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Abstract

Background: The conserved stem cell signaling network canonical Wingless (WNT) plays important roles in development and disease.
Aberrant activation of this pathway has been linked to tumor progression and resistance to therapy. Industry and academia have sub-
stantially invested in developing substances, which can efficiently and specifically block the WNT signaling pathway. However, a clear
clinical proof of the efficacy of this approach is still missing. Studies on the metabolomics dysregulation of cancer cells have led to
innovations in oncological diagnostics. In addition, modulation of cancer cell metabolome is at the base of promising clinical oncology
trials currently underway. While onco-protein activation can have profound metabolic outcomes, the involvement of stem cell signals,
such as the WNT pathway, in tumor cell metabolomics is yet insufficiently characterized. Material and methods: We determined live
cell metabolism and bioenergetics in pathophysiological relevant, WNT-dependent glioblastoma stem cell (GSC) models. We quantified
those parameters in cells with canonical WNT activity and in isogenic cells whereWNT activity had been inhibited by short hairpin RNA
against β-catenin. Furthermore, we applied computational analysis of RNA sequencing to verify our functional findings in independent
GSCs cohorts. Results: The investigated collection of disease models allows the separation in tumors with low, moderate and high
base line metabolic activity. Suppression of canonical WNT signaling led to significant reduction of total, mitochondrial, and glycolytic
ATP production rates. Elevated canonical WNT transcription signature in GSCs positively correlated with transcription levels of mito-
chondrial ATP synthesis, whereas non-canonical WNT gene expression signature did not. Conclusion: The applied disease modeling
technology allows the recapitulation of inter-tumoral heterogeneous metabolic properties of glioblastoma. Our data show for the first
time that inhibition of canonical WNT signaling in alive GSCs functionally correlates with energy inhibition and glucose homeostasis.
As this correlation occurs in GSCs from different transcriptional or epigenetic transcriptional subtypes, our results suggest that develop-
ing therapies directed against glycolysis/ATP-synthesis may be a promising strategy to overcome therapy resistance due to inter-tumoral
heterogeneity and offers starting point to impair downstream signal WNT.
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1. Introduction
Accumulating evidence demonstrates that the Wing-

less (WNT) network—one of the phylogenetically most
conserved developmental signaling pathways—acts as an
oncogenic driver in cancers [1,2]. Various WNT inhibitors
are currently being tested in clinical trials [3]. However,
not a single WNT inhibitor has been approved for cancer
therapy thus far. Previous clinical studies showed that sys-
temic administration of current WNT blockers resulted in

intolerable side effects, usually due to targeting the WNT
niche in the gastrointestinal tract [1]. The identification of
a putative blocker of cancer-specific WNT signaling would
be a promising strategy to overcome this hurdle.

The metabolic profile of cancer cells significantly dif-
fers from that of non-neoplastic cells. Some cancer cells are
abnormally dependent on energy production through anaer-
obic oxidation and show atypical activation of glutaminoly-
sis as well as fatty acid production [4]. It was suggested that
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therapeutic resistance is the consequence of these metabolic
alterations, which represent a major obstacle in the treat-
ment of cancer [5]. Several studies reported that high ac-
tivity of glycolysis causes chemotherapy resistance in ag-
gressive cancer cells [6]. Moreover, there is increasing evi-
dence that aggressive cancer cells in various tissues includ-
ing brain, can re-program their metabolism in response to
altered intrinsic and environmental conditions [7–10].

The impact of WNT signaling on the cellular energy
status of tumor cells has been investigated to some extent.
However, limited knowledge is available regarding its in-
volvement in brain tumor bioenergetics. WNT signaling
activates the potent proto-oncogene MYC in a variety of
cancers [11], which subsequently promotes anaerobic res-
piration and glutaminolysis [12]. WNT was found to pro-
mote glycolysis in breast [13] and colon [14] cancer. A
prominent oncogenic driver, also present in gliomas, is epi-
dermal growth factor receptor (EGFR) signaling, which in-
duces translocation of the glycolysis mediator pyruvate ki-
nase isoform M2 (PKM2) to the cell nucleus, where it di-
rectly binds to the key WNT transcription factor β-catenin.
The effects on glycolytic activity in this model are currently
unknown [15]. In breast cancer, metabolic stress (reactive
oxygen species production) has been demonstrated to mod-
ulateWNT activity through interaction with β-catenin [16].
Furthermore, WNT signaling promotes breast cancer stem-
ness by increasing mitochondrial mass and oxidative phos-
phorylation (OXPHOS) [17]. Another metabolic control of
WNT signaling is related to nutrient levels. Specifically,
over-nutrition stress—induced either genetically or by ad
libitum feeding—stimulates WNT thereby enhancing adi-
pogenesis [18]. Concordantly, non-esterified fatty acids are
essential for post-translational maturation of the WNT lig-
ands (palmitoylation) [19], which is essential for GSC sur-
vival [20]. In glioma, previous studies showed that EHZ2-
the core component of PRC2- functions as a histonemethyl-
transferase for the trimethylation of histone 3 on lysine 27
(H3K27me3). EHZ2 disruption can suppress aerobic gly-
colysis in glioblastoma cells, accompanied by inhibition of
β catenin transcription [21]. Moreover, dysregulation of
thermodynamics and circadian rhythm in glioma cells was
identified by metabolic changes in response to WNT acti-
vation [22]. Recently, purine metabolism was found to be
regulated in glioblastoma stem cells (GSCs) under acidic
stress conditions characteristic of the core region of rapidly
growing tumor parenchyma. However, no association to
WNT signaling was recorded [23].

The present study used glioblastoma as a cancer stem
cell model since this tumor type is known to harbor aWNT-
driven subpopulation of stem cells [24,25]. Capitalizing on
genetic engineering, gene expression and live cell bioener-
getic analyses, we aimed at identifying the effect of WNT
signaling on GSC metabolism. We found that GSC cell
lines manifested variable overall ATP production rates to
which mitochondrial oxidative phosphorylation and gly-

colysis contributed equally. Interestingly, suppression of
WNT signaling by β-catenin (CTNNB1) knockdown re-
duced total, mitochondrial and glycolytic ATP production
rates in most GSC lines. These data are in agreement with
single cell mRNAseq analysis showing that canonical and
overall WNT signaling gene expression positively corre-
lates with the expression of genes involved in the activa-
tion of the mitochondrial electron transport chain. Thus,
our study contributes towards elucidation of cancer stem
cell metabolism. Since WNT signaling, which is key to
GSC therapy resistance, is also essential for the coordi-
nated bioenergetics and metabolism of GSCs of different
molecular subtypes [26], anti-ATP-synthesis directed thera-
pies might be particularly successful in overcoming therapy
resistance associated with tumor heterogeneity.

2. Material and methods
2.1 Patients and their derived GSC samples for
sequencing analysis

The collection of glioma samples was approved by the
Beijing Tiantan Hospital institutional review board (IRB)
and written informed consent forms were obtained from
every patient. The site of tumor sample collection was
planned in the neuronavigation software before surgery.
Following their surgical removal, tumor tissues were imme-
diately immersed in culture medium and transported to the
laboratorywithin 30min. Glioma cells, obtained from these
primary tumors according to Zhai et al. [27], were cultured
in DMEM/F12 serum-free medium (Gibco) supplemented
with B27 (Gibco), basic fibroblast growth factor (BFGF,
20 ng/mL), epidermal growth factor (EGF, 20 ng/mL), and
heparin (2.5mg/mL). Cells were regularly passaged accord-
ing to their growth status. GSC gene expression array data
was downloaded from GSE67089 (https://www.ncbi.nlm.n
ih.gov/geo/query/acc.cgi?acc=GSE67089).

2.2 Transcriptome sequencing

Total RNA was extracted using the mRNA Isolation
Kit (Ambion, TX, USA) following manufacturer instruc-
tions. RNA integrity was evaluated by Bioanalyzer and
samples with RNA Integrity Number ≥7 were selected for
further transcriptome sequencing. The libraries were con-
structed using TruSeq Stranded mRNA LTSample Prep Kit
and sequenced on the Illumina sequencing platform (HiSe-
qTM 2500 or Illumina HiSeq X Ten).

2.3 Gene set variation analysis (GSVA)

The gene list of biological processes was obtained
from the GSEA Web portal (http://software.broadinstitut
e.org/gsea/msigdb/index.jsp). Based on the transcriptome
sequencing data, the biological enrichment score of each
tumor sample was obtained through the GSVA algorithm.
The GSVA algorithm was performed by R under the default
parameters.
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2.4 Correlation analysis
The correlation between biological function enrich-

ment scores were evaluated by the Pearson correlation anal-
ysis. Correlation plots were drawn by the ggplot2 package
(RStudio Inc, MA, USA) in R language.

2.5 Cell culture
GBM1, 233, 644 and JHH520 cells were cultured in

DMEM/F12 (Gibco), supplemented with B27 (Gibco), ba-
sic fibroblast growth factor (Peprotech BFGF, 20 ng/mL),
epidermal growth factor (Peprotech EGF, 20 ng/mL), and
heparin sodium salt (Sigma 2.5 mg/mL). Cells were tested
for mycoplasma before each experiment. Incubated at 37
◦C and 5% CO2, the cells were passaged whenever they
reached 80% density. The following models were kindly
provided by our colleagues: 233 (= BTSC233) and 407 (=
BTSC407) from M.S. Carro, Freiburg University, Freiburg
im Breisgau, Germany; JHH520 from G. Riggins, Johns
Hopkins, Baltimore, MD, USA; 644 (= NCH644) from
C. Herold-Mende, Heidelberg University, Heidelberg, Ger-
many, GBM1 (= HSR-GBM1) from A. Vescovi, Milan,
Italy; and SF188 from E. Raabe, Johns Hopkins Univer-
sity, Baltimore, MA, USA). Ethical approval to conduct the
in vitro studies was granted by the ethics committee of the
Medical Faculty of theHeinrich-HeineUniversity (study ID
5841R).

2.6 Genetic WNT inhibition model
HEK 293T cells were cultured in 10 cm dishes with

DMEM (Gibco) supplemented with 10% FBS (Sigma-
Aldrich) and 1%Penicillin/Streptomycin (Sigma) until they
reached 80% confluence. Subsequently, the medium was
replaced with antibiotic free DMEM/FBS. Cells where
transfected with transfection mix (800 µL DMEM, 4 µL
pMDL g/pRRE (Addgene #12259), 2 µL pRSV-Rev (Ad-
dgene #12253), 2 µL pMD2.G (Addgene #12259), 8 µL
pLKO.1 puro EV (#8453) or pLKO.1 puro shBeta-Catenin
and 60 µL FuGene transfection reagent (Promega #E2311).
On day 1 after transfection, the medium was replaced by
DMEM/FCS/P-S again. During days 2–4 after transfection,
10 mL supernatant was collected through 0.45 µL filter into
15 mL tubes containing 1 mL 50% PEG (Sigma-Aldrich,
MO, USA). Then 900 µL of 1.5 M NaCl was added. Tubes
were then vortexed and stored overnight at 4 ◦C. On the
next day, tubes were centrifuged at 7000 g and 4 ◦C for 30
min. Next, the supernatant was removed without disturbing
the virus particle pellets. Pellets were then resuspended in
150 µL PBS. The suspension was then aliquoted into 1.5
mL tubes (50 µL each).

For transduction, approx. 5 × 105 wild type cells
where centrifuged in 15 mL tubes, supernatant was re-
moved and 15 µL of virus particles were added to the pel-
let. Then the pellet was resuspended and transferred into
one well of a 6 well plate (Greiner). Each wildtype cell
line (WT) was transfected with pLKO shRNA against β-

Catenin (shCTNNB1) and pLKO empty vector (EV). On
day 1 after transduction, 1 mL of medium was added to
each well. On day 3 after transduction, 3 mL medium
where added and puromycin (Gibco) was added to each
well to select the cells (20 µg/mL). On day 5 after trans-
duction, medium was replaced with fresh medium contain-
ing puromycin. On day 7 that procedure was repeated. On
day 9 after transduction, the medium was changed to nor-
mal medium and the cells were then ready to be used in
downstream experiments.

To validate the model by target activation, we per-
formed Western blot analysis. Cell suspensions were cen-
trifuged, and pellets where lysed with cell lysis buffer (50
mM TRIS-HCl (pH 8),150 mM NaCl, 0.5% Triton X-
100, 0.5% Deoxycholate) with a general use protease in-
hibitor cocktail for 30 min on ice. The lysates were cen-
trifuged at 13000 rpm at 4 ◦C for 10 min to pellet DNA.
The supernatants were transferred into new 1.5 mL tubes.
Protein concentration was measured using the BCA As-
say (Bio-Rad) with BSA Standards (Bio-Rad). 30 µg of
protein were loaded onto 4–15% gradient precast BAA
gels (Bio-Rad). SDS-PAGE was performed at 110 V for
60 min. Transfer onto nitrocellulose membranes (Gen-
eral Electric Healthcare, IL, USA) was performed at 250
mA for 2 h. Subsequently, the membranes were blocked
with 5% BSA in TBS-T for 1 h and then incubated with
1:500 purified mouse Anti-β-Catenin antibodies (BD Bio-
sciences, NJ, USA, #610153), 1:1000 rabbit anti-β Actin
antibodies (Cell Signaling Technology, MA, USA, #4970)
and 1:10000 GAPDH monoclonal antibodies (Proteintech,
Tokyo, #60004-1-l g) in 5% BSA in TBS-T at 4 ◦C,
overnight. For visualization, the membranes were incu-
bated with IRDye 680RD Donkey anti-Mouse IgG an-
tibodies (1:10000, LiCor #926-68072) or IRDye800CW
goat-anti-rabbit IgG antibodies (1:10000, LI-COR, #926-
32211) for 1 h at room temperature and then scanned with
an Odyssey DLX Imaging System (LiCor). PageRuler
Plus Prestained Protein Ladder (Thermo Fisher, MA, USA,
#26620) was used as molecular weight marker. Protein lev-
els were quantified by Image J (NIH, MD, USA).

2.7 Extracellular flux analysis

GBM1, 233 and JHH520 wildtype (wt), EV and sh
β-Catenin (CTNNB1) cells were centrifuged and seeded
in XF96e microplates (Agilent Technologies, Inc., Santa
Clara, CA, USA) at a density of 25.000 cells per well. Per
cell line, 6 wells were used and empty wells were filled with
tissue culture medium. Following overnight incubation at
37 ◦C and 5% CO2, the cultures were washed twice with
Seahorse XF DMEM medium containing 5 mM HEPES
(Agilent Technologies) supplemented with 10 mM glucose,
2 mM glutamine and 1 mM sodium pyruvate. Following a
1h incubation in a CO2-free incubator at 37 ◦C, cells were
placed in the XF96e extracellular flux analyzer (Agilent
Technologies) for real time cell-based bioenergetic analy-

3

https://www.imrpress.com


sis, according to Aglilent’s Seahorse Real-Time ATP Rate
Assay kit and protocol. In brief, at baseline, the cellular
oxygen consumption rates (OCR) and extracellular acidifi-
cation rates (ECAR) were recorded four times at 6 min in-
tervals. This was followed by the subsequent injections of
1.5 µmol/L oligomycin A, 0.5 µmol/L rotenone/antimycin
A, and, where indicated, 50 mM 2-deoxyglucose. Af-
ter each injection, the changes in OCR and ECAR were
recorded three times at 6 min intervals. Oligomycin A,
rotenone and antimycin A were purchased from Sigma
Aldrich (St. Louis, USA) and dissolved in DMSO. Stocks
of glucose, pyruvate and 2-deoxyglucose (all from Sigma
Aldrich) were prepared in Seahorse XF DMEM medium.
All stocks were aliquoted and stored at –20 ◦C until use.
The medium was aspirated and the cells were lysed in 50
µL 20 mM Tris-HCl, 1 mM EDTA, 1 mM EGTA, 150 mM
NaCl, 1% Triton X-100, pH 7.5. Following centrifugation
for 5 min at 1000 rpm, protein content in the cell lysates
was determined using the Pierce™ BCA™ protein assay
(Thermo Fisher Scientific, Waltham,MA,USA). The extra-
cellular flux data were normalized for protein content and
analyzed by the WAVE software (version 2.6.0.31, Agilent
Technologies). Using this software, the ECAR values were
converted to proton extrusion rates (PER). The protein and
baseline-adjusted OCR and PER values were used to cal-
culate ATP production rates: mitochondrial and glycolytic
ATP production, as described elsewhere [28,29]. Formu-
las used to calculate the metabolic/bioenergetics parameters
can be found in the supplementary data.

2.8 Statistical analysis of functional assays

The box and whisker plots show the median and 5–
95% confidence interval. Significant differences among
cell lines were determined by one-way ANOVA followed
by Sidak analysis for multiple comparisons. p-values of
<0.05 were considered statistically significant. Statistical
analysis was conducted by GraphPad Prism 9.2.0 (Graph-
Pad Software, San Diego, CA, USA).

3. Results

3.1 Metabolic profiling of GSC models

We applied extracellular flux analysis to quantify ATP
production rates in living cells. Fig. 1A shows that the
JHH520 and 233 GSC lines displayed the highest ATP pro-
duction rates followed by GBM1 and 644. The lowest rates
of ATP production were observed in 407 and SF188 cells.
The differences in total ATP production rates could be as-
cribed to changes in both mitochondrial and glycolytic ATP
production (Fig. 1B,C). Yet, the two bioenergetic modes
equally contributed to total ATP production, as demon-
strated by the similarity of glycolytic to mitochondrial ATP
ratios among the different cell lines (Fig. 1D).

3.2 Impact of β-catenin knockdown on ATP production
rates

To explore the impact of canonical WNT signaling
on mitochondrial and glycolytic function, we created stable
cell lines modeling loss of function of WNT signaling [30].
The efficiency of β-catenin knockdown (CTNNB1 KD)
in these cells was determined by Western blot (Fig. 2A).
We used β-actin (ACTB) as loading control, since this cy-
toskeleton protein should not be affected by changes in cel-
lular metabolism and bioenergetics and is considered a suit-
able normalization gene for many tissues [31]. CTNNB1
KD decreased total ATP production rates by up to 75% in
all cell lines (p < 0.001, ANOVA) (Fig. 2B). This effect
could be attributed to reductions of both mitochondrial and
glycolytic ATP production rates.

Due to technical issues, we used GAPDH as a loading
control for cell line 233. GAPDH is not an ideal loading
control as it is a glycolytic enzyme, which could be influ-
enced by WNT signaling. However, the fact that glycolytic
ATP production was decreased by CTNNB1 KD in the 233
cells, while GAPDH did not change (Supplementary Fig.
1), suggest that GAPDHwas not modified by CTNNB1KD
and thus could serve as a proper loading control.

3.3 Correlation between WNT signaling and ATP synthesis
pathways in GSCs

We next tested whether the functional regulation of
ATP synthesis by canonicalWNT signaling is also mirrored
by correlations at gene expression level. This was done
using an in silico analysis of datasets derived from GSCs.
We assessed single cell RNA sequencing of GSCs retrieved
from different datasets and found a significant positive cor-
relation between the expression of ATP synthesis genes and
genes belonging to canonical WNT activation. In contrast,
the expression of ATP synthesis genes did not correlate with
the non-canonical WNT pathway (Fig. 3).

4. Discussion
Although cancer metabolism is a global and very ac-

tive research field, metabolic characterization of physio-
logically relevant molecular subtypes of tumor stem cells,
including GSCs, is insufficiently described [32]. Our ap-
proach, based on investigating major embryonic stem cell
pathways and living cell populations, can potentially bridge
this knowledge gap.

WNT-dependent GSCs manifest variable baseline
ATP synthesis rates, reflecting the ability of our disease
modeling technology to recapitulate wide spectra of the
cellular and genetic tumor heterogeneity. Our results
demonstrate that inhibition of canonical WNT signaling
by CTNNB1 knock-down can suppress the mitochondrial
and glycolytic activity in these cells. Notably, our pre-
vious studies showed that the potential of pharmacolog-
ical WNT inhibition (using the Novartis drug candidate
WNT974) is independent of the level of baseline WNT
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Fig. 1. Glioma stem cells reflect a wide range of total (A), as well as mitochondrial (B) and glycolytic (C) ATP production rates,
as assessed by extracellular flux analyses on living cells. However, the range of ratios of glycolytic to mitochondrial ATP productions
rates is relatively narrow. The two bioenergetic modes equally contributed to total ATP production, as demonstrated by the similarity of
glycolytic to mitochondrial ATP ratios among the different cell lines (D).

activity, as assessed by target gene expression profiling
(AXIN2) [30]. The current work suggests a correlation
between WNT baseline activity and metabolic state. We
previously used AXIN2 as a readout to score the signal-
ing pathway activity in our cells and found that GBM1 is
a model with moderate WNT activity, while JHH520 is a
model with remarkably high WNT activity [20]. Interest-
ingly, both models showed similarly large drops in ATP
synthesis rate upon inhibition of canonical WNT signal-
ing despite manifesting different ATP production rates. Our
data suggest that anti-WNT directed interventions may be
effective independent of baseline WNT activity. The ana-
lyzed cell models belonged to different transcriptional sub-
classes of the tumor, with GBM1 being a classical sub-
type and JHH520 a mesenchymal subtype [26]. Thus,
our findings suggest that novel therapeutic strategies di-
rected against WNT members—or their downstream sig-
nal mediators—may be able to overcome therapy resistance
due to molecular heterogeneity of glioblastoma (accord-
ing to Verhaak et al. [32]). That being said, the models
also manifest some homogeneity as they are all wildtype
for IDH1 and present methylated MGMT promoter, two
consensus markers in clinical neuropathology [33]. From
a translational point of view, targeting metabolic pathways,

such as glycolysis, to overcome chemotherapy resistance in
WNT-signaling-dependent tumors is very relevant, as phar-
macological inhibitors of glycolysis are already in an ad-
vanced stage of development [28]. Inhibitors of glycolysis
may therefore serve as an alternative, possibly less adverse,
therapeutic strategy to eradicateWNT-driven malignant be-
havior of glioma. Moreover, as inhibition of glycolysis
affects not only ATP production, but also the availability
of NAD+ as an important co-factor for different types of
cancer cells [34], the anti-glycolytic treatment is warranted
as a pan-onco-therapy. Our study extends the list of evi-
dence supporting this concept by describing its relevance
as partial WNT inhibition strategy, at least in the context of
glioma. Recently, we performed a characterization of the
glutaminolytic activity of the cell models used here [35].
The data from Koch et al. [35] together with our own re-
sults, indicate that—at least in this cell system—there is no
correlation between WNT pathway activity and the ampli-
tude of cellular glutaminolysis. Gluaminolysis inhibition
therapy may thus be less effective in targeting WNT-driven
glioma stemness compared to anti-glycolytic approaches.
A thorough analysis of the effect of glutaminase inhibitors
on WNT activation is required to verify this hypothesis.
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Fig. 2. Establishment of genetic WNT pathway inhibition models via β-catenin knock-down. (A) Representative Western blot of
the WNT model (upper panel) and densitometric protein quantification (lower panel). The visible bands are β catenin band (–92 kDA)
and β actin (–45 kDA). (B) Effect of CTNNB1 inhibition on total, mitochondrial and glycolytic ATP production. Total ATP production
was significantly reduced in both GBM1 and JHH520 GSC lines in which both mitochondrial and glycolytic ATP production rates were
significantly reduced as well. ***, p < 0.001 for pairwise comparisons between the cell lines as determined by ANOVA and Sidak
post-hoc correction. EV, empty vector; shCTNNB1, β catenin knockdown.

Surprisingly, our single cell gene expression sequenc-
ing data suggest that the WNT-ATP synthesis interaction
in GSCs is preferentially mediated through the canonical,
CTNNB1-dependent branch of WNT. While we acknowl-
edge that our data is only correlative, thereby less robust
as compared to functional data, our observation is in con-
trast to reports from others in other biological contexts.
For instance, WNT5a-mediated activation of non-canonical
WNT signaling caused increase in glycolytic activity in
melanoma and in cortical neurons [36,37]. Of note, a pi-
oneering work in the field revealed the biological impor-
tance of WNT5a to promote GSC maintenance [38,39], but
no assessment of the effect of WNT5a on the metabolomics
of these cells has been conducted yet.

We are aware of certain limitations of the study that
have to be considered carefully when interpreting the data:
(1) The gene engineering technology used: the lentiviral ap-
proach used in this study cannot exclude that the observed
metabolic phenotype is secondary to processes upstream to
β-catenin inhibition. Such processes might be related to the
fact that the lentiviral integration happens at an uncontrolled
location in the genomic DNA of the target cells, thereby

limiting the standardization of our model. Nevertheless,
this is unlikely, as the effects were visible in all tested GSC
models. In addition, in all testedmodels, we did not observe
a clear trend of altered cell growth upon RNA interference
(data not shown). We acknowledge that the use of a second
antisense construct directed against CTNNB1mRNA could
support our hypothesis that the metabolic changes are di-
rectly related to the inhibition of canonical WNT signaling.
(2) Insufficient diversity: Our data present a small num-
ber of cell models, especially when hypothesizing that the
effect is not restricted to any molecular subtype of glioblas-
toma. However, since our cell models are well accepted
and replicate multiple molecular and cellular features of
glioblastoma [26], we believe that the conclusions of the
study are substantiated. To benchmark the clinical rele-
vance of our study, in vivo validation in xenograft mod-
els would be of great advantage. Optimally, such attempts
should be conducted in immunocompetent glioma mouse
models, as we recently described [40], to mimic a complete
tumor microenvironment. This seems particularly relevant
as WNT signaling in cancer cells has been identified as a
strong mediator of tumor immune evasion [41,42].
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Fig. 3. Correlation analysis of gene expression in GSCs from two independent single cell RNA sequencing datasets (BNI-GSC and
GSE67089). There was a strong positive correlation between the expression of ATP synthesis related genes and canonical (CTNNB1-
dependent) WNT signaling genes. However, the expression of non-canonical WNT genes (CTNNB1 independent pathway) did not
correlate with the expression of ATP synthesis-related genes. We also found a positive correlation between the expression of all WNT
branches (WNT signaling pathway) and ATP synthesis genes.

5. Conclusions
Taken together, our data indicate that metabolic de-

pendency of tumor stem cells are at least in part a result
of the aberrant or constitutive activation of phylogeneti-
cally conserved canonical WNT signaling. Thus, targeting
metabolic pathways is a promising strategy to overcome the
resistance to therapy of molecular heterogeneous tumors,
such as glioblastoma, as well as an attractive route to over-
come the hurdles of clinical translation of hitherto devel-
oped anti-tumor stem cell drugs.
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