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ARTICLE INFO ABSTRACT

Keywords: Background: Glioblastoma (GBM), a highly aggressive brain tumor, exhibits a notable capacity for metabolic
Cancer stem cells reprogramming, which may support tumor cell adaptation to the rapid growth and survival demands within the
G§PC3 hypoxic solid tumor microenvironment (TME). Hypoxia has been implicated in promoting features associated
El;:blastoma with cancer stem cell (CSC) phenotypes and chemoresistance. Recent preclinical studies have employed three-
Hypoxia dimensional (3D) neurosphere models to investigate these phenotypes, although the metabolic changes associ-
Metabolic reprogramming ated with such models remain incompletely characterized.

Neurospheres Methods: GBM cells were cultured as two-dimensional (2D) monolayers or as neurospheres using the 3D hanging
SLC37A2 drop culture model. Total RNA was extracted using TRIzol, and gene expression was assessed via cDNA arrays
SLC37A3 and RT-gPCR. Gene silencing was performed using specific siRNAs. Transcriptomic analysis of clinical sample

expression profiles was conducted using data from the Genotype-Tissue Expression (GTEx) database.

Results: We observed that neurospheres from human GBM-derived cell lines (U87, U118, U138, and U251) were
associated with increased expression of hypoxia-inducible factor (HIF)-1a compared to 2D monolayers. This was
accompanied by elevated transcript levels of genes involved in adaptive and angiogenic responses, including
GLUT1, VEGF, SLC37A2, SLC37A3, and G6PC3. Silencing HIF-1a correlated with reduced neurosphere size and a
decrease in markers commonly associated with CSC phenotypes. Similarly, knockdown of SLC37A2, SLC37A3,
and G6PC3 was linked to smaller spheroids and reduced expression of GLUTI and VEGF, without affecting HIF-1a
levels. Differential regulation of CSC markers was observed, with PROM1, ABCB5, CD44, and FGFR2 appearing to
be influenced by G6PC3/HIF-1a, while ABCG2, DLL1, GATA3, PTCHI, and FLOT2 were more closely associated
with SLC37A2/HIF-1a.

Conclusions: Our findings suggest that GBM-derived 3D neurosphere cultures exhibit HIF-1a-regulated molecular
features consistent with CSC and a potential mimicry of chemoresistance-associated traits rather than a direct
demonstration of chemoresistance. These correlative observations support a potential link between metabolic
reprogramming and the emergence of such phenotypes in response to hypoxic stress. Further investigation is
needed to establish causal relationships and to better understand the underlying mechanisms.

1. Introduction

Glioblastoma (GBM) is a highly aggressive brain tumor notable for
metabolic reprogramming [1,2] that supports rapid growth and survival
in the hypoxic tumor microenvironment (TME) [3]. Hypoxia stabilizes
hypoxia-inducible factors (HIFs), which drive a cancer stem cell (CSC)
and chemoresistant phenotype by promoting self-renewal, multi-
potency, therapy resistance, and increased invasiveness [4,5].

Understanding how metabolic rewiring and CSC traits interact under
hypoxia is essential to develop therapies that disrupt these adaptive
mechanisms and improve patient outcomes.

Hypoxia shifts GBM metabolism toward anaerobic glycolysis,
increasing lactate production that acidifies the TME and promotes in-
vasion and immune evasion [6,7]. Lipid metabolism is also altered under
hypoxia, with enhanced lipid synthesis and storage for membrane
biogenesis and energy reserve; concurrently, upregulated glutamine
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metabolism sustains biosynthesis and redox balance [8,9]. Stabilized
HIFs upregulate glycolytic enzymes and glucose transporters, reinforc-
ing these adaptations and contributing to therapeutic resistance [10].

Three-dimensional neurosphere cultures better mimic the TME than
2D monolayers by reproducing hypoxia, nutrient gradients, and cell-cell
interactions, and they induce CSC features such as self-renewal, multi-
potency, and therapy resistance [11-13]. Glucose-6-phosphate (G6P) is
a central metabolite routed into glycolysis for energy or into the pentose
phosphate pathway (PPP) for nucleotide synthesis and redox control;
HIFs modulate these routes [14,15]. Components of the G6Pase system
(e.g., G6PC3, SLC37A4) are reported upregulated in GBM and may in-
fluence G6P routing, glycogenolysis, and gluconeogenesis to support
tumor survival and invasion [16-19]. Glycogen dynamics may help
GBM cells buffer G6P availability under hypoxia, though regulation of
G6P in GBM remains poorly documented [20-22].

Glucose metabolism plays a pivotal role in controlling the acquisition
of the CSC phenotype, and molecular evidence supports this connection
through various mechanisms. Neurosphere cultures offer several ad-
vantages over classical 2D cell monolayers, particularly in replicating in
vivo hypoxic conditions found within solid tumors like GBM. Here, we
asked whether metabolic adaptations in neurospheres make them a
useful model to monitor CSC acquisition and how HIF-dependent control
affects endoplasmic reticulum (ER) G6P transport and -catalytic
components.

2. Materials and methods
2.1. Cell culture

Cells and culture media were from the American Type Culture
Collection (ATCC; Manassas, VA, USA). The human U87, U118, U138,
and U251 GBM-derived cells were cultured without antibiotics in 10 %
fetal bovine serum (FBS). Cells were kept subconfluent and used over a
maximum of 8 passages, by a 1:2 bi-weekly split, in a humidified incu-
bator at 37 °C with 5 % CO».

2.2. Formation of 3D neurospheres

The formation of neurospheres was achieved using the 3D hanging
drop culture technique, which involves suspended inverted cell droplets
and by culturing cells in low-attachment plates to prevent substrate
adhesion as previously described [23]. Briefly, 100 mm non-adherent
petri dishes were used for cell culture. The lids were removed, and 10
mL of sterile phosphate-buffered saline (PBS) was added to the bottom of
each dish to create a hydration chamber. Using a multichannel pipette,
40 pL drops of cell suspension (at densities of 10,000 cells per drop) were
carefully dispensed onto the inner surface of the inverted lid, ensuring
sufficient spacing to prevent contact between drops. Up to 50 drops were
placed per lid. The lid was then inverted over the PBS-filled bottom
chamber and incubated at 37 °C in a humidified atmosphere with 5 %
CO4 and 95 % humidity for 5 days. The droplets were monitored daily
under a microscope to assess cellular aggregate formation. Spheroids
were either analyzed directly or transferred to 96-well round-bottom
plates (FALCON #351177) coated with poly(2-hydroxyethyl methac-
rylate) [poly-HEMA] (P3932, Sigma-Aldrich, Oakville, ON, Canada) to
prevent cell adhesion to the growth surface. Each well contained 250 pL
of fresh complete medium.

2.3. Microscopy and analysis of neurospheres

Cell morphology was examined under a Nikon Eclipse TE2000-U
inverted microscope (Nikon Al, Melville, NY, USA). Phase contrast
micrographs were taken with a Q Imaging QICAM-IR Fast 1394 Digital
CCD camera using NIH pManager software (National Institutes of
Health, Bethesda, MD). For 96-well plates, Agilent BioTek Cytation 5
cell imaging multimode reader with 4x objective was used to image the
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entire well using the bright field imaging channel using Gen5 software.
A size quantification method was implemented using QuPath 0.5.1
along with the Segment Anything Model (SAM) [24], a tool that employs
deep learning techniques to segment objects within images by identi-
fying their contours and features. Neurospheres contours were auto-
matically segmented (vit_t mobile; mean segmentation quality = 0.988
+ 0.003), indicating excellent segmentation performance and high
reproducibility. The samples size was n = 15-25 neurospheres per
condition, derived from three independent experiments. Quantitative
morphometric analysis of neurosphere size distributions showed a
global leftward shift of the frequency curves for all gene-silencing con-
ditions (siHIF-1la, siSLC37A2, siSLC37A3, siG6PC3) compared with
control. This indicates a coordinated decrease in spheroid area and
reduced heterogeneity, confirming that inhibition of the
HIF-1a/SLC37A metabolic axis impairs 3D spheroid growth and
self-aggregation capacity.

2.4. Transient transfection and RNA interference

U87 cells were transiently transfected with small interfering RNA
(siRNA) using the Lipofectamine-2000 reagent (Thermo Fisher Scienti-
fic). Gene silencing was achieved by introducing 20 nM siRNA targeting
G6PC3 (Hs_G6PC3.5 siRNA, S102659363), SLC37A2 (Hs SLC37A27
siRNA, SI04151840), or HIF-1a (Hs_HIF1A_5 siRNA, S102664053). A
scrambled siRNA sequence (AllStar Negative Control siRNA, 1027281)
served as the negative control. All siRNAs were synthesized and
duplexed by QIAGEN (Valencia, CA, USA). The efficiency of gene
knockdown was evaluated by RT-qPCR, as detailed below.

2.5. Total RNA extraction, cDNA synthesis, and real-time quantitative
PCR

Total RNA was isolated from both 2D monolayer cultures and 3D
neurospheres using TRIzol reagent, in accordance with the manufac-
turer’s instructions (Life Technologies, Gaithersburg, MD, USA). RNA
concentration was determined using a NanoPhotometer P330 (Implen),
and 2 pg of total RNA was subsequently reverse-transcribed into cDNA
with the High-Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems, Foster City, CA, USA). For qPCR, reactions were prepared using
SsoFast EvaGreen Supermix (Bio-Rad; 1725204) along with specific
primer sets. All primers were obtained from QIAGEN as QuantiTect
Primer Assays, targeting the following genes: G6PC1 (QT00031913),

G6PC2 (QT01664152), G6PC3 (QT00033453), SLC37A1
(QT00073094), SLC37A2 (QT00056203), SLC37A3 (QT00057148),
SLC37A4 (QT00024325), ABCB5 (QT00049448), ABCG2

(QT00073206), CD44 (QT00073549), PROM1 (QT00075586), CXCL8
(QT00000322), VEGF (QT01010184), GLUT1 (QT00068957), HIF-1a
(QT00083664), HIF-1f (QT00023177), HIF-20 (QT00069587), GAPDH
(QT01192646), and PPIA (QT01866137). Quantitative real-time PCR
(RT-qPCR) was performed using the CFX Connect system (Bio-Rad), and
data were analyzed with Bio-Rad CFX Manager Software version 3.0.
Gene expression levels were normalized to two housekeeping genes,
GAPDH and PPIA, which remained stable under the experimental con-
ditions tested, and calculated using the 27444 method.

2.6. Human cancer stem cell profiler PCR arrays

Pre-designed RT? Profiler PCR Arrays for Human Cancer Stem Cells
(PAHS-176Z) were obtained from QIAGEN and used according to the
manufacturer’s protocol. Briefly, genomic DNA was removed prior to
reverse transcription of 0.5 pg total RNA using the RT? First Strand Kit
(QIAGEN, 330404). Each array plate was used to analyze a single cDNA
sample, prepared with the RT? SYBR Green qPCR Mastermix (QIAGEN,
330502). Relative expression levels of 84 target genes and internal
controls were analyzed using the GeneGlobe Data Analysis Center
(https://geneglobe.qiagen.com/us/analyze), applying the standard
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274204 method. In graphical representations, fold regulation values
were used: for upregulated genes, fold regulation equals fold change,
while for downregulated genes, it is calculated as 1/(fold change).

2.7. In silico analysis of transcript levels in clinical GBM and low-grade
glioma tissues

RNA sequencing expression data from glioblastoma (GBM; n = 163),
low-grade glioma (LGG; n = 251), and normal brain tissue (n = 207)
were analyzed using the Gene Expression Profiling Interactive Analysis
(GEPIA) web server [25]. The data were sourced from The Cancer
Genome Atlas (TCGA) and the Genotype-Tissue Expression (GTEx)
project. GEPIA offers a range of customizable analytical tools, including
tumor versus normal differential expression analysis, cancer type and
pathological stage profiling, survival analysis, gene correlation, similar
gene detection, and dimensionality reduction (http://gepia.cancer-pku.
cn/detail.php, accessed April 5, 2025). Differential gene expression was
assessed using one-way ANOVA, with disease state (GBM, LGG, or
normal) as the grouping variable for box plot visualization.

2.8. Prognostic value of HIF-1a, HIF-14, and HIF-2a in GBM patients

The prognostic significance of mRNA expression levels of HIF-1a,
HIF-1p, and HIF-2a in glioblastoma (GBM) patients was evaluated using
the GEPIA platform [25]. For each gene, expression profiles were ob-
tained from a comprehensive web-based database comprising
high-quality GBM tissue datasets. Overall survival analyses were
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conducted using log-rank tests.

2.9. Statistical data analysis

Data and error bars are expressed as mean + SD of three independent
experiments unless otherwise stated. Statistical analysis was conducted
using the non-parametric tests Mann-Whitney U test (for two-group
comparisons) or Kruskal-Wallis test followed by a Dunn Tukey’s post-
test (for data with three groups and more) [26]. P < 0.05 (*) values
are considered significant and are indicated in the figures.

3. Results

3.1. GBM-derived 3D neurospheres cultures trigger HIF-1a expression
leading to an adaptive metabolic and angiogenic phenotype

Validation of 3D neurosphere cultures was first performed as
described in the Methods section. Four different human GBM-derived
cell lines were tested and all found to generate spheroids as shown by
the representative phase contrast pictures of U118, U138, U251, and
U87 cells (Fig. 1A). The transcriptional impact of these neurospheres
was next compared to their 2D monolayer counterparts upon total RNA
isolation, and subsequent RT-qPCR. Specific focus was first devoted
towards the expression of HIF-la, HIF-1f, and HIF-2a which would
potentially be increased as the hypoxic conditions are triggered upon
neurospheres culture. HIF-1a was found significantly and systematically
induced in all neurospheres from all the cell lines tested, with very

Fig. 1. GBM-derived 3D neurosphere cultures trigger HIF-1a expression and an adaptive metabolic and angiogenic phenotype. (A) Representative phase contrast 3D
neurosphere cultures of human GBM-derived U118, U138, U251, and U87 cells. Scale bar = 1000 pm. (B) Total RNA was extracted from the indicated 4 GBM-derived
cell lines as either 2D monolayer (white bars) or neurospheres cultures (black bars), then transcript levels were assessed by RT-qPCR for HIF-1a, HIF-1p, and HIF-2a or
for (C) GLUT1 and VEGF as described in the Methods section. Data of gene expression assessments represent triplicates from a representative experiment out of three

biological replicates. P < 0.05 (*) values are considered significant.
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moderate to virtually no induction of HIF-15 and HIF-2a (Fig. 1B).
Subsequent to HIF-1a induction, GLUT1 and VEGF were also induced
upon neurosphere generation confirming that an adaptive metabolic
and angiogenic phenotype was triggered in comparison to each
respective 2D monolayer (Fig. 1C).
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3.2. HIF-1a gene expression is increased in clinically annotated GBM
tumor tissues, and controls neurospheres formation and adaptive
phenotype

According to the neurospheres tested above, in silico analysis of HIF-
1a, HIF-14, and HIF-2a transcript levels was further performed on RNA
extracted from GBM and low-grade glioma (LGG) clinical samples

Fig. 2. HIF-1a gene expression is increased in clinically-annotated GBM tumor tissues, and controls 3D neurosphere formation and adaptive phenotype. (A) In silico analysis of
transcript levels was performed for three members of the HIFs family (HIF-1a, HIF-1p, and HIF-2a) using RNA extracted from clinical samples from GBM and low-
grade glioma (LGG) (red boxes) and compared to healthy tissue (grey boxes) (*P < 0.05). (B) HIF-1a gene silencing was performed in U87 cells and specificity
validated by RT-qPCR in siScrambled (white bars) and siHIF-1a (black bars) transfected cells. (C) Representative phase contrast 3D neurospheres cultures of human
GBM-derived U87 cells from mock, siScrambled or siHIF-1a-transfected cells (Scale bar = 1000 pm), and (D) impact on relative spheroids size. (E) Total RNA was
extracted from siScrambled-transfected 2D or siScrambled-transfected neurospheres, or siHIF-1a-transfected neurospheres cultures, then gene expression for GLUT1
and GAPDH was assessed by RT-qPCR as described in the Methods section. Data of gene expression assessments represent triplicates from three independent bio-
logical replicates. P < 0.05 (*) values are considered significant. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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(Fig. 2A, red boxes) and compared to healthy tissue (Fig. 2A, grey
boxes). Along with its increased expression in neurospheres, only HIF-1a
was found to be significantly induced in both GBM and LGG. Whether
any HIF-la-regulated process was involved in neurosphere formation
process was next tested. HIF-1a gene silencing was performed in U87
cells and specificity validated by RT-qPCR in siScrambled (white bars)
and siHIF-1a (black bars, 85 + 5 % inhibition) transfected cells (Fig. 2B).
When phase contrast pictures of neurospheres were taken (Fig. 2C), the
spheroid size in siHIF-1a-transfected cells was found to be significantly
reduced (Fig. 2D), and gene expression for GLUTI concomitantly
reversed (Fig. 2E). Altogether, this confirms that HIF-1a directs impor-
tant hypoxic regulated adaptive events in GBM-derived neurospheres.

3.3. Gene expression levels of G6P transporters and of G6PC3 in four
GBM-derived neurospheres

In order to address the impact of metabolic reprogramming on the
G6P metabolism, the expression of SLC37A1-4 and G6PCI-3 transcripts
was assessed in neurospheres generated from U118, U138, U251, and
U87 cells and compared to their 2D monolayers. While SLC37A1 and
SLC37A4 levels were not significantly regulated upon spheroid forma-
tion, that of SLC37A2 was strongly upregulated, whereas although sig-
nificant, only moderate increases were observed for SLC37A3 in three of
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the four cell lines tested (Fig. 3A). As for the G6Pase catalytic subunit
family members, very low to undetectable expression was found for
G6PC1 and G6PC2 (not shown), whereas the expression of G6PC3
significantly increased in neurospheres, except in U138 cells (Fig. 3B).
Altogether, SLC37A2 which functions as an ER-embedded phosphate-
linked G6P antiporter facilitating the exchange of G6P and inorganic
phosphate ions [27], SLC37A3 which does not exhibit G6P antiporter
activity but instead forms a transporter complex with all-trans retinoic
acid-induced differentiation factor in osteoclasts [28], and G6PC3,
appeared important players involved in the adaptive metabolic
reprogramming in neurospheres.

3.4. Silencing of SLC37A2, SLC37A3, or G6PC3 alters 3D spheroid
formation and correlates with reduced GLUT1 and VEGF expression

While neurosphere formation resulted in increased SLC37A2,
SLC37A3, and G6PC3 expression, the impact of their respective silencing
was next assessed. Specificity of gene silencing was first confirmed in
U87 2D cell monolayers (Fig. 4A; siSLC37A2 = 80 + 4 % inhibition,
siSLC37A4 = 89 + 2 % inhibition, siG6PC3 = 92 + 6 % inhibition).
When neurospheres were subsequently generated (Fig. 4B), reduced
spheroid size was observed irrespective from the gene silenced (Fig. 4C).
Adaptive metabolic and angiogenesis GLUT1 and VEGF expression were

Fig. 3. Gene expression levels of G6P transporters and of G6PC3 in 3D neurospheres from four GBM-derived cell models. U118, U138, U251, and U87 human GBM-derived
cells were either as 2D monolayer (white bars) or neurospheres cultures (black bars) as described in the Methods section. Total RNA was isolated and transcript levels
were assessed by RT-qPCR for (A) G6P transporters SLC37A1, SLC37A2, SLC37A3, and SLC37A4, or for the (B) G6P catalytic subunit G6PC3. Data of gene expression
assessments represent triplicates from a representative experiment out of three biological replicates. P < 0.05 (*) values are considered significant.
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Fig. 4. Silencing of SLC37A2, SLC37A3, or G6PC3 alters 3D spheroid formation and correlates with reduced GLUT1 and VEGF expression. (A) SLC37A2, SLC37A3, and
G6PC3 gene silencing (black bars) was performed in U87 transfected cells and specificity validated by RT-qPCR compared with cells transfected with siScrambled
(white bars). (B) Representative phase contrast 3D neurospheres cultures of U87 cells from siScrambled- or siSLC37A2-, siSLC37A3-, and G6PC3-transfected cells
(Scale bar = 1000 pm), and (C) impact on relative spheroid size. Data for neurospheres size measurement are means from five images extracted and originating from
two independent experiments. (D) Total RNA was extracted from mock-transfected 2D or siScrambled-, siSLC37A2-, siSLC37A3-, and G6PC3-transfected 3D neu-
rospheres cultures, then gene expression for GLUT1, VEGF, and HIF-1a was assessed by RT-qPCR as described in the Methods section. Data of gene expression as-
sessments represent triplicates from a representative experiment out of three biological replicates. P < 0.05 (*) values are considered significant.

also reduced in neurospheres, whereas silencing of SLC37A2, SLC37A3,
and G6PC3 was found not to alter HIF-1a expression in neurospheres
(Fig. 4D). Collectively, this suggests that HIF-la-mediated transcrip-
tional regulation occurs upstream of SLC37A2, SLC37A3, and G6PC3
transcription.

3.5. Increased HIF-1a gene expression in neurospheres regulates the
acquisition of a cancer stem cell phenotype and regulates SLC37A2,
SLC37A3, and G6PC3 expression

Next, we wished to confirm the upstream impact of HIF-la on
SLC37A2, SLC37A3, and G6PC3 transcriptional regulation as well as on
the overall acquisition of a molecular cancer stem cells (CSC) signature

that is classically attributable to spheroid culture conditions. HIF-1a
silencing effectively prevented the increase in SLC37A2, SLC37A3, and
G6PC3 expression (Fig. 5A), confirming the upstream impact of HIF-1a
on these genes. A screen of several CSC biomarkers was further per-
formed as described in the Methods section using a PCR gene array to
assess global impact on a CSC phenotype. A representative fold-change
in expression between neurospheres versus 2D monolayers of upregu-
lated and downregulated gene expression is shown as a histogram
(Fig. 5B). These included ABCB5, ABCG2, PROM1, and CD44. A detailed
identity of the upregulated/downregulated genes identified, and clus-
tering analysis further confirmed that such molecular signature associ-
ated with a stem/progenitor shift, with stemness, plasticity and
regeneration phenotypes (Supplemental Fig. S1). These biological
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Fig. 5. Increased HIF-1a gene expression in 3D neurospheres cultures regulates the acquisition of a cancer stem cell phenotype and reduced SLC37A2, SLC37A3, and G6PC3
expression. (A) Total RNA was extracted from 2D siScrambled- or 3D neurospheres siHIF-1a-transfected cells, then expression of SLC37A2, SLC37A3, and G6PC3 was
assessed by RT-qPCR as described in the Methods section. Data of gene expression assessments represent triplicates from a representative experiment out of three
biological replicates. P < 0.05 (*) values are considered significant. (B) Total RNA was extracted from U87 cells as either 2D monolayers or spheroids cultures.
Differential cancer stem cell gene arrays were performed and a representative fold-change histogram of gene expression in 3D neurospheres cultures versus 2D
monolayers is shown. (C) Histograms show the number of genes that were induced upon 3D spheroids culture, and the extent of their inhibition when cells were
silenced for HIF-1a (left), SLC37A2 (middle), or G6PC3 (right). (D) Histograms show the number of genes that were decreased upon 3D spheroids culture, and the
extent of gene inhibition in 3D spheroids culture when cells were silenced for HIF-1a (left), SLC37A2 (middle), or G6PC3 (right).

processes and enriched pathways were also validated upon unsupervised
clustering from the 89-gene panel (Supplemental Table S1). Profiling of
induced genes in spheroid cultures was further explored. The number of
genes (~25) and the extent of their inhibition (~20-80 %) upon either

HIF-1a, SLC37A2, or G6PC3 silencing in neurospheres showed similar
tendencies (Fig. 5C). In parallel, profiling of reduced genes upon neu-
rospheres formation was also explored. The number of genes (~7-13)
and the extent of their inhibition (~15-90 %) upon either HIF-1a,
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SLC37A2, or G6PC3 silencing in neurospheres also exhibited similar
tendencies (Fig. 5D). Identity and extent of inhibition of the genes are
provided as Supplementary data (Supplemental Table S2). Collectively,
this line of evidence confirms the anticipated upstream HIF-1a-mediated
transcriptional regulation of the metabolic reprograming of SLC37A2,
SLC37A3, and G6PC3 with ultimate impact on the acquisition of a CSC
phenotype.

3.6. A distinctive HIF-1a-mediated molecular control of cancer stem cell
phenotype between SLC37A2 and G6PC3

In order to further decipher the hypoxic differential regulatory axis
that would regulate either the G6P hydrolysis (HIF-1a/G6PC3) or G6P
transport (HIF-1a/SLC37A2), correlation analysis was performed from
the data of Fig. 5C and D. We found that, among the genes analyzed,
shared extent of gene inhibition correlated well between HIF-1a and
G6PC3 for genes including PROM1, ABCB5, DLL1, FGFR2, ZEB1/2,
MS4A1, and CD44 (Fig. 6A, left panel). On the other hand, ABCG2,
GATA3, PTCHI, FLOT2, DLL1, ATXNI1, KITLG, ALDHIAI were all
concomitantly and to the same extent decreased upon either HIF-1a or
SLC37A2 silencing (Fig. 6A, right panel). Silencing of either SLC37A2 or
G6PC3 further validated the downstream decreases in several of the
genes identified from the above screen, including ABCB5, ABCG2, CD44,
PROM]1, and CXCL8 (Fig. 6B). Intriguingly, the extent of CXCL8 de-
creases observed were not found statistically significant. This confirms
that hypoxia-mediated metabolic reprogramming can impact on the

Fig. 6. A distinctive HIF-1a-mediated molecular control of cancer stem cell
phenotype between SLC37A2 and G6PC3. Transiently-transfected U87 cells were
cultured as either 2D monolayers or 3D neurospheres. Total RNA was isolated,
and cancer stem cell gene arrays were performed as described in the Methods
section. (A) Correlative relationship between genes that were commonly
inhibited upon silencing of HIF-la vs silencing of G6PC3 (left panel), and
silencing HIF-1a vs silencing of SLC37A2 (right panel). (B) RT-qPCR validation
of several genes identified in (A). Data of gene expression assessments represent
triplicates from a representative experiment out of three biological replicates. P
< 0.05 (*) values are considered significant.
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acquisition of a CSC phenotype.
4. Discussion

Targeting hypoxia-induced metabolic pathways in cancer cells is
becoming an increasing field of interest in anticancer drug development
[29]. Among current efforts, strategies include the development of HIF
inhibitors that destabilize HIF proteins and reduce their activity, thereby
impairing tumor adaptation mechanisms to hypoxia [30]. Drugs like
Acriflavine and Minnelide have shown potential in destabilizing HIF
proteins, reducing their ability to promote tumor growth [31,32].
Hypoxia-activated prodrugs, which remain inactive under normal oxy-
gen levels but become cytotoxic in hypoxic environments, can also
selectively target tumor cells [32]. Besides the identification of new
hypoxia-regulated biomarkers, by targeting hypoxia-induced pathways,
these strategies ultimately aim at overcoming resistance against
chemotherapy and radiotherapy and enhance the efficacy of existing
treatments. Whether they also target the adaptive acquisition of a CSC
phenotype remains to be confirmed.

Here, we specifically highlight the transcriptional regulation of ER-
embedded transporters SLC37A2 and SLC37A3, as well as the G6P cat-
alytic subunit G6PC3, to play a crucial role in the adaptive mechanisms
triggering the acquisition of a CSC molecular signature in HIF-1a-regu-
lated neurospheres. While correlative, our data support a regulatory axis
in which HIF-1a acts upstream of SLC37A2, SLC37A3, and G6PC3, as
evidenced by siRNA-mediated silencing and corresponding changes in
gene expression and neurosphere phenotype. Our study does not
currently include direct mechanistic validation of transcriptional control
as for instance chromatin immunoprecipitation (ChIP-qPCR) would
eventually help confirm HIF-1a potential binding to the promoter re-
gions of these genes. Promoter reporter assays could also be conducted
to assess transcriptional activity. As such, the current proposed tran-
scriptional regulation remains correlative. Future studies incorporating
these mechanistic approaches will be essential to definitively establish
whether HIF-1a directly regulates the expression of these solute carrier
genes and of G6PC3, and to further elucidate the molecular basis of
hypoxia-driven metabolic reprogramming in GBM stemness.

Overexpression of glucose transporters like GLUT1-4 in hypoxic
tumor cells is required to meet their increased energy demands and to
support their rapid growth and survival. Once glucose is transported and
phosphorylated inside the cells to G6P, the increased hypoxia-regulated
expression of SLC37A2 and SLC37A4 transcription could ultimately, at
the protein level, contribute to modulate the routing of G6P, in part
through the PPP, thereby influencing cancer cell proliferation and sur-
vival. This SLC37A2/SLC37A4-mediated fine tuning of G6P routing
could impact the balance between glycolysis and the PPP. In cancer
cells, the PPP is critical for producing ribose-5-phosphate for nucleotide
synthesis and NADPH for maintaining redox balance and biosynthesis.
By regulating G6P availability for NADPH production via the PPP, G6P-
mediated transport/hydrolysis could further maintain redox homeo-
stasis. This is particularly important in cancer cells, which often expe-
rience oxidative stress due to rapid proliferation.

Here, we highlight for the first time an underestimated downstream
transcriptional regulation of SLC37A2/SLC37A3, and G6PC3 in meta-
bolic plasticity. Such transcriptional adaptive metabolic mechanisms
appear to, in part, correlate with the acquisition of a CSC molecular
signature that may help cancer cells to adapt to their tumor microen-
vironment changes by directing G6P to pathways that meet the meta-
bolic demands of the cell including energy production, biosynthesis, or
antioxidant defense. An intriguing correlation was also noticed between
the transcriptional regulation of the acquired CSC phenotype upon
neurosphere formation involving HIF-1a/SLC37A2 and which distin-
guishes it from that exerted by HIF-1a/G6PC3 (Fig. 6). At the protein
level, this would translate into an intricate yet complex fate of the
transport of G6P within the ER and the rate of its subsequent hydrolysis
into glucose and inorganic phosphate that defines the differential
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regulation of specific subsets of CSC biomarkers. Whether there is a role
for other HIF-mediated regulation in GBM stem cell biology in pro-
moting stemness, chemoresistance, metastatic potential, angiogenesis
and survival under hypoxic conditions remains to be investigated. While
this study is preliminary in nature and focused on transcriptional
profiling and gene silencing in 3D neurosphere models, functional
rescue experiments, such as SLC37A2/SLC37A4 overexpression in a HIF-
la knockdown background, would eventually help confirm causality
within the proposed regulatory axis.

Interestingly, therapeutic implications may arise from targeting ER-
embedded G6P transports or their associated pathways which could
disrupt the metabolic adaptations of cancer cells. For example, inhibit-
ing G6P transport into the ER might reduce PPP activity, impairing
nucleotide synthesis and redox balance, thereby sensitizing cancer cells
to therapy. G6P transporters are therefore emerging as potential targets
for anticancer strategies, as they play a pivotal role in the metabolic
reprogramming that supports tumor growth and survival. Interestingly,
mumbaistatin analogs [33] and chlorogenic acid [34], both targeting
the G6P transporter SLC37A4, have been found to trigger apoptosis in
hypoxic mesenchymal stem/stromal cells or to alter intracellular
signaling respectively. Moreover, silencing of the G6P transporter
SLC37A4 led to cell death in GBM cells [35].

As HIFs play a central role in adapting cancer cells to low oxygen
conditions by regulating genes involved in glucose metabolism, angio-
genesis, and cell survival, here we provide supporting evidence for those
adaptive mechanisms to be triggered under 3D neurosphere cultures
which offer unique molecular advantages over traditional 2D cell
monolayers, in replicating in vivo conditions. These features make
spheroids cultures a valuable tool for research, especially in CSC biology
[36,37]. Our data allows us to highlight the fact that neurospheres
promote more physiological cell-cell interactions, which are crucial for
studying processes like tumor growth, invasion, and drug resistance. We
show that metabolic reprograming, at least at the transcriptional level, is
triggered within these spheroids which create gradients of nutrients and
oxygen, replicating the conditions found in solid tumors. Ultimately,
such cell model can provide a platform to study drug penetration and
resistance mechanisms, as 3D neurospheres pose barriers more closely
mimicking those in tumors [38,39].

In conclusion, given cancer cells’ reliance on altered glucose meta-
bolism, targeting glycolytic enzymes, glucose transporters, or glucose-
related pathways has been proposed as a therapeutic strategy [10,40,
41]. Emerging data indicate that glycolytic reprogramming may be
involved early in GBM development, but these observations are asso-
ciative and do not establish causality. The metabolic shift from oxidative
phosphorylation to aerobic glycolysis (Warburg effect, [42]) is
frequently linked to tumor progression and metastasis, yet the timing
and mechanistic contribution of this shift to GBM remain unclear.
Although 3D culture systems better replicate tumor hypoxia than 2D
monolayers, our results showing that 3D spheroids associate with
hypoxia-related metabolic changes, angiogenic signaling, and CSC-like
and chemoresistant features remain correlative (Fig. 7) and should not
be interpreted as proof of mechanistic links. Further experiments are
required to test causality and define underlying mechanisms. GBM cells
grown in 3D scaffolds may provide a more physiologically relevant
platform for studying metabolic adaptation and therapeutic resistance
[43], but validation in vivo and in clinical models, including
patient-derived xenografts and organoids, will be necessary to confirm
and extend these correlative findings.
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