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A B S T R A C T

Despite numerous molecular targeted therapies tested in glioblastoma (GBM), no significant progress in patient 
survival has been achieved in the last 20 years in the overall population of GBM patients except with TTfield 
setup associated with the standard of care chemoradiotherapy. Therapy resistance is associated with target 
expression heterogeneity and plasticity between tumors and in tumor niches. We focused on α5 integrin 
implicated in aggressive GBM in preclinical and clinical samples. To address the characteristics of α5 integrin 
heterogeneity we started with patient data indicating that elevated levels of its mRNA are related to hypoxia 
pathways. We turned on glioma stem cells which are considered at the apex of tumor formation and recurrence 
but also as they localize in hypoxic niches. We demonstrated that α5 integrin expression is stem cell line 
dependent and is modulated positively by hypoxia in vitro. Importantly, heterogeneity of expression is conserved 
in in vivo stem cell-derived mice xenografts. In hypoxic niches, HIF-2α is preferentially implicated in α5 integrin 
expression which confers migratory capacity to GBM stem cells. Hence combining HIF-2α and α5 integrin in-
hibitors resulted in proliferation and migration impairment of α5 integrin expressing cells. Stabilization of HIF-2α 
is however not sufficient to control integrin α5 expression. Our results show that AHR (aryl hydrocarbon re-
ceptor) expression is inversely related to HIF-2α and α5 integrin expressions suggesting a functional competition 
between the two transcription factors. Collectively, data confirm the high heterogeneity of a GBM therapeutic 
target, its induction in hypoxic niches by HIF-2α and suggest a new way to attack molecularly defined GBM stem 
cells.

1. Introduction

Since 2005, the glioblastoma standard of care consists of surgery 
(when possible) followed by chemoradiotherapy with Temozolomide 
named the Stupp protocol [1]. The most important advance in 20 years 

has been the use of TTfields in conjunction with the standard protocol 
[2]. Despite numerous preclinical positive results with targeted thera-
pies, clinical trials failed to improve patient overall survival. Although 
clinically characterized by common histological features, accumulating 
data report that glioblastoma (GBM), the most aggressive brain tumors, 
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correspond to a family of molecularly distinct entities. Integrated 
genomic, transcriptomic, epigenomic and proteomic analysis allowed 
the definition of core biological pathways and clinically relevant sub-
types of GBM [3–6]. A robust gene expression-based molecular classi-
fication of GBM into four subgroups (proneural, neural, classical and 
mesenchymal) has been proposed in 2010 by the Cancer Genome Atlas 
Network [7] but neural subclass was since assigned to non tumoral cells 
[8]. Other layers of complexity have been characterized including the 
GBM stem cell (GSC) subsets and their high plasticity [9–13]. As these 
stem-like cells are considered to initiate brain tumors upon orthotopic 
implantation, to sustain tumor growth, and to escape chemo-radio- 
therapy-induced cell death [14], it is essential to understand their 
biology. Tumor cells with stem-like properties are classically cultured 
from GBM tumor bulk biopsies by using conditions selecting for neural 
stem cells. They are able to form neurospheres in vitro that recapitulate 
the histopathology of human GBM tumors when xenotransplanted in 
nude mice, such as pseudopalisading necrosis, nuclear pleomorphism 
and extensive microvascular proliferation [15]. They also maintain the 
clonal and genomic complexity of the parental patient tumors 
[11,16,17].

Integrins are involved in most hallmarks of cancer [18,19] and their 
implications in brain tumor aggressiveness have been highlighted [20]. 
Some data exist on integrins in brain cancer stem cells [21]. Among 
them, the α6 integrin (ITGA6 receptor for laminin) enriches for GSC and 
has been involved in their self-renewal, proliferation and tumor for-
mation capacity [22]. The α6 integrin mRNA level also negatively cor-
relates with glioma patient survival in the REMBRANDT database [23]. 
Similarly, α3 integrin (ITGA3) was proposed to be overexpressed in GSC 
and to promote invasion [24]. More recently, α7 integrin (ITGA7) was 
shown to be specifically expressed in GSC compared to differentiated 
cells and to be a marker for aggressive and invasive tumors [25]. Finally, 
β8 integrin (ITGB8) similarly appeared as a marker of GSC involved in 
tumor initiation, progression and resistance to radiotherapy [26,27]. We 
[28] and others [23,29] have shown that patient bulk tumors express 
varying levels of α5 integrin (ITGA5) mRNA, negatively correlated with 
glioma patient survival. Our recent data confirm that ITGA5 protein 
expression is effectively correlated to Stupp protocol treatment resis-
tance [30]. No data currently support its potential role in GSC as a 
biomarker of aggressiveness. Starting from patient transcriptomic data 
(TCGA data), we show by GSEA analysis that overexpression of ITGA5 
was linked to different pathways including hypoxia. We therefore 
investigated the expression of ITGA5 protein in GSC maintained in stem 
cell medium either in normoxia or in hypoxia as it is already known that 
GSC localize in hypoxic niches. In contrast with data on other integrins, 
we found that only a subpopulation of GSC is programmed to express it 
in normoxia and that hypoxic conditions rather increase this expression 
in a timely manner in vitro. ITGA5 –expressing GSC keep this property in 
vivo leading to more aggressive and invasive tumors. We demonstrated 
that among hypoxia-induced factors, HIF-2α predominantly modulated 
the expression of ITGA5. This HIF-2α-driven integrin expression confers 
enhanced migration potency to GSC. Even if ITGA5 appeared not to be 
involved in GSC proliferation, combining HIF-2α inhibitors with ITGA5 
specific antagonist resulted in a clear proliferation inhibition of selected 
GSC. Specific HIF-2α inhibitors in addition with integrin antagonists 
thus represent new therapeutic options to treat ITGA5 expressing GBM. 
Lastly, our results support the hypothesis of an inverse relationships 
between HIF-2α and AHR for ITGA5 induction opening the way to new 
investigations on how to consider molecular heterogeneity of thera-
peutic targets in GBM.

2. Materials and methods

2.1. Gene set enrichment analysis

To explore signaling pathways enrichment, Gene Set Enrichment 
Analysis (GSEA) [31] was performed between low and high ITGA5 

expression groups using GSEA Java software (https://www.gsea-msigdb 
.org/gsea/index.jsp version 4.2.3) with MSigDb Hallmark gene sets 
[32]. Expression data were obtained from the Affymetrix HT HG U133A 
array of TCGA GBM dataset. This dataset consists of tumor samples from 
538 patients with newly diagnosed glioblastoma prior treatment. GBM 
samples were divided according to the median expression of ITGA5 gene 
into high and low expression groups. Only results from high ITGA5 
expression groups are shown.

2.2. Cell lines and cell culture conditions for GSC

Six different patient-derived GBM stem cell lines were used. NCH644 
and NCH421k glioma stem cells were provided by Dr. Herold-Mende 
(Department of Neurosurgery, University of Heidelberg, Germany). 
Glioma stem cells 3731 and 5706 were provided by Dr. Idbaih (Paris 
Brain Institute, ICM, Paris). TC7 and TC22 glioma stem cells were ob-
tained from patient-derived heterotopic xenografts (PDX) in the Labo-
ratory of Bioimaging and Pathology (UMR7021 CNRS, Illkirch). Cells 
were cultured in Dulbecco's Modified Eagle medium with nutrient 
Mixture F-12 and GlutaMAX™ (DMEMF12 + GlutaMAX™, Gibco™), 
supplemented with 20 % of BSA Insulin Transferrin (BIT-100, Provitro), 
20 ng/mL of EGF and 20 ng/mL β-FGF (Reliatech). All cell lines were 
maintained in a 37 ◦C incubator, with 5 % CO2. Neurospheres were 
dissociated every 7 days with accutase (A6964, Sigma) and then put 
back into culture. For the hypoxic condition, cells were cultured in a tri- 
gas incubator in which oxygen levels were reduced to 1 % by nitrogen 
injection. For specific treatments, cells were incubated with drugs 
detailed in Table 2.

2.3. Western Blot analysis

Cells were directly lysed with 2× Laemmli Sample Buffer (60 mM 
Tris-HCl pH 6.8; 20 % glycerol; 2 % SDS; 0.01 % bromophenol blue - 
Biorad) supplemented with 5 % β-mercaptoethanol (Biorad) on ice and 
denatured at 95 ◦C for 13 min. Lysates were electrophoresed using 4–20 
% SDS-PAGE polyacrylamide gels (Biorad) and then transferred to a 
PVDF membrane (GE Healthcare, Velizy, France). PVDF membranes 
were blocked in 0.1 % Tween-20 Tris buffered saline (TBST) containing 
5 % milk for 1 h at room temperature and incubated overnight at 4 ◦C 
with the corresponding primary antibody. Membranes were washed 
with TBST and incubated for 1 h at room temperature. With horseradish 
peroxidase (HRP)-conjugated secondary antibodies. After washing, blots 
were visualized using the enhanced chemiluminescence (ECL) system 
(ECL™ Prime Western Blotting System, GE Healthcare Bioscience) with 
an ImageQuant™ LAS 4000 analyzer (GE Healthcare). Quantification of 
unsaturated images was performed using ImageJ software (National 
institutes of Health, Bethesda, MD, USA, https://imagej.nih.gov). For 
each experiment, 3 lysates from different cell cultures were used. 
Tubulin was used as a loading control for all samples. List of antibodies 
is provided in Table 1.

2.4. RT-qPCR analysis

Cells were plated in a 6-well plate at a density of 1 × 106 cells/well in 
medium alone or in the presence of 20 μM PT2977 or 20 μM compound 2 
for 24 h in 1 % O2 hypoxia. After 24 h incubation, cells were washed 
with 1× PBS and the RNA extraction step was performed using the 
RNeasy Plus Mini Kit according to the manufacturer's instructions 
(Quiagen). RNA concentration was assessed using a NanoDrop™One 
UV–Visible spectrophotometer (ThermoFisher). Reverse transcription 
was performed using the “iScript™ Reverse Transcription Supermix” kit 
according to the manufacturer's instructions (Biorad) with a thermo-
cycler (T100, Biorad). For RT-qPCR, a reaction mixture was made for 
each primer (Table 3) using SYBR Green™ as reagent, and 15 μL is 
poured into a MicroAmp™ 96-well optical reaction plate (Applied Bio-
systems™). The cDNA obtained by reverse transcription is diluted 5-fold 
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and 5 μL of DNA is added to this mixture in the 96-well plate. RT-qPCR is 
performed with the StepOnePlus™ real-time PCR instrument 
(4,376,357, Thermofisher) and run with StepOne™ software (v2.3). 
Data are then analyzed using this software. RNA18S is used as an 
endogenous control. List of primers is provided in Table 3.

2.5. Transfection of siRNA

Cells were seeded at a density of 500,000 cells/well in a 6-well plate 
previously coated with 20 μg/mL Cell-Tak™ (Corning). The cells were 
then transfected with the corresponding siRNA (Qiagen) at 100 nM for 
HIF-1α, 250 nM for HIF-2α or 50 nM for ITGA5 according to the 
following steps. A solution of siRNA at the appropriate concentration 
was prepared in 250 μL Opti-MEM, together with a solution of 5 μL of 
Lipofectamine 2000 (ThermoFisher) in 250 μL Opti-MEM. These 2 so-
lutions were incubated at room temperature for 5 min before being 
mixed together. This mix was incubated at room temperature for 25 min 
before being added to the cells in the culture medium. For experiments 
with HIFs repression, cells were placed in 1 % O2 hypoxia for 48 h. For 
experiments with ITGA5 repression, cells were subjected to sphere 
evasion assay protocol. For all experiments protein expression was 
checked by western blot analysis.

2.6. Proliferation assays (Incucyte®)

3000 stem cells/well were plated in a 96-well plate in the medium 
alone or with different treatments. Cells were then placed in a trigaz 
incubator containing the Incucyte equipment for 6 days at 37 ◦C, 5 % 
CO2 in normoxia (20 % O2) or hypoxia (1 % O2). Neurosphere size (μm2) 
was monitored using an IncuCyte™ Zoom live cell analysis system. The 
IncuCyte® technology took images every 4 h and neurosphere size was 
recorded for each time point and normalized to time zero.

2.7. Sphere evasion assays

Neurospheres were generated using the suspended drop method to 
get homogenous population of spheres [70]. A cell suspension of 2000 
cells/20 μL of growth medium supplemented with 1.2 % methylcellulose 
(Sigma Aldrich, M0262) was deposited on the inner surface of a Petri 
dish. After 48 h, each spheroid was transferred to a 24-well plate coated 
with poly-L-lysine (Sigma Aldrich, P8920) or fibronectin (Promocell, C- 
43060) (1 sphere per well) with medium alone or with treatments of 
interest. Cells were then placed in normoxia at 20 % O2 or hypoxia at 1 
% O2 in a trigz incubator. Invasion was monitored for 24 h, then 
spheroids were fixed with 1 % (vol/vol) glutaraldehyde (Thermo Fisher 
Scientific, 16,400) for 30 min, followed by DAPI staining (Sigma 
Aldrich, D9542) at 1 μg/mL for 45 min. An epifluorescence microscope 
was used to take photos. The number of migrating cells was determined 
with ImageJ software using an in house developed macro.

2.8. Immunocytofluorescence

Cells were seeded on coverslips previously coated with poly-L-lysine 
(10 μg/mL) and placed in a 24 well plate. After incubation in normoxia 
or hypoxia for 72 h, cells were fixed in cold methanol for 10 min on ice. 
After a permeabilization step in PBS 1×, 0.2 % Tween20 for 15 min and 
a blocking step in PBS 1×, 5 % normal goat serum, 3 % BSA for 1 h at 
room temperature, cells were incubated with primary antibodies 
(Table 1) overnight at 4 ◦C. After washing with PBS, cells were incubated 
for 1 h at room temperature with the corresponding secondary anti-
bodies and DAPI (10 mg/mL, Sigma-Aldrich). The coverslips were 
mounted with FluoreGuard mounting medium (ScyTek). Images were 
acquired using a Leica TCS SPEII confocal microscope (Leica micro-
systems SA) with a 63× magnification oil immersion objective and 
analyzed with ImageJ software. All confocal microscope settings were 
kept constant between each immunostaining experiment.

2.9. Orthotopic xenograft

Eight-week-old female NUDE NMRI mice were obtained from Janv-
ier labs. CSG lines TC22 (α5+) and NCH421k (α5-) were dissociated and 
injected at a density of 25,000 cells in 2 μL of culture medium into the 
left striatum of the mouse. Each cell line was injected into a group of 5 
mice. Mice were placed in a stereotaxic frame after being anesthetized in 
an induction chamber with 2.5 % isoflurane. A mask was placed over the 
muzzle of the mice to maintain anesthesia with 2.5 % isoflurane. The 
coordinates used for cell injection were as follows: X = − 0.5; Y =+ 1.5; 
Z = − 3 mm from the bregma. A Hamilton syringe was used to inject 
stem cells at a rate of 1 μL/min. At the onset of neurological symptoms 
and/or weight loss (20 % of mouse weight), after anesthesia, mice were 

Table 1 
List of antibodies used during the different experiments.

Antibodies list

Label Reference Species Dilution

ITGA5 Cell signaling (D7B7G) Rabbit 1/1000 (WB)
ITGA5 BDBioscience IIaI 

(555,614)
Mousse 1/100 (FACS/ 

IF)
ITGA5 Millipore (AB1928) Rabbit 1/500 (IF 

brain)
HIF-1α Abcam (ab51608) Rabbit 1/1000 (WB)
HIF-2α Novus (Nb100-122) Rabbit 1/1000 (WB)
CA9 Abcam (ab15086) Rabbit 1/1000 (WB)
α-Tubulin Sigma-Aldrich (T9026) Mousse 1/1000 (WB)
Cadhérine Proteintech (20874-1- 

20ul)
Rabbit 1/5000 (WB)

Vimentine Proteintech (60330) Mousse 1/5000 (WB)
Histone Cell signaling (2595) Rabbit 1/1000 (WB)
AhR Cell signaling (D5S6H) Rabbit 1/1000 (WB)

1/100 (IF)
Anti-rabbit IgG-HRP Promega (W4018) Goat 1/10000 (WB)
Anti-mousse IgG-HRP Promega (W4028) Goat 1/10000 (WB)
Alexa fluor™ 568 rabbit 

IgG
Invitrogen (A11011) Goat 1/500 (IF)

Alexa fluor™ 650 mousse 
IgG

Invitrogen (SA5-10174) Goat 1/500 (IF)

Table 2 
List of drugs used during the different experiments.

Drugs list

Label Reference

Irinotecan MedChemExpress (HY-16562)
PT2977 MedChemExpress (HY-125840)
Compound 2 Dr. Tambar UK., Dallas [39]
FR248 Dr. Kessler H., Munich [43]
Compound 12a MedChemExpress (HY-144339)

Table 3 
List of primers used during the different experiments.

Primers list

Label Reference Primer sequence Forward Primer sequence Reverse

ITGA5 Invitrogen 5’-TGCTGACTCCATTGGTTTCACAG-3’ 5’-TCTCTCTGCAATCCTCTCGAGC-3’
RNA18S Invitrogen 5’-TGTGGTGTTGAGGAAAGCAG-3’ 5’-TCCAGACCATTGGCTAGGAC-3’
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sacrificed with a euthanasia agent (Euthasol®). Experiments were per-
formed in compliance with local laws and ethics committee approval 
(institutional protocol approval number 26600). Animal care was in 
accordance with institution guidelines.

2.10. Positron emission tomography (PET) imaging

Mice were evaluated by PET imaging from day 19 after stem cell 
injection, with weekly PET imaging sessions for 1 month. Two radio-
tracers were used: [18F]-FLT ([18F]-fluoro-thymidine) to assess cell 
proliferation and [18F]-FET ([18F]-fluoroethyl-L-tyrosine) to monitor 
tumor growth. Each radiotracer was produced by the CYRCE (Cyclotron 
for Research and Education) platform of the pluridisciplinary Hubert 
Curien Institute (IPHC, UMR 7178 CNRS, Strasbourg) using automated 
processes on AIO (Trasis®) module. Precursors and authentic references 
were purchased from ABX (Germany). Radiotracers were diluted in 0.9 
% sterile NaCl (BBraun, veterinary grade) and injected intravenously 
into the tail vein. Each mouse was injected with an average of 10 MBq. 
Once biodistribution was complete ([18F]-FLT = 90 min; [18F]-FET = 45 
min), the mice were anesthetized with 2.5 % isoflurane and placed in the 
PET/scan Inviscan® dedicated to small animals. A 10 min static acqui-
sition was performed and the images were reconstructed using the 
iterative 3D ordered subset maximization algorithm (volume 201 × 201 
× 120 mm3). PET data were fully corrected for normalization, random 
coincidences, radioactive decay and dead time during the reconstruction 
process. No attenuation and scatter corrections were applied. Mice were 
maintained under anesthesia throughout image acquisition with 2.5 % 
isoflurane. Images were obtained using HOROS® software and tumor 
volume was calculated using Amide® software (http://amide.sourcef 
orge.net/index.html). The tumor was delimited manually (ROI) then 
the SUVmax (Standardized Uptake Value maximum) was calculated by 
the software using the following formula: 

SUV = (Volume activity ROI) ÷ ((Injected activity) ÷ (Mouse weight) )

Tumor volume at 40 % of SUVmax was calculated to exclude 
experimental bias in tumor delineation.

2.11. Immunohistofluorescence

After sacrifice of the mice reaching the end points, the brains were 
recovered and fixed in 4 % paraformaldehyde overnight. The brains 
were then embedded in paraffin. Slices (5 μm thick) were deparaffi-
nized, rehydrated and subjected to antigen unmasking protocol using 
Dako (Tris/EDTA) pH 9 recovery solution (Agilent Technologies, Les 
Ulis, France). After a blocking step in 1× PBS, 5 % normal goat serum, 
0.1 % Tween-20 for 1 h at room temperature, sections were incubated 
with ITGA5 specific primary antibodies (Table 1) overnight at 4 ◦C. After 
washing in 1× PBS, 0.1 % Tween 20, tissue sections were incubated for 
1 h at room temperature with the corresponding secondary antibodies 
and 1 μg/mL DAPI (Sigma-Aldrich). The coverslips were mounted using 
FluoreGuard mounting medium (ScyTek). Images were acquired on a 
Leica TCS SPEII confocal microscope with an oil immersion objective at 
63× magnification. All confocal microscope settings were kept constant 
between each immunostaining experiment.

2.12. FACS analysis

A pellet of 100,000 dissociated cells was prepared. After 3 washes with 
PBS 1×, BSA 1 %, the cell pellets were resuspended and incubated for 30 
min at 4 ◦C with the primary antibodies. The pellets were washed twice in 
PBS 1×, 1 % BSA, then resuspended and incubated for 30 min at 4 ◦C in the 
dark with the appropriate secondary antibodies. After 2 washes in PBS 1×, 
1 % BSA cells were resuspended in 1× PBS and on a quant VYB MACS flow 
cytometer (Milteny). Results were analyzed using FCSalyzer software 
(0.9.22-alpha version, https://sourceforge.net/projects/fcsalyser).

2.13. Subcellular fractionation.

A pellet of 500,000 cells was prepared. Subcellular fractionation was 
performed with the Qproteome cell compartment kit (Qiagen) according 
to the manufacturer's instructions. The protein concentration was eval-
uated with a UV–Visible NanoDropTMOne spectrophotometer (Thermo 
Fisher). 10 μg of proteins from each fraction were lysed in 200 μL of 2×
Laemmli (60 mM Tris-HCl pH 6.8; 20 % glycerol; 2 % SDS; 0.01 % 
bromophenol blue) (Biorad) supplemented with 5 % β-mercaptoethanol 
(Biorad) on ice and denatured at 95 ◦C for 13 min. Each compartment 
was checked by Western blot with specific antibodies.

2.14. Statistics

Data are expressed as mean ± SEM, and analyzed using GraphPad 
Prism version 5 (GraphPad Software, California, USA). Differences be-
tween groups were analyzed using a non-paired t-test and p < 0.05 was 
considered statistically significant.

3. Results

3.1. ITGA5 expression is linked to hypoxia and Epithelial to 
Mesenchymal Transition (EMT) in GBM patients

The subgrouping of GBM as high and low ITGA5 mRNA- or protein- 
expressing tumors already showed a clear impact of this integrin on 
patient survival [21,23,28–30]. We used publically available TCGA 
datasets to investigate the distribution of ITGA5 mRNA in the GBM 
molecular subtypes and confirmed that it was mainly associated with the 
mesenchymal subgroup already shown to be the most aggressive and 
resistant to therapies (Fig. 1A). Glioblastoma with a glioma-CpG island 
methylator phenotype (G-CIMP) express the least ITGA5 mRNA level 
although not achieving statistical significance compared to classical, 
proneural or neural glioma. Concerning intra-tumoral heterogeneity the 
IVY database pointed to an enrichment of ITGA5 mRNA expression in 
spatially defined regions of GBM, perinecrotic zones and perivascular 
zones (Fig. 1B). Gene set enrichment analysis (GSEA) was used to 
investigate the relationship of ITGA5 overexpression with biological 
processes in GBM. Transcriptomic data of 538 patients obtained from 
GBM cohort of TCGA were divided into ‘high’ and ‘low’ groups based on 
their ITGA5 expression according to the median expression of this gene. 
Using the Hallmark gene set, 5 pathways were highlighted in the ‘high’ 
group with TGF β signaling at the top which we already described in 
GBM as associated with ITGA5 [33]. Hypoxia (NES = 1.82, FDR q =
0.039) and EMT (EMT - NES = 1.76, FDR q = 0.031) were also high-
lighted in this analysis (Fig. 1C). Interestingly, the Hypoxia pathway 
appears specifically related to ITGA5/ITGB1 high expressing-tumors but 
not to ITGA7/ITGAV/ITGB3/ITGB4/ ITGB8/ITGA6 high-expressing 
tumors (Table 4). At the protein level, ITGA5 expression appeared het-
erogeneous between patients [30] but remarkably also in an intra- 
tumoral fashion (Fig. 1D). As perinecrotic and perivascular zones are 
proposed as GSC niches [34], we aimed to evaluate the putative 
expression of ITGA5 in these cells.

3.2. Heterogeneity of ITGA5 expression in GSC in vitro and in vivo

ITGA5 protein expression was evaluated in 6 stem cell lines. Few cell 
lines expressed it under normoxia conditions after neurosphere disso-
ciation (Fig. 2A left). Interestingly, pseudo-hypoxic pathways are 
induced in neurospheres even if the microenvironment is normoxic, as 
shown by increased CA9, HIF-1α and HIF-2α expression, well-known 
hypoxia markers (Fig. 2A middle). Although CA9 and HIF-1α expres-
sion required the formation of neurospheres, HIF-2α is constitutively 
present in almost all lines, even in normoxia. These results confirm 
others as for example those obtained for neuroblastoma [35,36]. These 
markers appeared similarly expressed after 6 days under hypoxic 
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conditions (Fig. 2A, right). In this case, ITGA5 expression increased 
significantly in the two already positive cell lines (3731 and TC22). 
Interestingly, we observe a strong expression of HIF-1α in ITGA5- 
negative lines compared to ITGA5-positive lines (Fig. 2A). HIF-2α 
overexpression compared to HIF-1α may be involved in ITGA5 expres-
sion. By cell immunofluorescence labeling with anti-ITGA5 antibodies, 
we confirmed the absence of ITGA5 expression in the 5706 cell line but 
expression in the TC22 cell line in normoxia. Interestingly, hypoxia 
increased ITGA5 in TC22 cells but in an heterogeneous manner with 
about 30 % of cells clearly highly positive (Fig. 2B). Similar results were 
obtained in 3731 cells (Fig. S1). Integrin expression occurs as expected 
mainly at the cell membrane as shown by FACS analysis and subcellular 
fractionation (Fig. S2A and B). ITGA5 and HIF2α/EPAS1 protein 
expression appeared related to their respective mRNA increase in hyp-
oxia compared to normoxia for TC22 but not 5706 cells (Fig. S3).

GSC thus express differential levels of integrin α5 which can be 
exacerbated by hypoxia in specific cell lines. To confirm these in vitro 
data, we xenografted NCH421k and TC22 GSC lines (without or with 
ITGA5 in vitro expression respectively) into the brain of Nude mice. 
Brains were removed and labeled with Hematoxylin Eosin and specific 
anti-ITGA5 antibodies. As shown in Fig. 3A, NCH421k-derived tumors 
were small and devoid of ITGA5 labeling. By contrast, TC22-derived 
tumors were large and contained integrin-labeled tumor cells. GSC 
thus retained their capacity to express (or not) the integrin after in vivo 
implantation. We followed the growth behavior of the tumors by PET 
imaging using [18F]-FLT, a marker of proliferation. Interestingly, TC22- 
derived tumors appeared more aggressive, rapidly growing and 
invading tumors (Fig. 3B) in relationships with poorer mice survival, 
(Fig. 3C) than NCH421k- derived tumors. Results were confirmed by 
another radiotracer [18F]-FET (Fig. S4). Data suggest that molecular 
heterogeneity in GSC detected in in vitro conditions recapitulates the 
GSC-induced tumor heterogeneity for ITGA5 we already observed in 
patient tumors [30]. Although the TC22 tumor size and aggressiveness 
cannot be solely attributed to ITGA5 expression, both models may be 
useful to examine future therapeutic options including ITGA5 inhibitors.

3.3. Impact of HIF-1α and HIF-2α on ITGA5 expression

As hypoxia pathways appeared to be linked to expression of the 
integrin subunit (Figs. 1 and 2), we aimed to analyze more deeply these 
relationships. It is already known that the stability of HIFs is finely 
regulated by different oxygen levels. HIF-1α is expressed at lower levels 
of hypoxia compared to HIF-2α which is already present in normoxic 
conditions and more stable than HIF-1α [36,37]. Therefore, we evalu-
ated the potential relationship between HIFs and ITGA5 expression at 
short time points (24, 48, and 72 h) (Fig. 4A). HIF-1α and HIF-2α behave 
differently in these conditions. HIF-1α increased up to 48 h of hypoxia 
before decreasing substantially at 72 h while HIF-2α increased gradually 
from 24 to 72 h for all cell lines. Interestingly, the temporal ITGA5 
expression followed that of HIF-2α in the positive cell lines (3731 and 
TC22). It should also be noted that in both cell lines, HIF-2α reached a 
level 2.5 times higher (at 72 h) than that observed in normoxia, which is 
not the case for ITGA5 negative cells (NCH421k and NCH644) sug-
gesting that an HIF-2α threshold may be involved in the sustained 
modulation of ITGA5 expression (Fig. 4A). Stabilization of HIFs may be 
obtained by chemical compounds such as cobalt chloride (CoCl2) or 
desferrioxamine (DFO). Treatments with these compounds during 72 h 
also increased ITGA5 expression in the TC22 positive cell line but not in 
the NCH421k negative cell line corroborating the impact of HIFs in 
specific GSC lines (data not shown). Lastly, modulation of HIFs was 

checked in the TC22 cells cultured 3 days in hypoxia followed by 2 days 
in normoxia. Here again, HIF-1α appeared unstable and finely controlled 
with a rapid decrease in normoxic conditions in contrast to HIF-2α 
which remained expressed as was ITGA5 (Fig. S5).

Taken together, these results suggest a potential impact of HIF-2α on 
the expression of ITGA5 in GSC under hypoxia. We confirmed this hy-
pothesis by linear regression analysis between HIF-1α or HIF-2α and 
ITGA5 expressions. HIF-2α and ITGA5 levels significantly correlated in 
TC22 and 3731 cell lines in hypoxic conditions in contrast to HIF-1α. 
(Fig. 4B). HIF-2α and ITGA5 expressions appeared thus linked in hyp-
oxic conditions.

3.4. HIF-2α is preferentially linked to ITGA5 expression

We then aimed to clarify the role of HIF-1α and HIF-2α on ITGA5 
expression in hypoxia. As a first attempt to selectively inhibit expression 
of HIF-1α, we used irinotecan, a topoisomerase 1 inhibitor, which was 
shown to alter the expression of HIF-1α by inhibiting its mRNA trans-
lation [38–40]. Integrin-positive TC22 cells were treated with 2.5 μM 
irinotecan for 72 h in 1 % O2 hypoxia. In our GSC model, irinotecan not 
only inhibited HIF-1α but also HIF-2α expression associated with a 
disappearance of ITGA5 expression (Fig. 5A). Results were confirmed in 
3731 cell line (Fig. S6A). To address more specifically the impact of each 
transcription factor, we used specific siRNA depletion. As shown in 
Fig. 5B, HIF-1α-siRNA specifically depleted their target gene but had no 
effect on ITGA5. Inversely, HIF-2α-siRNA decreased HIF-2α expression 
(20 %) and concomitantly ITGA5 by 30 % (Fig. 5B).

Finally, we checked specific HIF-2α inhibitors: PT2977 [41] and 
compound 2 [42]. These molecules recognize the PAS-B domain of HIF- 
2α and prevent its dimerization with the nuclear subunit HIF1-β also 
called ARNT thus inhibiting HIF-2α transcriptional activity. As PAS-B 
domain present a specific pocket on HIF-2α and these compounds bind 
to this pocket, they are highly specific for the inhibition of HIF-2α 
function [42,43]. Both compounds (20 μM) proved able to decrease 
ITGA5 mRNA after 24 h and ITGA5 protein after 72 h treatment in TC22 
cells (Fig. 5C). Compound 2 also decreased HIF-2α expression perhaps 
explaining its better effect on ITGA5 (44 % decrease with compound 2 
versus 19 % with PT2977) (Fig. 5C). In addition, colocalisation of HIF-2α 
and ITGA5 proteins were observed in specific area of TC22 xenografts 
(Fig. S7). Results suggest that HIF-2α is preferentially involved in the 
control of ITGA5 modulation particularly under hypoxia in GSC.

3.5. HIF-2α and ITGA5 as therapeutic targets in specific GSC

Based on our previous results, we hypothesized that hypoxia may 
affect phenotypically GSC in particular through ITGA5-dependent 
pathways. We already shown that this integrin is involved in migra-
tion and therapy resistance of differentiated GBM cells [18,44,45]. We 
now investigated if hypoxia-driven expression of the integrin may affect 
proliferation and/or migration of GSC. First, we assessed cell prolifer-
ation, with measure of neurosphere size as a readout, using Incucyte® 
technology. As shown in Fig. 6A, neurosphere size was not linked to 
enhanced expression of ITGA5. As for example TC22 (ITGA5+) and 
NCH644 (ITGA5-) cells have a larger sphere size after 6 days in nor-
moxia compared to the other lines. Hypoxia only affected the neuro-
sphere sizes of two cell lines, namely 3731 and NCH644 which 
respectively express or not the integrin as shown before (Fig. 6A). These 
data suggest that ITGA5 expression does not influence stem cell prolif-
eration either in normoxia or in hypoxia.

As a confirmation, FR248, a specific antagonist of ITGA5, does not 

Fig. 1. Heterogeneity of ITGA5 expression and relationships to hypoxia and Epithelial to Mesenchymal transition in GBM patients. 
A – expression of ITGA5 mRNA in GBM molecular subtypes (TCGA database). B – expression of ITGA5 mRNA in intra-tumor regions of GBM (IVY GAP data). C – Gene 
set enrichment analysis (GSEA) showing the 5 top enriched biological pathways in TCGA tumors with high level of ITGA5 mRNA. Enrichment plots for hallmarks 
Hypoxia and EMT gene sets. D –Heterogeneous immunostaining of ITGA5 protein in 5 different patient tumors.
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Fig. 2. Expression of ITGA5 protein in GBM stem cells under normoxia and hypoxia. 
A - Western blot analysis of ITGA5 and hypoxia markers (HIF-1α, HIF-2α, CA9) in 6 GBM stem cell lines after 6 days in culture. Tubulin was used as a housekeeping 
protein. Histograms represent the mean ± S.E.M of 3 independent experiments. Different conditions are compared; dissociated neurospheres in normoxia (light grey 
bars), neurospheres in normoxia (dark grey bars) and neurospheres in hypoxia (red bars). *p < 0.05; **p < 0.01; ***p < 0.005. B - Immunofluorescent labeling of 
ITGA5 under normoxia (20 % O2) and hypoxia (1 % O2) in 5706 GSC and TC22 GSC.
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Fig. 3. Evaluation of GSC xenografts in Nude mice –relationships with ITGA5 expression. 
A – Representative images of brain samples taken at the largest part of the tumor for TC22 and NCH421k GSC xenografts. Hematoxylin-eosin staining and ITGA5 
immunofluorescence. B – PET monitoring of tumor growth with [18F]-FLT. 2D frontal section images of mice and graphical representation of tumor volume 
quantification at 40 % Standardized Uptake Value (SUV) as a function of time post-injection. The white arrows indicate the tumors. C - Survival curve analysis from 
mice implanted intracranially with TC22 (n = 10 independent mice) and NCH421k cells (n = 9 independent mice). Survival analysis was performed using a Kaplan- 
Meier plot.
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alter neurosphere sizes either in integrin–expressing (TC22) or in non-
–expressing cells (NCH421k) (Fig. 6B, light to dark orange bars). We 
then combined FR248 with compound 2 (20 μM) which is devoid of 
effect when used alone. Interestingly, the combination of FR248 (20 μM) 
and compound 2 (20 μM) decreased the neurosphere size in the ITGA5 
positive line TC22 (58 % decrease) and 3731 (Fig.S6B) but not in the 
ITGA5 negative line NCH421k (Fig. 6B, light to dark blue bars). Data 
suggest that dual inhibition of HIF-2α and ITGA5 affects the prolifera-
tion of ITGA5-positive GSC thus providing a new therapeutic 
combination.

We then investigated the impact of hypoxia on stem cell migration. 
Spheres formed by the hanging drop technique, either with NCH421k or 

TC22 cells, were deposited on poly-L-lysine (neutral substrate for adhe-
sion) or fibronectin (ECM ligand of ITGA5). On poly-L-lysine no cell 
evasion was detectable for both cell lines. By contrast, on fibronectin, cell 
evasion occurred for the TC22 line (ITGA5 positive) but not detectable for 
the NCH421k line (ITGA5 negative). Moreover, hypoxia increased this cell 
evasion by 30 % in the former line presumably in relation to the increased 
ITGA5 expression (Fig. 6C). To confirm this hypothesis, the spheres were 
treated with FR248 (20 μM) which inhibited completely the cell capacity 
to evade from spheres and to migrate on fibronectin either in normoxia or 
in hypoxia. Similar results were obtained when cells were treated with 
ITGA5 specific siRNA (Fig. S8). Data confirm the impact of this integrin on 
cell migration out of GSC spheres.

Fig. 4. Kinetics of HIF-1α, HIF-2α and ITGA5 expressions in GSC cells in normoxia and hypoxia. 
A - Western blot analysis of ITGA5 and hypoxia-induced factors, HIF-1α and HIF-2α at 24, 48 and 72 h of GSC culture in normoxia (grey bars) and hypoxia (red bars). 
The relative quantification of each protein was performed according to the expression of tubulin. Histograms represent the mean ± S.E.M of 3 independent ex-
periments with *p < 0.05; **p < 0.01; ***p < 0.005. B - Linear regression analysis of HIF-1α or HIF-2α versus ITGA5 expressions by Prism software.
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As Compound 2 decreased ITGA5 expression by >40 % in TC22 cell 
line, we evaluated its effect on stem cell migration. Interestingly, com-
pound 2 proved able to inhibit the cell evasion and migration in hypoxia 
suggesting here again the interconnection between HIF-2α and ITGA5. 
By contrast, PT2977 did not alter cell evasion (Fig. 6D) presumably 
linked to its weaker capacity to decrease both HIF2α and ITGA5 ex-
pressions in the TC22 line (see Fig. 5C).

Together, these results show for the first time that combining HIF2α 
and ITGA5 inhibition may be an alternative therapy for GSC. In addition, 
data show that stem cell migration on fibronectin is dependent on ITGA5 
expression as was previously demonstrated on differentiated tumoral cells. 
This migration is enhanced by hypoxia and HIF-2α expression specifically. 
These data suggest that some GSC in hypoxic niches would acquire a 
migratory phenotype through modulation of the integrin expression.

Fig. 5. Role of HIF-1α and HIF-2α for expression of ITGA5 in TC22 GSC in hypoxia. 
A - Western blot analysis of irinotecan treatment on the expression of hypoxia-induced factors and ITGA5. TC22 stem cells were treated with 2,5 μM irinotecan for 72 
h in 1 % O2 hypoxia. The relative quantifications of each protein were performed according to the expression of tubulin. Histograms represent the mean ± S.E.M of 3 
independent experiments with *p < 0.05; **p < 0.01; ***p < 0.005. Grey bars represent control conditions in normoxia and red bars neurospheres after 72 h in 
hypoxia. B - Western blot analysis of the impact of HIF-1α or HIF-2α siRNAs on ITGA5 expression. TC22 stem cells were treated with 100 nM HIF-1α siRNA or 250 nM 
HIF-2α siRNA for 48 h in 1 % O2. Relative quantifications of protein expressions were performed according to the expression of tubulin. C - Analysis of the effect of 
treatments with specific HIF-2α antagonists on ITGA5 expression. Cells were treated with 20 μM PT2977 or 20 μM Compound 2 for 24 h (RT-qPCR analysis-left panel) 
or 72 h (WB analysis- middle and right panels) in 1 % O2. Relative quantifications of the different expressions were performed based on the expression of RNA18S 
(RT-qPCR) or tubulin (WB). Histograms represent the mean ± S.E.M of 3 independent experiments with *p < 0.05; **p < 0.01; ***p < 0.005. Grey bars represent 
GSC in normoxia and red bars GSC in hypoxia.
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3.6. AHR expression is inversely correlated to HIF-2α and ITGA5 
expressions in GSC

To be transcriptionally functional HIF-2α needs to heterodimerize 
with HIF1β/ARNT in the cell nucleus. ARNT (aryl hydrocarbon receptor 
nuclear translocator) also dimerizes with AHR (aryl hydrocarbon re-
ceptor). AHR plays complex roles in tumors including GBM [46] and has 
recently being described as a tumor suppressor-like gene in GBM whose 
repression induced migration and ITGA5 expression [47]. We wondered 
if AHR may affect the HIF-2α/ITGA5 axis in our models. AHR is strongly 
expressed in ITGA5 negative cell lines (NCH644, 5706, TC7) but less 
expressed in ITGA5 positive cells (3731, TC22) as shown by western blot 
(Fig. 7A) and immunocytochemistry (Fig. 7B). We wondered first if AHR 
antagonist (BAY218), which acts on the AHR cytoplasmic to nucleus 
translocation, may affect ITGA5 expression, but we did not observe any 
effect (data not shown). Following ligand binding, AHR protein is 
rapidly downregulated to regulate downstream signaling pathways 
[48]. We exploited this characteristic by subjecting TC22 and 3731 cells 
to the AHR agonist, compound 12a, during 72 h in hypoxia. In these 
conditions, AHR protein decreased drastically compared to control and 
concomitantly ITGA5 increased in both cell lines. Data suggest that HIF- 
2α and AHR expression levels are inversely linked to ITGA5 induction.

4. Discussion

Integrins are implicated in different hallmarks of cancer and partic-
ularly in GSC as reviewed recently [18,49–52]. Blocking their functions 
or inhibiting their expressions have been the subject of extensive pre-
clinical studies with encouraging results. Clinical trials however failed to 
demonstrate integrin inhibitors efficacy in different solid tumors 
including GBM [53]. Among others, lack of knowledge on the hetero-
geneity of integrin expressions in patient's tumors may be involved in 
these clinical failures.

Concerning more particularly the ITGA5, its role in human cancer 
has been reviewed in [54]. Data confirm its role as a prognostic 
biomarker in solid tumors as for examples in laryngeal [55], head and 
neack [56], or oesophageal squamous cell carcinoma [57]. ITGA5 me-
diates tumor-stroma crosstalk to promote dissemination, metastasis and 
angiogenesis in liver, gastric, breast or pancreatic cancers [58–62]. In 
GBM, ITGA5 has been included in the mesenchymal subtype signature 
provided in the Verhaak classification [7]. Interestingly, its prognostic 
and therapeutic value has been confirmed in a recent publication which 
also demonstrated an impact of a high integrin expression on the tumor 
immune microenvironment [63]. Despite all the preclinical and clinical 
evidence that ITGA5 may be considered as a therapeutic target, clinical 
trials with Volociximab (a humanized anti-α5 antibody) failed [64]. We 
have shown previously that TMZ chemotherapy greatly affected the 
integrin repertoire in GBM differentiated cells [44] suggesting that anti- 
integrin therapies must be adjusted to the right patient but also to the 
right tumor progression time. In this work, we address more particularly 
the question of integrin expression in glioma stem cells submitted to 
hypoxia as experienced in hypoxic tumor niches.

To better understand the pattern of ITGA5 expression in GBM, we 
analyzed patient data and found that high integrin expressing tumors 
were correlated with exacerbated hypoxia pathway. Hypoxia is already 
known to maintain a GSC phenotype, to regulate their tumorigenic ca-
pacity and to initiate a mesenchymal switch [65–67]. We therefore 

focused on ITGA5 expression in GSC assuming that they are at the apex 
of tumor development and presumably at the origin of integrin expres-
sion heterogeneity. Our data confirm that not all GSC express ITGA5 and 
that hypoxia enhances it in selected cell lines. Results are in line with 
data showing a selective impact of hypoxia on the modulation of ITGA5 
expression in breast cancer [68]. The hypoxic pathway is regulated by 
an induction of hypoxia-induced transcription factors, HIF-1α and HIF- 
2α. Both HIFs bind to a consensus HIF-binding site on the ITGA5 gene 
promoter in breast cancer cells and both are involved in ITGA5 mRNA 
and protein expression in these tumors [68]. However, HIF-2α plays 
specific oncogenic roles in tumors [69] and particularly in GBM where it 
appears as a key regulator in the hypoxic niche to maintain GSC stem-
ness [70]. Our results are in line with HIF-2α controlling ECM-GSC in-
teractions through modulation of ITGA5 expression and ITGA5- 
dependent cell migration. Targeting hypoxia became an interesting 
way to fight hypoxic tumors such as brain tumors and specific HIFs in-
hibitors were developed. We focused on HIF-2α selective inhibitors in 
our study: PT2977 and compound 2. This later molecule was one of the 
first small molecule designed in the field [42]. It binds only to the PAS-B 
domain (Per-ARNT-Sim-B) of HIF-2α thanks to the existence of a specific 
druggable pocket [42]. It prevents the HIF-2α/ARNT dimerization and 
transcription of HIF-2α target genes. PT2977 (Belzutifan) is a second- 
generation inhibitor that [41,71,72] was approved by the Food and 
Drug Administration (FDA) in 2021 for the treatment of Von Hippel- 
Lindau disease (VHL) in patients with renal cell carcinoma, central 
nervous system hemangioblastoma and pancreatic neuroendocrine tu-
mors [73]. HIF-2α inhibitors were able to decrease ITGA5 expression 
and to inhibit GSC migration without affecting cell proliferation. Inter-
estingly, combination of HIF-2α inhibitor with ITGA5 antagonist results 
in a strong anti-proliferative effect in hypoxia sensitive ITGA5 express-
ing cell lines. This new therapy combination may concern subclasses of 
GB patient tumors and particularly GSC in hypoxic niches and deserves 
further preclinical studies.

HIF-2α stabilization in hypoxia is however noted in all stem cell lines 
studied here even if levels of HIF-2α varied between different cell lines 
and do not always trigger ITGA5 expression. Other mechanisms of 
hypoxia-driven ITGA5 expression and functions have been highlighted 
recently. In head and neck squamous cell carcinoma, hypoxia increased 
tensin 4 which in turn stabilized integrin α5β1 complex [74]; In endo-
thelial progenitor cells, hypoxia decreased ITGA5 but Nitric oxide 
restored ITGA5 through a miR-148/DNMT1 axis [75]. In this work we 
focused on a potential crosstalk between HIFs and AHR which has been 
highlighted recently. Both are members of bHLH-PAS family of tran-
scription factors sharing similar DNA-binding motifs and hetero-
dimerization with HIF1β/ARNT subunit. Although evidences suggest 
that HIF and AHR compete directly for binding to HIF1β/ARNT, in-
teractions between associated transcription pathways appear more 
complex [76]. In cancers AHR is expressed in tumor cells but also in 
immune cells and AHR activation is linked to tumor progression and 
immunosuppression [77]. The role of AHR in tumors including GBM is 
however controversial with AHR activation related to bad prognostic 
[78–80] or AHR presumed to be a tumor suppressor [47,81]. AHR 
activation has been linked to integrin and matrix remodeling in different 
cell types and contexts [82]. As for example, AHR activation decreased 
ITGA6 integrin in breast cancer stem cells [83]. In our glioma stem cell 
models, AHR agonist-induced protein repression led to ITGA5 increase. 
Data confirm previous work in GBM cells where it was shown that AHR 

Fig. 6. Impact of hypoxia and ITGA5 on GSC proliferation and migration. 
A – Neurosphere size as an index of stem cell proliferation (Incucyte) in normoxia (grey bars) or hypoxia (red bars for ITGA5 positive cells and blue bars for ITGA5 
negative cells). The graphs represent the fold increase of neurosphere size at day 6 versus day of cell plating. B - Evaluation of inhibition of ITGA5 by a selective 
antagonist FR248, inhibition of HIF-2α by compound 2 inhibitor or both together on neurosphere size (Incucyte). C - Impact of ITGA5 expression on cell migration. 
Sphere formed for 48 h in methylcellulose were deposited either on poly-L-lysine or on fibronectin and treated or not with ITGA5 antagonist FR248 (20 μM) in 
normoxia or hypoxia. Histograms represent the number of cells migrating out of the TC22 spheres after 24 h either in normoxia or in hypoxia. D - Impact of the 
inhibition of HIF-2α on stem cell migration. Similar protocol as in B on fibronectin. PT2977 and compound 2 were applied at 20 μM. Data represent the mean ± S.E.M 
of 4 independent experiments with *p < 0.05; **p < 0.01; ***p < 0.005; ns = non-significant.
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Fig. 7. Relationships between AHR, HIF-2α and ITGA5 expressions. 
A - Western blot analysis of AHR and ITGA5 expressions in the 6 GSC lines after 6 days in hypoxia. B. Immunochemical staining of ITGA5 and AHR in 5706 GSC and 
TC22 GSC plated on polylysine and left 3 days in hypoxia. Nucleus staining with DAPI. C – TC22 and 3731 GSC were treated with an agonist of AHR (compound 12a - 
20 μM) during 3 days in hypoxia and subjected to western blot analysis of AHR and ITGA5. Histograms represent the mean ± SEM of 3 independent experiments of 
the fold increase in proteins compared with the cells in normoxia.
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silencing impact positively ITGA5 expression and cell migration [47]. 
Intriguingly AHR antagonist BAY218 did not affect AHR and ITGA5 
expressions questioning the crosstalk of transcriptomic mechanisms 
between HIFs and AHR. According to our results we propose a new role 
of AHR as a modulator of protumoral targets, such as ITGA5, in some 
GSC and in specific conditions. Relationships between AHR and HIF-2α 
have to be finely characterized in the future and other molecular 
mechanisms involved in ITGA5 specific hypoxia-driven expression 
deserve further studies.

Notably, our study provides novel insight into one specific mecha-
nism by which a GBM therapeutic target, the integrin ITGA5, may be 
differentially expressed in some glioma stem cells and modulated in 
specific tumor area. ITGA5 expression is also heterogeneous in more 
differentiated glioma tumor cells and in patient tumors revealing the 
complex modulation of this therapeutic target. As already demonstrated 
in differentiated GBM tumor cells, overexpression of this target confers 
migration advantages presumably implicated in brain dissemination of 
GSC cells. Targeting both HIF-2α and ITGA5 may be considered as a 
therapeutic option which deserves further studies in the future.
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M. Messé et al.                                                                                                                                                                                                                                  BBA - Molecular Basis of Disease 1870 (2024) 167471 

16 

https://doi.org/10.1038/s41593-019-0370-y
https://doi.org/10.1016/j.cell.2020.07.038
https://doi.org/10.7150/thno.60679
https://doi.org/10.1016/j.coi.2020.12.003
https://doi.org/10.1093/pcmedi/pbac008
https://doi.org/10.1093/pcmedi/pbac008
https://doi.org/10.1016/j.bcp.2008.09.031
https://doi.org/10.1016/j.canlet.2016.03.025

	Hypoxia-driven heterogeneous expression of α5 integrin in glioblastoma stem cells is linked to HIF-2α
	1 Introduction
	2 Materials and methods
	2.1 Gene set enrichment analysis
	2.2 Cell lines and cell culture conditions for GSC
	2.3 Western Blot analysis
	2.4 RT-qPCR analysis
	2.5 Transfection of siRNA
	2.6 Proliferation assays (Incucyte®)
	2.7 Sphere evasion assays
	2.8 Immunocytofluorescence
	2.9 Orthotopic xenograft
	2.10 Positron emission tomography (PET) imaging
	2.11 Immunohistofluorescence
	2.12 FACS analysis
	2.13 Subcellular fractionation.
	2.14 Statistics

	3 Results
	3.1 ITGA5 expression is linked to hypoxia and Epithelial to Mesenchymal Transition (EMT) in GBM patients
	3.2 Heterogeneity of ITGA5 expression in GSC in vitro and in vivo
	3.3 Impact of HIF-1α and HIF-2α on ITGA5 expression
	3.4 HIF-2α is preferentially linked to ITGA5 expression
	3.5 HIF-2α and ITGA5 as therapeutic targets in specific GSC
	3.6 AHR expression is inversely correlated to HIF-2α and ITGA5 expressions in GSC

	4 Discussion
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


