally
visualized using chemiluminescence.

2.11 Real-time quantitative polymerase
chain reaction

Total RNA was extracted using the RNASimple Total RNA Kit
(TIANGEN, China). Reverse transcription was performed using the
MightyScript First Strand cDNA Synthesis Enzyme Mix (Sangon,
China). Amplification was performed using 2X SG Fast qPCR
Master Mix (Sangon, China) on a Bio-Rad CFX96 Real-Time
PCR instrument (Bio-Rad, United States) with the following
conditions: pre-denaturation at 95°C for 3 min; 40 cycles of 95°C
for 3 s, 60°C for 20 s (annealing/extension/data acquisition). Primer
sequences are listed in Supplementary Table S5.

2.12 Lactate dehydrogenase release

LDH release in culture was detected using the LDH Cytotoxicity
Assay Kit (Beyotime, China). The supernatant was centrifuged at
400 × g for 5 min, and 120 μL was transferred to a new 96-well plate.
Then, 60 μL LDH detection solution was added to each well, and the
plate was incubated at room temperature in the dark for 30 min.
Absorbance was measured at 490 nm using a Multiscan Spectrum
(Thermo Scientific, United States). Cytotoxicity was calculated using
the formula:

Cytotoxicity %( ) � Absorbance of treated sample(

−Absorbance of sample control) /
Absorbance of maximum enzyme activity(

−Absorbance of sample control) × 100.

2.13 Prediction of HIF1α and HIF2α binding
sites in the IGF1R sequence

The binding sites of HIF1α and HIF2α in the IGF1R promoter
sequence were predicted using the JASPAR database (http://jaspar.
genereg.net/). The results indicated the presence of HIF1α and
HIF2α binding motifs in the IGF1R promoter region.

2.14 Chromatin immunoprecipitation-qPCR

Chromatin immunoprecipitation was performed using the
Pierce Agarose ChIP Kit (Thermo Scientific, United States). The
experimental steps included cross-linking, cell pellet isolation, lysis,
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MNase digestion, immunoprecipitation, IP elution, and DNA
recovery. Target gene fragments were obtained and used as
templates for qPCR based on the predicted IGF1R promoter
region (primer sequences are listed in Supplementary Table S6).

2.15 Detection of luciferase activity of the
IGF1R promoter

The IGF1R promoter was cloned into the pGL3-basic luciferase
reporter vector, and mutations were introduced at the HIF1α and
HIF2α binding sites (completed by Shanghai Sangon Biotech).
Normal or mutated IGF1R promoter reporter plasmids were co-
transfected with the PRL vector (Promega, United States) into
HEK293T-empty vector, HEK293T-HIF1α-KO, HEK293T-
HIF2α-KO, and HEK293T-HIF1α/HIF2α-KO cells using
Lipofectamine 2000. After 24 h, cells were lysed, and luciferase
activity was detected using the Dual-Luciferase Reporter Assay Kit
(Promega, United States). Promoter activity was measured by
comparing luciferase levels.

2.16 In vivo study

30 BALB/c-Nude mice (male, 4–6 weeks old) of each group were
used in this study, sevenmice were employed to collect tumor tissues
to detect protein expression, and other mice were used to analysis
survival time. Empty vector cells, HIF1α-KO cells, HIF2α-KO cells,
and HIF1α/HIF2α-KO cells (8 × 104 cells) were inoculated into the
brains of BALB/c-Nude mice. From day 3, TMZ (2 mg/kg) was
administered intraperitoneally for three cycles (5 days of treatment
followed by 2 days of rest). Tumor growth was monitored in vivo
using the luciferase gene carried by the cells, and survival time was
statistically analyzed.

All the animal procedures were approved by the ethics
committee of ChongQing Medical University (No. IACUC-
CQMU-2023-0167).

2.17 Statistical analysis

Statistical analysis was performed using GraphPad Prism
8 software. The significance between two groups was determined
using Student’s t-test, while one-way ANOVA was used for multiple
group comparisons. Survival analysis was performed using the Log-
rank test, and Pearson correlation analysis was used to determine the
correlation between HIF1α/HIF2α and IGF1R. A P-value < 0.05 was
considered statistically significant.

3 Results

3.1 High expression of HIF1α and HIF2α in
GBM tissues

The CGGA database indicates that HIF1α and HIF2α are highly
expressed in gliomas (Figure 1A), with their expression levels
gradually increasing with tumor grade, reaching the highest levels

in glioblastoma (Figure 1B). Survival analysis reveals a negative
correlation between HIF1α expression and survival, whereas HIF2α
expression shows no statistically significant correlation with
survival, although patients with low HIF2α expression tend to
have prolonged survival (Figure 1C). Immunohistochemical
staining of clinical GBM tissues (pathologically confirmed as
WHO grade IV) demonstrated high expression of HIF1α and
HIF2α (Figure 1D). Hypoxia probe detection in tumor-bearing
mice reveald low oxygen partial pressure in tumor tissues,
accompanied by high expression of HIF1α and HIF2α
(Figure 1D). Immunofluorescence analysis of U87 cells cultured
under normoxic or hypoxic conditions showed elevated hypoxia
probe signals and high expression of HIF1α and HIF2α in hypoxic
cultures, whereas normoxic conditions result in low expression of
hypoxia probes, HIF1α, and HIF2α (Figure 1E).

3.2 HIF1α and HIF2α regulated GBM cell
proliferation and apoptosis

Western blot (WB) analysis confirmed successful knockout of
HIF1α and HIF2α in U87 and U251 cells, revealing that HIF2α
expression increases following HIF1α knockout, while HIF1α
expression increases following HIF2α knockout under hypoxic
conditions (Figure 2A). Cell cycle analysis indicated that
individual knockout of HIF1α or HIF2α did not significantly
alter the cell cycle; however, simultaneous knockout leaded to a
significant decrease in the G1 phase and an increase in the G2/M + S
phase (Figure 2B). Further assessment of LDH release and apoptosis
showed that both were significantly reduced in hypoxic cultures
compared to normoxic cultures. In hypoxic cultures, LDH release
and apoptosis rates increased with rising TMZ concentrations;
individual knockout of HIF1α or HIF2α increased LDH release
and apoptosis rates, while simultaneous knockout resulted in the
highest levels of LDH release and apoptosis (Figures 2C, D).
Intracranial implantation of control cells, cells with individual
knockout of HIF1α or HIF2α, and cells with simultaneous
knockout of HIF1α and HIF2α, followed by intraperitoneal
injection and continuous TMZ treatment (2 mg/kg) for 3 weeks,
revealed reduced tumor volume and weight, as well as prolonged
median survival time in the individual knockout groups (Con vs.
HIF1α-ko vs. HIF2α-ko = 27 days vs. 27 days vs. 29 days). The
simultaneous knockout group exhibited the smallest tumor volume
and weight, along with the longest medial survival time about
37 days (Figures 2E–H).

3.3 HIF1α and HIF2α regulated IGF1R
expression in GBM cells

Both clinical GBM specimens and tumor-bearing mouse models
show high expression of IGF1R (Figure 3A). Immunofluorescence
analysis of U87 and U251 cells cultured under normoxic or hypoxic
conditions for 72 h revealed elevated IGF1R expression in hypoxic
cultures, while normoxic cultures exhibited significantly reduced
IGF1R expression (Figure 3B). The TCGA and CGGA databases
indicate a positive correlation between HIF1α/HIF2α and IGF1R
expression (Figures 3C–E). RT-qPCR analysis demonstrateed that
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FIGURE 1
(A–C) Analysis of the CGGA database reveal that Hypoxia-Inducible Factor 1α (HIF1α) and Hypoxia-Inducible Factor 2α (HIF2α) are highly expressed
in glioblastoma, with HIF1α expression positively correlated with glioma grade and negatively correlation with patient survival time. (D)
Immunohistochemical staining demonstrated high expression levels of HIF1α and HIF2α in clinical GBM tissues and in tumor tissues frommice following
intracranial tumor implantation. Hypoxia probe detection indicated low oxygen partial pressure within the intracranial tumor-bearing tissues of
mice. (E) Immunofluorescence staining and hypoxia probe detection after culturing U87 cells in 21% O2 or 1% O2 for 72 h showed that the oxygen partial
pressure in cells cultured in 1% O2 was significantly lower than that in the control group, and the expression levels of HIF1α and HIF2α were significantly
higher than those in the control group.
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FIGURE 2
(A)Western blot analysis confirmed the successful knockout of HIF1α and HIF2α in U87 and U251 cells. It also demonstrated that HIF2α expression
increased after HIF1α knockout, and vice versa, HIF1α expression increased after HIF2α knockout under hypoxic conditions. (B)Cell cycle analysis showed
no significant changes in the cell cycle after single knockout of either HIF1α or HIF2α; however, simultaneous knockout significantly decreased the
proportion of cells in the G1 phase and significantly increased the proportion in the G2/M + S phase. (C, D) Lactate Dehydrogenase (LDH) and
apoptosis assays showed that both LDH release and apoptosis rates were reduced in the hypoxia group compared to the normoxia group. Single
knockout of either HIF1α or HIF2α increased LDH release and apoptosis rates, while simultaneous knockout resulted in the highest LDH release and
apoptosis rates. (E–G) Following intracranial orthotopic implantation of control, HIF1α-ko, HIF2α-ko, or HIF1α/HIF2α-ko cells (8 × 104) and treatment with
the same dose of Temozolomide (TMZ), tumor volume and weight were reduced in the HIF1α or HIF2α single knockout groups. The smallest tumor
volume and weight were observed in the HIF1α/HIF2α double knockout group. (H)With the same dose of TMZ treatment, the survival time of mice in the

(Continued )
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individual knockout of HIF1α or HIF2α reduced IGF1R expression,
while simultaneous knockout resulted in the most significant
reduction in IGF1R expression (Figure 3F). Further validation by
Western blotting showed that hypoxic culture reduced the
expression levels of IGF1R, p-PDK1, p-AKT, and mTOR, with
the most pronounced reduction observed following simultaneous
knockout of HIF1α and HIF2α (Figure 3G).

3.4 IGF1R regulated GBM cell apoptosis via
the PI3K-AKT pathway

Western blotting confirms successful IGF1R knockout. Hypoxic
culture of IGF1R-knockout cells for 72 h results in significantly
reduced expression of p-PDK1, and p-AKT, and mTOR, while
PDK1 and AKT expression levels remain unchanged (Figure 4A).
LDH release and apoptosis rates were significantly increased in
IGF1R-knockout cells following TMZ treatment (Figures 4B, C).

3.5 Detection of HIF1α/HIF2α binding sites in
IGF1R regulation

Analysis of the JASPAR database identified the core conserved
sequence of the hypoxia response element (HRE) in the IGF1R
promoter as 5′-GAACGTGCCT-3′ (−1,262 to −1,253), with a
relative score of 0.957797 (Figure 5A). ChIP-qPCR experiments
confirmed that HIF1α and HIF2α targeted the HRE region of the
IGF1R promoter (Figure 5A). To validate the regulatory process,
the wild-type IGF1R promoter activity detection plasmid (pGL3/
basic-IGF1R-WT) and a mutant plasmid (pGL3/basic-IGF1R-
MT) were constructed and transfected into HIF1α or HIF2α
knockout cells to assess changes in luciferase activity. Under 1%
O2 culture conditions, the MT plasmid transfection group
exhibited significantly lower IGF1R promoter activity compared
to the WT plasmid transfection group. In the WT plasmid
transfection group, hypoxic culture significantly increased
IGF1R promoter activity compared to normoxic culture, while
no such difference was observed in the MT plasmid transfection
group (Figure 5B). Additionally, in WT plasmid-transfected cells
with individual knockout of HIF1α or HIF2α, IGF1R promoter
activity decreased compared to control cells, while simultaneous
knockout of HIF1α and HIF2α resulted in the lowest promoter
activity (Figure 5C).

4 Discussion

Gliomas, a group of tumors originating from glial cells, are
classified into different types and grades based on histological
features and malignancy. Among these, GBM is the most

common and malignant, classified as WHO grade IV (Louis
et al., 2021; Weller et al., 2024). GBM is characterized by high
heterogeneity, including genetic and molecular variations, and a
complex tumor microenvironment that contributes to its high
resistance to TMZ. Hypoxia in the tumor microenvironment is
one of the key factors driving this resistance (Wang et al., 2017b;
Valerius et al., 2024). Hypoxia, or low oxygen conditions, is a
common feature of solid tumors, including gliomas, and we have
confirmed through hypoxia probes that glioma tissues exist in a
hypoxic environment. Previous studies have shown that hypoxia
promotes tumor cell proliferation, inhibits apoptosis, and enhances
stemness. In vivo experiments have also demonstrated that hypoxia-
fed mice exhibit larger intracranial tumors and shorter survival
(Wang et al., 2021).

At the molecular level, HIFs, particularly HIF1α and HIF2α, are
key transcription factors that regulate cellular responses to low
oxygen conditions. Under normoxic conditions, the HIF-α
subunit is hydroxylated by prolyl hydroxylase (PHD), followed
by ubiquitination and degradation. However, under hypoxia,
PHD activity is inhibited, allowing the HIF-α subunit to stabilize
and form a functional HIF transcription factor with the HIF-β
subunit. The activated HIF enters the nucleus and binds to hypoxia
response elements (HREs) in the promoter regions of target genes,
thereby regulating gene expression and activating the HIF signaling
pathway. In highly invasive brain tumors like GBM, these factors
play a critical role in cell cycle regulation, proliferation, and therapy
resistance. A study demonstrated that HIF1α is highly expressed in
GBM cells, further promoting epithelial-mesenchymal transition
(EMT), tumor invasion, and chemotherapy resistance, thereby
exacerbating tumor malignancy (Liu et al., 2020). Regarding
HIF2α, a study suggested that HIF2α primarily acts on glioma
stem cells, promoting stemness, sphere-forming ability, and
inhibiting apoptosis, thereby worsening tumor malignancy, a
finding corroborated by in vivo experiments (Li et al., 2009).
These observations have been further supported by subsequent
studies (Grassi et al., 2020; Kumar et al., 2023). However, the
synergistic regulation of glioma malignancy by HIF1α and HIF2α
has been less explored.

Our research revealed that HIF2α expression increased in
HIF1α-knockout cells under hypoxic conditions, while HIF1α
expression increased in HIF2α-knockout cells. Cell cycle analysis
showed that knocking out either HIF1α or HIF2α alone did not
affect the cell cycle, but simultaneous knockout resulted in cells
predominantly in the G2/M + S phase. Further TMZ intervention led
to increased LDH release and apoptosis rates in cells with either
HIF1α or HIF2α knockout, with the highest levels observed in cells
with both HIF1α and HIF2α knockout. However, a limitation is that
there are lack of statistical significance for HIF2α in survival analysis
according to CGGA database, and this may be due to not enough
patients data and grouping defect maybe another reason, and we will
verify it in the future.

FIGURE 2 (Continued)

HIF1α or HIF2α single knockout groups was prolonged compared to the control group, and the survival time of mice in the HIF1α and HIF2α double
knockout group was the longest. *P < 0.05 represents the difference between HIF2α/HIF2α-ko and vector control under hypoxia, **P < 0.01 represents
the difference between normoxia and hypoxia-treated groups, #P > 0.05 represents the difference between vector and single HIF1α or HIF2α knockout
under hypoxia, and all comparisons were determined using one-way ANOVA.
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FIGURE 3
(A) Immunohistochemical staining showedhigh expression levels of Insulin-likeGrowth Factor 1 Receptor (IGF1R) in tumor tissues. (B) Immunofluorescence
staining revealed low IGF1Rexpression inGBMcells under normoxic conditions, but significantly increased expression after 72hof culture in a 1%O2environment.
(C–E) TCGA and CGGA database analyses showing a positive correlation between HIF1α,HIF2α,and IGF1R expression. (F) RT-qPCR analysis showed that IGF1R
expression decreased after single knockout of either HIF1α or HIF2α; the most significant decrease in IGF1R expression was observed after simultaneous
knockout of HIF1α and HIF2α. (G)Western blot analysis showed increased expression of IGF1R, p-PDK1, p-AKT, andmTOR after hypoxic culture. Single knockout
of either HIF1α or HIF2α reduced the expression of IGF1R, p-PDK1, p-AKT, and mTOR, while simultaneous knockout of HIF1α and HIF2α resulted in the lowest
expression levels of IGF1R, p-PDK1, p-AKT, andmTOR. *P < 0.05 represents the difference between normoxia and hypoxia-treated groups, **P < 0.05 represents
the difference between vector and single HIF1α or HIF2α knockout under hypoxia, and ***P < 0.01 represents the difference between vector and both HIF1α and
HIF2α knockout under hypoxia. All comparisons were determined using Student’s t-test.
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IGF1R, as a receptor for many exogenous factors, activates a
series of signaling pathways upon binding to its ligands, promoting
invasion, proliferation, and inhibiting apoptosis, thereby
exacerbating tumor malignancy (Wang et al., 2023). For example,
NCK1-AS1 overexpression increases IGF1R expression, further
promoting glioma cell proliferation and resistance to
radiotherapy and chemotherapy (Wang et al., 2020). Other
studies have also indicated that IGF1R, regulated by certain
miRNAs, promotes proliferation and invasion (Wang et al.,
2017a). Our study found that IGF1R expression significantly
increases under hypoxic conditions. However, the regulation of
IGF1R by HIF1α and HIF2α has been less studied. A previous
study from breast cancer showed HIF1α upregulated IGF1R
expression, and promoted cancer cells proliferation, invasion and
chemotherapy-resistance (Mancini et al., 2014). In addition, HIF1α
is regulated synergistically with IGF1R in lung cancer through

glycolysis and glutamine metabolism, result of including cancer
malignant (Fujiki et al., 2017). However, few studies have studies the
relationship between HIF2α and IGF1R. Accordingly, we conducted
research and found that TCGA and CGGA databases indicate a
positive correlation between HIF1α, HIF2α, and IGF1R expression
in glioma tissues. Knockout of either HIF1α or HIF2α alone reduced
IGF1R expression, with the most significant reduction observed
when both HIF1α and HIF2α were knocked out, a result confirmed
byWestern blot analysis. Additionally, we identified the binding site
of HIF1α and HIF2α on IGF1R promoter sequence as
GAACGTGCCT. Mutating this binding site significantly reduced
IGF1R promoter activity under hypoxic conditions. In summary,
under hypoxia, HIF1α and HIF2α regulate downstream IGF1R
expression in glioma cells.

The signaling pathways through which IGF1R, activated by
HIF1α and HIF2α, promotes tumor cell proliferation and therapy

FIGURE 4
(A)Western blot analysis confirmed the successful knockout of IGF1R in U87 and U251 cells, and that IGF1R knockout led to decreased expression of
p-PDK1, p-AKT, and mTOR. (B, C) LDH and apoptosis assays showed that IGF1R knockout increased cellular LDH release and apoptosis rates. *P < 0.05,
determined using Student’s t-test.
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resistance in glioma cells are also worth exploring. Previous studies
have shown that increased IGF1R expression activates pathways
such as PI3K/AKT (Quail et al., 2016; Nemati et al., 2022), MAPK
(Benito-Jardón et al., 2019), and Wnt (Zhang et al., 2015), thereby
promoting proliferation and inhibiting apoptosis, exacerbating
tumor malignancy. Our research revealed that knocking out
IGF1R in tumor cells and intervening with TMZ significantly
increased LDH release and apoptosis rates. Western blot analysis
showed decreased phosphorylation of PI3K/AKT signaling proteins
p-PDK1, p-AKT, and mTOR, while PDK1 and AKT expression

remained unchanged. Therefore, we conclude that under hypoxia,
glioblastoma cells highly express HIF1α and HIF2α, which
synergistically promote IGF1R expression, leading to the
activation of downstream PI3K/AKT signaling through
phosphorylation, thereby promoting cell proliferation and
inhibiting apoptosis, exacerbating tumor malignancy (Figure 5D).

Therefore, combined HIF and IGF1R target therapy with TMZ
is vital important to improve GBM patients prognosis. HIF
inhibitors inhibit tumor growth and angiogenesis by interfering
with the ability of tumor cells to adapt to hypoxic environments.

FIGURE 5
(A) Chromatin Immunoprecipitation-qPCR (ChIP-qPCR) experiments showed that HIF1α and HIF2α bind to the hypoxia response element (HRE)
region (−1,253 to −1,262) of the IGF1R promoter and promote transcription. (B) IGF1R promoter activity was increased under hypoxic culture compared to
normoxic culture, and the promoter activity significantly decreased after mutation of the binding site. (C) IGF1R promoter activity was lower in cells with
single knockout of either HIF1α or HIF2α compared to control cells, and the lowest promoter activity was observed in cells with simultaneous
knockout of HIF1α and HIF2α. (D) Under hypoxic conditions (1% O2), HIF1α and HIF2α promote high expression of IGF1R in cells. The highly expressed
IGF1R activates the PI3K/AKT signaling pathway, thereby promoting cell proliferation and chemoresistance. *P < 0.05, determined using one-way ANOVA
or Student’s t-test.
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Further studies confirmed that HIF inhibitor combined with TMZ
can promote tumor cell apoptosis, synergistic with TMZ DNA
damage, and promote tumor cell death (Schöning et al., 2017).
For example, PT2385, as a selective inhibitor of HIF-2α, inhibits the
transcriptional activity of HIF-2α by directly binding with HIF-2α
protein and blocking its binding with HIF-1β (Arnaiz et al., 2021),
but PT2385 is mainly used in the treatment of HIF-2α-related renal
cell carcinoma (Courtney et al., 2018), and the therapeutic effect in
other tumors is less studied. IGF1R inhibitors inhibit tumor cell
proliferation and promote apoptosis by blocking related signaling
pathways, thus increasing tumor chemotherapy sensitivity (Flanigan
et al., 2013), such as OSI-906. As a selective IGF1R inhibitor, OSI-
906 inhibits the growth and survival of tumor cells by blocking the
tyrosine kinase activity of IGF1R and inhibiting the activation of
downstream signaling pathways (Liu et al., 2022). Preclinical studies
have shown that OSI-906 has antitumor activity in a variety of
tumor models, especially in tumors with IGF1R overexpression
(Jones et al., 2015), but it has been less studied in GBM.
Therefore, based on our results, we will further explore the
possibility of improving the prognosis of patients by combining
targeted HIF-1α, HIF-2α and IGF1R proteins under the intervention
of TMZ, so as to provide new targets and strategies for
GBM treatment.

5 Conclusion

Glioblastoma exists in a hypoxic environment and highly
expresses HIF1α and HIF2α, which bind to GAACGTGCCT to
promote high expression of the IGF1R receptor. High IGF1R
expression enhances the phosphorylation of PDK1 and AKT,
activating the PI3K/AKT signaling pathway, thereby promoting
cell proliferation and chemotherapy resistance, exacerbating
tumor malignancy. Targeting the HIF-IGF1R axis represents a
novel therapeutic approach to overcome glioblastoma
proliferation and TMZ resistance. Developing effective inhibitors
that simultaneously target HIF and IGF1R, along with implementing
combination therapies, may significantly improve the prognosis of
patients with this aggressive cancer, providing new strategies and
targets for comprehensive GBM treatment.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by the ethics
committee of Chongqing General Hospital. The studies were
conducted in accordance with the local legislation and
institutional requirements. The participants provided their

written informed consent to participate in this study. The animal
study was approved by ethics committee of ChongQing Medical
University. The study was conducted in accordance with the local
legislation and institutional requirements.

Author contributions

BL: Formal Analysis, Writing – original draft, Writing – review
and editing. PW: Writing – original draft, Writing – review and
editing. SG: Formal Analysis, Methodology, Writing – review and
editing. LZ: Formal Analysis, Methodology, Writing – review and
editing. JL: Formal Analysis, Methodology, Writing – review and
editing. NW: Writing – original draft, Writing – review and editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This study was supported
by the Natural Science Foundation of china (NSFC 82473430) and
Natural Science Foundation of Chongqing (CSTB2022NSCQ-
MSX0548) and the Chongqing Talent Program
(cstc2022ycjh-bgzxm0081).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2025.1575332/
full#supplementary-material

Frontiers in Pharmacology frontiersin.org11

Liao et al. 10.3389/fphar.2025.1575332

https://www.frontiersin.org/articles/10.3389/fphar.2025.1575332/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2025.1575332/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1575332


References

Arnaiz, E., Miar, A., Bridges, E., Prasad, N., Hatch, S. B., Ebner, D., et al. (2021).
Differential effects of HIF2α antagonist and HIF2α silencing in renal cancer and
sensitivity to repurposed drugs. BMC Cancer 21, 896. doi:10.1186/s12885-021-
08616-8

Benito-Jardón, L., Díaz-Martínez, M., Arellano-Sánchez, N., Vaquero-Morales, P.,
Esparís-Ogando, A., and Teixidó, J. (2019). Resistance to MAPK inhibitors in
melanoma involves activation of the IGF1R-MEK5-Erk5 pathway. Cancer Res. 79,
2244–2256. doi:10.1158/0008-5472.CAN-18-2762

Bou-Gharios, J., Noël, G., and Burckel, H. (2024). Preclinical and clinical advances to
overcome hypoxia in glioblastoma multiforme. Cell Death Dis. 15, 503. doi:10.1038/
s41419-024-06904-2

Courtney, K. D., Infante, J. R., Lam, E. T., Figlin, R. A., Rini, B. I., Brugarolas, J., et al.
(2018). Phase I dose-Escalation trial of PT2385, a First-in-Class hypoxia-inducible
factor-2α antagonist in patients with previously treated advanced clear cell renal cell
carcinoma. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 36, 867–874. doi:10.1200/JCO.
2017.74.2627

Flanigan, S. A., Pitts, T. M., Newton, T. P., Kulikowski, G. N., Tan, A. C., McManus,
M. C., et al. (2013). Overcoming IGF1R/IR resistance through inhibition of MEK
signaling in colorectal cancer models. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 19,
6219–6229. doi:10.1158/1078-0432.CCR-13-0145

Fujiki, K., Inamura, H., Miyayama, T., and Matsuoka, M. (2017). Involvement of
Notch1 signaling in malignant progression of A549 cells subjected to prolonged
cadmium exposure. J. Biol. Chem. 292, 7942–7953. doi:10.1074/jbc.M116.759134

Grassi, E. S., Pantazopoulou, V., and Pietras, A. (2020). Hypoxia-induced release,
nuclear translocation, and signaling activity of a DLK1 intracellular fragment in glioma.
Oncogene 39, 4028–4044. doi:10.1038/s41388-020-1273-9

Greenwald, A. C., Darnell, N. G., Hoefflin, R., Simkin, D., Mount, C. W., Gonzalez
Castro, L. N., et al. (2024). Integrative spatial analysis reveals a multi-layered
organization of glioblastoma. Cell 187, 2485–2501.e26. doi:10.1016/j.cell.2024.03.029

Jones, R. L., Kim, E. S., Nava-Parada, P., Alam, S., Johnson, F. M., Stephens, A. W.,
et al. (2015). Phase I study of intermittent oral dosing of the insulin-like growth factor-1
and insulin receptors inhibitor OSI-906 in patients with advanced solid tumors. Clin.
Cancer Res. Off. J. Am. Assoc. Cancer Res. 21, 693–700. doi:10.1158/1078-0432.CCR-14-
0265

Kumar, N., Mondal, M., Arathi, B. P., Sundaresan, N. R., and Somasundaram, K.
(2023). Histone acetyltransferase 1 (HAT1) acetylates hypoxia-inducible factor 2 alpha
(HIF2A) to execute hypoxia response. Biochim. Biophys. Acta Gene Regul. Mech. 1866,
194900. doi:10.1016/j.bbagrm.2022.194900

Li, W., Huang, C., Qiu, L., Tang, Y., Zhang, X., Zhang, L., et al. (2024). p52-ZER6/
IGF1R axis maintains cancer stem cell population to promote cancer progression by
enhancing pro-survival mitophagy. Oncogene 43, 2115–2131. doi:10.1038/s41388-024-
03058-5

Li, Z., Bao, S., Wu, Q., Wang, H., Eyler, C., Sathornsumetee, S., et al. (2009). Hypoxia-
inducible factors regulate tumorigenic capacity of glioma stem cells. Cancer Cell 15,
501–513. doi:10.1016/j.ccr.2009.03.018

Liu, J., Gao, L., Zhan, N., Xu, P., Yang, J., Yuan, F., et al. (2020). Hypoxia induced
ferritin light chain (FTL) promoted epithelia mesenchymal transition and
chemoresistance of glioma. J. Exp. Clin. Cancer Res. CR 39, 137. doi:10.1186/
s13046-020-01641-8

Liu, L., Liang, C., Zhuo, C., Jiang, H., Ye, H., Ruan, T., et al. (2022). OSI-906 restores
the sensitivity of ovarian clear cell carcinoma to cisplatin by targeting the IGF1R/AKT
pathway. Med. Oncol. N. Lond. Engl. 39, 26. doi:10.1007/s12032-021-01592-w

Liu, Z., Yang, L., Wu, W., Chen, Z., Xie, Z., Shi, D., et al. (2024). Prognosis and
therapeutic significance of IGF-1R-related signaling pathway gene signature in glioma.
Front. Cell Dev. Biol. 12, 1375030. doi:10.3389/fcell.2024.1375030

Louis, D. N., Perry, A., Wesseling, P., Brat, D. J., Cree, I. A., Figarella-Branger, D., et al.
(2021). The 2021 WHO Classification of tumors of the central Nervous system: a
summary. Neuro-Oncol 23, 1231–1251. doi:10.1093/neuonc/noab106

Mancini, M., Gariboldi, M. B., Taiana, E., Bonzi, M. C., Craparotta, I., Pagin, M., et al.
(2014). Co-targeting the IGF system and HIF-1 inhibits migration and invasion by
(triple-negative) breast cancer cells. Br. J. Cancer 110, 2865–2873. doi:10.1038/bjc.
2014.269

Nemati, H., Fakhre-Taha, M., Javanmard, A.-R., Jahanbakhshi, A., Mowla, S. J., and
Soltani, B. M. (2022). LINC02381-ceRNA exerts its oncogenic effect through regulation
of IGF1R signaling pathway in glioma. J. Neurooncol. 158, 1–13. doi:10.1007/s11060-
022-03992-y

Ostrom, Q. T., Price, M., Neff, C., Cioffi, G., Waite, K. A., Kruchko, C., et al. (2023).
CBTRUS statistical Report: primary brain and other central Nervous system tumors
Diagnosed in the United States in 2016-2020. Neuro-Oncol 25, iv1–iv99. doi:10.1093/
neuonc/noad149

Quail, D. F., Bowman, R. L., Akkari, L., Quick, M. L., Schuhmacher, A. J., Huse, J. T.,
et al. (2016). The tumor microenvironment underlies acquired resistance to CSF-1R
inhibition in gliomas. Science 352, aad3018. doi:10.1126/science.aad3018

Schöning, J. P., Monteiro, M., and Gu, W. (2017). Drug resistance and cancer stem
cells: the shared but distinct roles of hypoxia-inducible factors HIF1α and HIF2α. Clin.
Exp. Pharmacol. Physiol. 44, 153–161. doi:10.1111/1440-1681.12693

Sharma, P., Aaroe, A., Liang, J., and Puduvalli, V. K. (2023). Tumor
microenvironment in glioblastoma: current and emerging concepts. Neuro-Oncol.
Adv. 5, vdad009. doi:10.1093/noajnl/vdad009

Svalina, M. N., Kikuchi, K., Abraham, J., Lal, S., Davare, M. A., Settelmeyer, T. P., et al.
(2016). IGF1R as a key target in high risk, metastatic medulloblastoma. Sci. Rep. 6,
27012. doi:10.1038/srep27012

Valerius, A. R., Webb, L. M., Thomsen, A., Lehrer, E. J., Breen, W. G., Campian, J. L.,
et al. (2024). Review of novel surgical, radiation, and systemic therapies and clinical
trials in glioblastoma. Int. J. Mol. Sci. 25, 10570. doi:10.3390/ijms251910570

Wang, B., Wang, K., Jin, T., Xu, Q., He, Y., Cui, B., et al. (2020). NCK1-AS1 enhances
glioma cell proliferation, radioresistance and chemoresistance via miR-22-3p/IGF1R
ceRNA pathway. Biomed. Pharmacother. Biomedecine Pharmacother. 129, 110395.
doi:10.1016/j.biopha.2020.110395

Wang, H., Tang, C., Na, M., Ma,W., Jiang, Z., Gu, Y., et al. (2017a). miR-422a inhibits
glioma proliferation and invasion by targeting IGF1 and IGF1R. Oncol. Res. 25,
187–194. doi:10.3727/096504016X14732772150389

Wang, P., Gong, S., Liao, B., Pan, J., Wang, J., Zou, D., et al. (2022). HIF1α/HIF2α
induces glioma cell dedifferentiation into cancer stem cells through Sox2 under hypoxic
conditions. J. Cancer 13, 1–14. doi:10.7150/jca.54402

Wang, P., Mak, V. C., and Cheung, L. W. (2023). Drugging IGF-1R in cancer: new
insights and emerging opportunities. Genes Dis. 10, 199–211. doi:10.1016/j.gendis.2022.
03.002

Wang, P., Wan, W.-W., Xiong, S.-L., Feng, H., and Wu, N. (2017b). Cancer stem-like
cells can be induced through dedifferentiation under hypoxic conditions in glioma,
hepatoma and lung cancer. Cell Death Discov. 3, 16105. doi:10.1038/cddiscovery.
2016.105

Wang, P., Zhao, L., Gong, S., Xiong, S., Wang, J., Zou, D., et al. (2021). HIF1α/HIF2α-
Sox2/Klf4 promotes the malignant progression of glioblastoma via the EGFR-PI3K/
AKT signalling pathway with positive feedback under hypoxia. Cell Death Dis. 12, 312.
doi:10.1038/s41419-021-03598-8

Weller, M., Wen, P. Y., Chang, S. M., Dirven, L., Lim, M., Monje, M., et al. (2024).
Glioma. Nat. Rev. Dis. Primer 10, 33. doi:10.1038/s41572-024-00516-y

Wen, S.-Y., Ali, A., Huang, I.-C., Liu, J.-S., Chen, P.-Y., Padma Viswanadha, V., et al.
(2023). Doxorubicin induced ROS-dependent HIF1α activation mediates blockage of
IGF1R survival signaling by IGFBP3 promotes cardiac apoptosis. Aging 15, 164–178.
doi:10.18632/aging.204466

Xiong, X., Yuan, L., Yang, K., and Wang, X. (2023). The HIFIA/LINC02913/IGF1R
axis promotes the cell function of adipose-derived mesenchymal stem cells under
hypoxia via activating the PI3K/AKT pathway. J. Transl. Med. 21, 732. doi:10.1186/
s12967-023-04581-x

Yu, M., Yu, S., Gong, W., Chen, D., Guan, J., and Liu, Y. (2019). Knockdown of
linc01023 restrains glioma proliferation, migration and invasion by regulating IGF-1R/
AKT pathway. J. Cancer 10, 2961–2968. doi:10.7150/jca.31004

Zhang, Q., Wang, L., Song, Z., and Qu, X. (2015). Knockdown of type I insulin-like
growth factor receptor inhibits human colorectal cancer cell growth and downstream
PI3K/Akt, WNT/β-catenin signal pathways. Biomed. Pharmacother. 73, 12–18. doi:10.
1016/j.biopha.2015.05.004

Frontiers in Pharmacology frontiersin.org12

Liao et al. 10.3389/fphar.2025.1575332

https://doi.org/10.1186/s12885-021-08616-8
https://doi.org/10.1186/s12885-021-08616-8
https://doi.org/10.1158/0008-5472.CAN-18-2762
https://doi.org/10.1038/s41419-024-06904-2
https://doi.org/10.1038/s41419-024-06904-2
https://doi.org/10.1200/JCO.2017.74.2627
https://doi.org/10.1200/JCO.2017.74.2627
https://doi.org/10.1158/1078-0432.CCR-13-0145
https://doi.org/10.1074/jbc.M116.759134
https://doi.org/10.1038/s41388-020-1273-9
https://doi.org/10.1016/j.cell.2024.03.029
https://doi.org/10.1158/1078-0432.CCR-14-0265
https://doi.org/10.1158/1078-0432.CCR-14-0265
https://doi.org/10.1016/j.bbagrm.2022.194900
https://doi.org/10.1038/s41388-024-03058-5
https://doi.org/10.1038/s41388-024-03058-5
https://doi.org/10.1016/j.ccr.2009.03.018
https://doi.org/10.1186/s13046-020-01641-8
https://doi.org/10.1186/s13046-020-01641-8
https://doi.org/10.1007/s12032-021-01592-w
https://doi.org/10.3389/fcell.2024.1375030
https://doi.org/10.1093/neuonc/noab106
https://doi.org/10.1038/bjc.2014.269
https://doi.org/10.1038/bjc.2014.269
https://doi.org/10.1007/s11060-022-03992-y
https://doi.org/10.1007/s11060-022-03992-y
https://doi.org/10.1093/neuonc/noad149
https://doi.org/10.1093/neuonc/noad149
https://doi.org/10.1126/science.aad3018
https://doi.org/10.1111/1440-1681.12693
https://doi.org/10.1093/noajnl/vdad009
https://doi.org/10.1038/srep27012
https://doi.org/10.3390/ijms251910570
https://doi.org/10.1016/j.biopha.2020.110395
https://doi.org/10.3727/096504016X14732772150389
https://doi.org/10.7150/jca.54402
https://doi.org/10.1016/j.gendis.2022.03.002
https://doi.org/10.1016/j.gendis.2022.03.002
https://doi.org/10.1038/cddiscovery.2016.105
https://doi.org/10.1038/cddiscovery.2016.105
https://doi.org/10.1038/s41419-021-03598-8
https://doi.org/10.1038/s41572-024-00516-y
https://doi.org/10.18632/aging.204466
https://doi.org/10.1186/s12967-023-04581-x
https://doi.org/10.1186/s12967-023-04581-x
https://doi.org/10.7150/jca.31004
https://doi.org/10.1016/j.biopha.2015.05.004
https://doi.org/10.1016/j.biopha.2015.05.004
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1575332

	Coordinated regulation of IGF1R by HIF1α and HIF2α enhances chemoresistance in glioblastoma
	1 Introduction
	2 Materials and methods
	2.1 Public data collection
	2.2 Patients and specimens
	2.3 Cell culture
	2.4 HIF and IGF1R knockout assays
	2.5 Cell treatments
	2.6 Immunohistochemistry detection
	2.7 Immunofluorescence detection
	2.8 Flow cytometry analysis
	2.9 Hypoxyprobe™-1 kit
	2.10 Western blot
	2.11 Real-time quantitative polymerase chain reaction
	2.12 Lactate dehydrogenase release
	2.13 Prediction of HIF1α and HIF2α binding sites in the IGF1R sequence
	2.14 Chromatin immunoprecipitation-qPCR
	2.15 Detection of luciferase activity of the IGF1R promoter
	2.16 In vivo study
	2.17 Statistical analysis

	3 Results
	3.1 High expression of HIF1α and HIF2α in GBM tissues
	3.2 HIF1α and HIF2α regulated GBM cell proliferation and apoptosis
	3.3 HIF1α and HIF2α regulated IGF1R expression in GBM cells
	3.4 IGF1R regulated GBM cell apoptosis via the PI3K-AKT pathway
	3.5 Detection of HIF1α/HIF2α binding sites in IGF1R regulation

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


