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Abstract

Background Glioblastoma (GBM) is a lethal brain tumor characterized by the glioma stem cell (GSC) niche. The
V-ATPase proton pump has been described as a crucial factor in sustaining GSC viability and tumorigenicity. Here we
studied how patients-derived GSCs rely on V-ATPase activity to sustain mitochondrial bioenergetics and cell growth.

Methods V-ATPase activity in GSC cultures was modulated using Bafilomycin A1 (BafA1) and cell viability and meta-
bolic traits were analyzed using live assays. The GBM patients-derived orthotopic xenografts were used as in vivo
models of disease. Cell extracts, proximity-ligation assay and advanced microscopy was used to analyze subcellular
presence of proteins. A metabolomic screening was performed using Biocrates p180 kit, whereas transcriptomic
analysis was performed using Nanostring panels.

Results Perturbation of V-ATPase activity reduces GSC growth in vitro and in vivo. In GSC there is a pool of V-ATPase
that localize in mitochondria. At the functional level, V-ATPase inhibition in GSC induces ROS production, mitochon-
drial damage, while hindering mitochondrial oxidative phosphorylation and reducing protein synthesis. This meta-
bolic rewiring is accompanied by a higher glycolytic rate and intracellular lactate accumulation, which is not exploited
by GSCs for biosynthetic or survival purposes.

Conclusions V-ATPase activity in GSC is critical for mitochondrial metabolism and cell growth. Targeting V-ATPase
activity may be a novel potential vulnerability for glioblastoma treatment.
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Background

Glioblastoma (GBM) is a highly lethal tumor of the cen-
tral nervous system. It is characterized by a high degree
of intra-tumor heterogeneity, in terms of histological and
molecular features [1]. At the molecular level, primary
GBM is characterized by wild-type IDH enzymes and
EGFR amplification [2]. The elevated lethality of glio-
blastoma and poor response to therapeutics are due to
the presence of the glioma stem cell (GSC) niche, which
is favored by a hypoxic microenvironment [3]. GSCs play
a crucial role in tumor initiation, progression, therapy
resistance, and disease recurrence due to their ability to
self-renew and differentiate into various cell types. The
metabolism of GSCs is quite differ from that of normal
brain cells and cells of the tumor bulk [4]. Indeed, GSCs
show metabolic plasticity, enabling them to favor glycoly-
sis or OxPhos as source of energy, according to environ-
mental conditions. This metabolic plasticity is crucial for
adapting to nutritional and oxygen changes within the
tumor microenvironment (TME), allowing them to adapt
to and/or compensate for an unfavorable TME and con-
tributes to their superior resistance to therapeutics. [4, 5].
Therefore, the identification of potential novel targets to
halt GSCs survival has become a priority in the medical
setting. Targeting the metabolic vulnerabilities of GSCs
has proven a promising approach to eliminate GSCs [4].

Alterations in cellular metabolism and pH gradient
have been recognized as hallmarks of cancer, including
GBM. Hypoxia and hypoxia-inducible factors (HIFs) play
a crucial role in promoting metabolic reprogramming in
cancer cells as well as in promoting stemness and therapy
resistance [3, 6].

The vacuolar proton pump V-ATPase is one of the main
regulators of intra/extra-cellular space acidification and
nutrient sensing. V-ATPase is a multi-subunit protein
responsible for protein trafficking, endo/lysosomal activ-
ity, mTORC1-directed cell growth, and autophagy [7, 8].
In physiologic conditions, V-ATPase activity modulates
neuron synaptic activity through the loading of neuro-
transmitters into synaptic vesicles [9]. Recent papers
have showed that the expression of V-ATPase subunits
is deregulated in tumor cells and is not restricted to lys-
osomes only [10-14]. Changes in V-ATPase subunits
expression, localization and mutations are closely associ-
ated with cancer progression and invasion [11, 15]. Fur-
thermore, alterations in V-ATPase activity can impair
chemotherapeutics uptake and efficiency through the
modulation of extracellular pH [16]. Because of the pleio-
tropic effects of V-ATPase activity, this pump represents
an attractive therapeutic target in translational oncology
[15,17, 18].

We have previously showed that the overexpression
of the catalytic subunit V1G1 correlates with increased
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GSCs viability, clonogenicity and invasiveness. These fea-
tures were significantly reduced by impairing V-ATPase
activity with Bafilomycin Al (BafAl) treatment. Dur-
ing GSCs differentiation, we also observed significant
reduction of V1G1 expression [19]. Finally, we demon-
strated that V-ATPase activity in GSCs participates in
reprogramming the brain microenvironment toward a
pro-tumorigenic state through extracellular vesicles [20,
21]. Specifically, extracellular vesicles from GSCs with
high V-ATPase V1G1 subunit expression induce ERK1/2,
Notch and PI3K/mTOR signals in non-neoplastic recipi-
ent brain cells, thus increasing their proliferative activity,
survival, and motility [20, 21].

The PIBK-AKT-mTOR signaling is a key oncogenic
pathway in GBM, where it regulates tumor metabolism,
translation, cell growth and autophagy [22, 23]. The latter
is altered in human primary GBM GSCs and in a Dros-
ophila model of glioma with high V-ATPase expression.
Indeed, restoration of the autophagic flux through the
downregulation of V-ATPase subunits or Target of rapa-
mycin complex 1 (TORC1) resulted in the inhibition of
Akt signaling and of glial cell overgrowth [24].

While the critical role of V-ATPase in -GBM is now
established, how this pump contributes to GSCs viabil-
ity and growth is still unknown. Thus, understanding
the underpinning pro-tumorigenic metabolic mecha-
nisms and pathways regulated by V-ATPase is crucial to
propose new therapeutic opportunities. In this study we
characterize the role of V-ATPase in regulating bioen-
ergetics in GSCs and we provide novel insights into the
mechanisms behind BafAl-induced cell death.

Methods

The following methods are described in the Supplemen-
tary Information file: Total and mitochondrial protein
isolation and quantification; Immunoblotting and protein
array; Standard, calibration and quality control solutions;
LC-MS/MS analysis; list of antibodies used.

Patients’ samples, GSCs culture and pharmacological
treatment

Tumor samples from GBM patients’ (listed in Suppl.
Table S1) were obtained from the Neurosurgery Unit of
Fondazione IRCCS Ca’ Granda Ospedale Maggiore Poli-
clinico. The study was approved by a local Ethic Commit-
tee (IRB#275/2013) and all patients signed an informed
consent. GBM tissues were dissociated using both enzy-
matic and mechanical methods (Tumor dissociation kit,
Miltenyi Biotech). GBM-derived neurospheres enriched
in GSCs [19], were cultured in Neurocult medium sup-
plemented with EGF and FGF (STEMCELL Technolo-
gies) as previously described [19]. Experiments were
performed in technical triplicate using primary GSCs
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derived from different GBM patients (described in
Suppl. Table S1). GSCs were subjected to the following
treatments: BafilomycinA1 (5 or 20 nM for 24 and 48 h;
sc-201550, Santa Cruz Biotechnology); ROS inhibitor
MitoTempo (100 uM for 24 h; SML0737, Sigma-Aldrich);
D-glucose-'3C, (10 mM for 6 h; 389,374, Sigma-Aldrich).

Fluorescent assays

For apoptosis detection, GSCs were seeded in a 96 well
plate and stained with Annexin V (cat. 556,419, BD Bio-
science) for 15 min at 37 °C. Images were captured using
a Nikon time-lapse microscope (Eclipse Ti-E Nikon) at
5% of magnification. Lysosomal activity was analyzed by
incubating GSCs with DQ-BSA (D12051 Thermo Fisher
Scientific) for 24 h, then GSCs were cytospinned, fixed in
4% Paraformaldehyde (PFA) and mounted using the Pro-
Long gold antifade reagent (Thermo Fisher Scientific).

For Proximity Ligation Assay (Duolink PLA — Sigma)
and immunofluorescence (IF) GSCs were cytospinned,
fixed in 4% PFA, permeabilized in PBS-Triton 0.5% and
incubated 60 min at 37 °C with Duolink Blocking Solu-
tion for PLA and in BSA 10% for IF. Cells were then
incubated overnight at 4 °C with the following primary
antibodies: anti-V-ATPase G1 and anti-Tomm20 (for
PLA and IF), anti-V-ATPase G1 and anti-Lampl (for
PLA). For both the procedures single primary antibodies
staining was performed as background controls. Anti-
bodies dilution is reported in Suppl. Table S2.

For PLA, PLUS and MINUS probes, ligation and ampli-
fication were performed following the manufacturer
instructions. Slides were then mounted using Duolink in
Situ Mounting with DAPI. For IF, cells were stained with
fluorescent secondary antibody (Suppl. Table S2), and
nuclei were stained with Hoechst 3342 (1:1000, Cell Sign-
aling). Slides were mounted with coverslip and ProLong
Gold antifade (P36930, Thermo Fisher Scientific). Images
were acquired with Leica SP8 Confocal Microscope
(Leica Microsystems), z stack 0.46 pum, at a magnification
of 63x.

Protein synthesis was evaluated incubating GSCs with
the Click-it Plus OPP assay (20 pM; cat. C10456, Thermo
Fisher Scientifics) for 1 h. Then, cells were rinsed twice
and cytospinned at 300 rpm for 3 min, fixed with PFA
4% and permeabilized with PBS-Triton 0.5%. GSCs were
then processed following the manufacturer instruction.
Images were acquired using a Leica SP8 Confocal Micro-
scope, z stack 0.46 pm, at a magnification of 63x. All
fluorescent images were quantified using Fiji Image] soft-
ware (https://imagej.net), with the following parameters:
for AnnexinV and protein synthesis, mean fluorescence
intensity (MFI) of positive spots was measured, whereas
for DQ-BSA and PLA assay total positive spot area was
calculated.
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For colocalization experiments and 3D reconstruction,
images were deconvolved using Hyugens software and
3D images were reconstructed using the Leica software.
The colocalization was measured as the percentage of
V1G1 signal that colocalizes with Tomm20 signal.

Cell staining and flow cytometry analysis

GSCs spheres were dissociated to single cell, filtered to
avoid aggregates and washed in PBS. For the evalua-
tion of mitochondria ROS levels, cells were stained with
MitoSoX Red (1:1000 M36008, Molecular Probes) in
HBSS for 10 min at 37 °C. To assess mitochondria depo-
larization, cells were stained in growth medium at 37 °C
with TMRE (50 nM; T669, Thermo Fisher Scientific)
for 10 min or with JC1 (MBS258016, MyBioSource) for
25 min. For cell cycle analysis, cells were fixed with eth-
anol 100% overnight at 4 °C, washed and stained with a
mix of propidium and RNAse (550,825, BD Bioscience)
for 15 min at 4 °C. Samples were acquired using FACS-
Canto II (BD Biosciences), data were subsequently ana-
lyzed with FlowJo v.10 software by Dean-Jett-Fox model.

Real-time cell metabolic analysis

Metabolic features of GSCs were analyzed using the Sea-
horse XFe24 Analyzer, and the XF Real-Time ATP Rate
Assay Kit, XF Cell Mito Stress Test Kit and XF Glucose/
Pyruvate Oxidation stress test kit (all from Agilent Tech-
nologies). GSCs were grown in NC medium and treated
for 48 h with BafAl. After 48 h cells were collected,
washed (Seahorse XF DMEM medium, pH 7.4 w/o Phe-
nol Red, Glucose 10 mM, Pyruvate 1 mM, L-Glutamine
2 M) and 100 pl/well of GSCs suspension was seeded in
a XF24 islet capture plate (Mito Stress Test and for Glu-
cose/Pyruvate Oxidation stress test) or in a XF24 V7
plate coated with poly-L-lysine (P4832 Sigma) (ATP rate
assay). Medium was added to a final volume of 500 pl.
Plates were incubated in a 37 °C non-CO2 incubator for
45 min and then loaded in the instrument. Cartridge
ports were loaded with Oligomycin (Cf:4 pM), FCCP (Cf:
4 uM), Rotenone+ Antimycin A (Cf:1.5 uM), UK5099
(Cf:2 uM) according to manual instructions. At the end
of the experiment, pictures of each well were taken, and
spheres total area was calculated by Fiji Image] software.
Area values were used to normalized metabolic assays.
For the ATP Rate Assay total proteins were extracted
from GSCs, quantified and used to normalize data. Data
were analyzed using the Seahorse Analytics (https://
seahorseanalytics.agilent.com). Only GSCs-containing
wells with a O, pressure equal to 152+ 10 mmHg and an
OCR value of at least 20 pmol/min were included in the
analyzes.
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RNA purification and Nanostring analysis

Total RNA was purified using the MasterPure RNA puri-
fication Kit (Epicentre, Illumina). RNA quality and con-
centration was evaluated by RNA ScreenTape Analysis
on a 4200 TapeStation System (Agilent). Gene expres-
sion was evaluated using the Cancer Metabolism or the
Metabolic Pathways Panel on the nCounter Flex Analysis
System (Nanostring). Data analysis was performed using
R software (v.4.3.1) and the NanoStringClustR pack-
age. For data normalization a modified version of the
“multi_norm” function was used. Data were loess nor-
malized, and genes were considered expressed if their
expression was greater than or equal to two-times the
standard deviation of the negative controls in at least two
samples. Genes were considered significantly differen-
tially expressed if they had an adj pvalue (FDR) <0.05 and
a log (FC)>|1]|. Genes clusters were identified using the
k-means function and the silhouette coefficient; then, for
each k-cluster we performed gene set enrichment analy-
sis using the pathfindR package considering the HALL-
MARK dataset as reference.

Targeted metabolomics
GSCs lysates were analyzed using the AbsoluteIDQ®
p180 kit (Biocrates Life Sciences AG, Innsbruck, Aus-
tria) and LC-MS/MS. To this end, cell pellets were resus-
pended in cold EtOH 85% (85:15 PBS) followed by two
cycles of sonication and freezing and a final centrifuga-
tion at 18000 g for 10 min at 4° C. Samples were analyzed
with a high-pressure liquid chromatograph Agilent 1260
(Agilent Technologies) coupled with a hybrid triple quad-
rupole/linear ion trap mass spectrometer (QTRAP 5500;
Sciex, Milan Italy) with an electrospray ionization source.
The Analyst® software (version 1.6.3; Sciex) was used
to prepare the sequence of analyzes, the MultiQuant""
software (version 3.0.8664.0; Sciex) was used for the inte-
gration of chromatographic peaks. Metabolites levels
were normalized on the total protein content.

13C-glucose flux analysis

GSCs were incubated with 10 mM of !*C-labeled
D-glucose (for 6 h in DMEM medium supplemented
with 1 mM pyruvate and 2 mM Glutamine. After the
incubation, cell culture medium was collected and
centrifuged at 300 g for 5 min to remove cell remains.
Supernatant (50 pL) was added with 200 uL. MeOH
and 5 pL of the internal standard (IS) solution; the
sample was mixed with a vortex and then centrifuged
at 11,000 g for 10 min, to allow protein precipitation.
An aliquot of 10 uL was then injected in LC-MS/MS
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system for analysis. Cell pellet was washed twice with
PBS and resuspended in 80% cold methanol. Samples
were vortexed and centrifuged at 12000 g 10 min 4 °C.
The obtained extract (100 pL) was evaporated under
a gentle stream of nitrogen with the heating block set
at 45 °C, reconstituted with 50 pl of MeOH, vigor-
ously mixed with a vortex, and then transferred into an
insert. An aliquot of 10 puL was injected in LC-MS/MS
system. Samples were analyzed on a Surveyor high per-
formance liquid chromatography system (Thermo Sci-
entific, Rodano, Italy) equipped with a Raptor Polar X,
50% 2.1 mm, 2.7 um particle size (Restek, Milan, Italy).
The liquid chromatography instrument was interfaced
with a triple quadrupole mass spectrometer equipped
with a hot-electrospray ionization source (TSQ Quan-
tum Access with H-ESI; Thermo Scientific). Total pro-
tein content was used for data normalization.

Animal experiments

Animal experiments were carried out in compliance with
the institutional guidelines for the care and use of experi-
mental animals (European Directive 2010/63/UE and the
Italian law 26/2014), authorized by the Italian Ministry of
Health and approved by the Animal Use and Care Com-
mittee of the University of Milan. Female NOD/SCID
mice (n=10; 7-8 weeks of age, Envigo, Huntingdon,
UK) were kept in the appropriate cages in an environ-
ment of 23+ 1 °C and 50 + 5% humidity, with a 12 h light/
dark cycle and fed ad libitum. The orthotopic murine
model was obtained by stereotaxic injection (coordinates:
1.5 mm lateral to the bregma, 0 mm behind and 3-0 mm
ventral to the dura) of 1 X 1075 patients derived GSCs sta-
bly transduced with a luciferase construct in 2 pl of PBS
as described [25]. The effect of V-ATPase activity inhibi-
tion on GSCs growth was investigated in mice inoculated
with GSC treated with BafAl. Following surgery, mice
were monitored for recovery until complete awakening.
For bioluminescence imaging, mice were anaesthetized
with mixture of tiletamine/zolazepam (40 mg/kg, Zoletil)
and xylazine (8 mg/kg, Xilor), and then intraperitoneally
injected with 150 mg/kg of luciferin. Bioluminescence
signal (BL) was acquired weekly with the IVIS SPEC-
TRUM/CT instrument (Perkin Elmer), using an acquisi-
tion time of 5 min, medium binning, f/stop=1, no filter,
field of view 13 X 13 cm. All images were scaled and quan-
tified by applying Regions of Interest (ROI) on BL signals
using the Living Image Software. Data were expressed
as BL counts. At day 144, all mice were sacrificed and
brain was collected, formalin fixed, and paraffin embed-
ded. For morphological and histological examination,
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Fig. 1 V-ATPase inhibition in GSCs decreases glioma growth in vivo. a, b Luciferase-transduced GSCs treated with vehicle or 5 nM BafA1 for 24 h
were intracranially injected in nude mice and glioma growth in vivo was evaluated by luciferase emission up to 144 days (BL Intensity; a,b). At
sacrifice brains were collected and formalin-fixed and paraffine-embedded for morpho-histological examination. Then, a section was stained

with STEM121, phosphorylated S6 at Serine 240/244 (pS6) and ki67 antibodies (brown color; ¢) to visualize respectively glioma cell infiltration

in the brain parenchyma, cell growth and proliferation. STEM121, pS6 and ki67 staining was quantified using Image Scope (Leica) (j). Scale bar 1 mm
left panel, 100 um zoomed inset. Representative images are shown for A and C panels. **, p=0.003 by Mann-Whitney U test

4 um sections were cut and either stained with hema-
toxylin and eosin (H&E) or with a STEM121, Ki67, and
Ser240/244 phosphorylated S6 (pS6) primary antibody
(Suppl. Table S2) as described [25].

Results

V-ATPase inhibition reduces GBM growth in vivo

and in vitro

We previously showed that different conformations of
the V-ATPase pump are expressed in low-grade glioma
respect to GBM and that the pump conformation affects
glioma growth in vivo. [25]. High expression of the cata-
lytic V-ATPase G1 subunit is significantly associated with

most aggressive gliomas. [19]. Therefore, we started this
study inhibiting V-ATPase activity using Bafilomycin
Al (BafAl), a macrolide molecule that binds to the VO
domain of the pump thus inhibiting its rotation and pro-
ton translocation [26].

At the cytostatic concentration of 5 nM BafA1l (Suppl.
Figure 1a,b), the pump activity in lysosomes was com-
pletely inhibited (Suppl. Figure 1c,d) and cell cycle pro-
gression was arrested in S phase (Suppl. Figure lef).
In the orthotopic mouse model of GBM, [25], treat-
ment of GSCs with BafA1l was sufficient to slow tumor
growth (Fig. 1a,b), and to decrease tumor cell invasion
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(STEM121), proliferation (Ki67) and growth (p-S6)
(Fig. 1c).

BafAl is a well-known inhibitor of the last stages of
autophagy [24, 27], a pathway deeply connected with lyso-
somal function that could promote cell death [28]. There-
fore, we analyzed whether autophagy was affected after
V-ATPase block. In BafAl-treated GSCs the autophagic
markers LC3B-II and p62 showed only a marginal
accumulation over time (Suppl. Figure 2a,b), while no
difference in autophagosome could be detected in BafAl-
treated GSC compared to controls (Suppl. Figure 2c),
supporting the previous observations about autophagy
impairment upstream of autophagosome formation in
GSC with elevated expression of V-ATPase [24].

In keeping with this, the lysosomal compartment was
not affected by the V-ATPase block, given that Lampl
expression and the number of lysosomes was unaffected
by BafA1 (Suppl. Figure 2b,e respectively), and the major
transcription regulator or the autophagy-lysosomal path-
way TFEB was not detected in GSC nuclei (Suppl. Fig-
ure 2f). Therefore, this information supports the idea
that autophagy is not a pathway key for GSC bioenergetic
requirements.

On the contrary, the master energy sensor AMP-acti-
vated protein kinase (AMPK) was activated after BafA1l
treatment (Suppl. Figure 3a-e) while the activity of the
kinase p70S6K (Suppl. Figure 3b,c), the ribosomal protein
S6 (Suppl. Figure 3f,g) and of eukaryotic initiation factor
2 (eI2F) alpha subunit (Suppl. Figure 3d,e) was inhibited
suggesting that the mTORCI signaling was inactivated
by BafAl treatment and global translation was compro-
mised (Suppl. Figure 3a).

These data indicate that the inhibition of V-ATPase
activity induces a state of energy deficit in primary GSCs
without the involvement of autophagy. This metabolic
change is crucial for GSCs growth in vivo.

V-ATPase modulates mitochondria homeostasis in GSCs
Next, we better characterize GSCs bioenergetics follow-
ing V-ATPase inhibition, to elucidate the contribution

(See figure on next page.)
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of the proton pump to GSCs viability. BafAl treatment
in GSCs increased reactive oxygen species (ROS) lev-
els (Fig. 2a,b), and induced mitochondria depolariza-
tion (Fig. 2c,d and Suppl. Figure 4a). ROS levels were
not reverted to basal conditions after incubation with
ROS inhibitor (Fig. 2a,b), suggesting that the inhibition
of V-ATPase activity causes irreversible mitochondrial
damage. To corroborate this finding, we performed ultra-
structural analysis of GSCs at baseline or after BafAl
treatment. Despite the total number of mitochondria
was not affected by V-ATPase activity, BafAl treatment
increased damaged organelles while diminishing the
number of healthy ones (Suppl. Figure 4b-d). Using a live
cell metabolic assay to dynamically measure mitochon-
drial function (Fig. 2e), we found that V-ATPase impair-
ment decreases basal (Fig. 2f,g) and maximal (Fig. 2fh)
respiration in GSCs cultures. In contrast, the non-mito-
chondrial respiration was unaffected by BafA1l treatment
(Suppl. Figure 4e).

Analysis in purified mitochondrial extracts of enzymes
from the matrix and the outer, and inner membrane
showed that their expression was reduced after BafAl
treatment (Fig. 2i,j), without modulation of mitophagy
(Suppl. Figure 5a,b). Further, we observed V-ATPase G1
localization at the organelle membrane (Fig. 2 i,j).

While a connection between the proton pump and
mitochondria, the cell powerhouse, has already been
shown in C. Elegans [29] and in a zebrafish model of
deafness [30], no evidence in mammalian systems has
been reported before.

To validate our novel finding, we analyzed V-ATPase
G1 subcellular localization in GSCs using a proximity
ligation assay (PLA) and confocal microscopy followed
by 3D deconvolution. Both PLA (Fig. 2k and Suppl. Fig-
ure 5¢) and confocal microscopy (Fig. 2l) showed that
the V-ATPase G1 subunit colocalizes with Tomm?20,
confirming its presence on GSCs mitochondria stained
with mitochondrial marker Tomm20. We also analyzed
and detected the V-ATPase subunit in lysosomes by PLA
(Fig. 2k; Lamp1-positive spots) as expected [7], while no

Fig. 2 A mitochondrial pool of V-ATPase is present in GSC and V-ATPase targeting perturbs mitochondria homeostasis. a-d GSCs were incubated
with vehicle (Ctrl) or 5 nM BafA1 for 48 h and then ROS production (a,b) or a mitochondrial membrane potential assay (TMRE; ¢,d) were
performed. *, p=0.03 by Mann-Whitney U test. e~h The mitochondrial function (e,f) was evaluated live in GSCs incubated with vehicle (Ctrl)

or 5 nM BafA1 for 48 h as the oxygen consumption rate (OCR) using selective uncouplers of the electron transport chain (oligomycin, FCCP,

and rotenone-antimycin A). The basal (g) and maximal (h) respiratory capacity was then measured in GSCs. **, p=0.005; #, p=0.008 by Mann-
Whitney U test. i,j Mitochondrial proteins were analyzed by immunoblot (i) separately in cytoplasmic (Cyto) and mitochondrial (Mito) extracts
and quantified by densitometric analysis (j) in GSCs treated as in a. B-tubulin was used to verify cytoplasmic contamination. k A proximity ligation
assay (PLA) was performed with antibodies recognizing mitochondria (Tomm?20) and V-ATPase G1 (V1G1), or lysosomes (Lamp1) and V-ATPase
G1. Nuclei were stained with Hoechst 33,342. Left, representative images; scale bar, 20 um. Right, quantification of PLA spots per nuclei. Double
Tomm20-V1G1 and Lamp1-V1G1 staining were compared to single antibody staining. See Supplementary Fig. 3C for controls. I Colocalization

of V-ATPase G1 (V1GT1) with mitochondria (Tomm?20) in GSCs was analyzed by confocal microscopy followed by 3D deconvolution. Left,
representative image; scale bar, 20 um. Right, quantification of colocalization was performed with Leica software. Bars, mean with SEM
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interaction was appreciated between mitochondria and
lysosomes (Suppl. Figure 5d).

These data suggest the involvement of mitochondrial
V-ATPase in regulating GSCs bioenergetics, resulting in
changes in mitochondria homeostasis.

Mitochondrial metabolism is hijacked by inhibition

of V-ATPase activity

To get further insights into the reliance of GSCs on
V-ATPase activity to preserve viability and bioener-
getics, we evaluated basal ATP production rates from
mitochondrial respiration and glycolysis in living GSCs
(Fig. 3a). Following BafAl treatment, GSCs showed
decrease in PDH protein expression (Fig. 2i,j) and mito-
chondrial ATP production (Fig. 3b,c) and significant
increase in glycolysis-derived ATP production as well as
lactate intra-cellular accumulation (Fig. 3b-d), suggest-
ing a downregulation of TCA/ oxidative phosphorylation
(OxPhos) metabolism and a compensatory enhance-
ment of glycolytic metabolism. In keeping with this, we
observed increase of GLUT1 levels, modest decrease of
LDHB. No modulation of LDHA and MCT4 (Fig. 3e,f)
were observed, indicating that the increased glycolytic
rate/lactate accumulation is most likely sustained by
increased glucose uptake from the extracellular space.
Combination of BafAl and UK5099, a selective inhibi-
tor of pyruvate import into the mitochondria, induces
a further decrease maximal respiration, confirming the
impairment of using pyruvate as energetic source under
BafAl treatment (Fig. 3g,h).

In line with this, increased pyruvate reduction to lac-
tate and reduced pyruvate entry into mitochondria
affects the levels of pyruvate-derived amino acids, includ-
ing alanine, aspartate, threonine, and mostly glutamine/
glutamate (Fig. 3i, Suppl. Table S3). Equally possible is
that their reduction reflects also their use as compensa-
tory energetic/biosynthetic sources in the TCA. Indeed,
GSCs have been previously shown to rely on Gln for sur-
vival and for maintaining ATP production, cell growth
and survival [31].

(See figure on next page.)
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As lactate acts as signaling molecule to activate tran-
scription of genes involved in mitochondria biosynthesis
and pro-survival factors in normal astrocytes and in neu-
roblastoma cells, we assessed whether this might occur in
our system as well [32, 33].

In contrast to previous reports, gene expression data
showed that NFR1, a transcription factor involved in
mitochondrial DNA replication, and several cell-cycle
related genes were decreased in BafAl-treted GSCs
(Suppl. Figure 6a,b), suggesting that increased intra-cel-
lular lactate levels cannot compensate for BafAl-medi-
ated mitochondrial metabolism dysregulation.

Bafilomycin A1-mediated metabolic reprogramming

of GSCs

To further support results from metabolomics/meta-
bolic assays, we analyzed the expression levels of met-
abolic-related genes in control and BafAl-treated GSCs
(Suppl. Table S4). In line with results from metabo-
lomics/metabolic assay, transcriptomics data showed
that GSCs are characterized by proliferative signal-
ing and OxPhos as main metabolic pathway (Fig. 4a
and Suppl. Figure 7a). Treatment of GSCs with BafAl
shut-downs OxPhos while activates glucose metabo-
lism and induces of amino-acids stress responses
(mTORC1) (Fig. 4a and Suppl. Figure 7b). Hallmark
analysis of K-means clusters (Suppl. Figure 8a-c and
Supplementary Table S5) confirmed down regulation in
BafAl-treated GSCs of key genes involved in oxidative
phosphorylation, such as NADH dehydrogenase and
Cytochrome C Oxidase subunits, and cell cycle pro-
gression, including CDC20, POLE, BUB1 as well as the
Polo Like Kinase 1 (PLK1), which has been reported as
crucial for GSCs stemness and viability (Fig. 4b) [34].
In contrast, BafAl-treated GSCs upregulated anti-
oxidant genes (ROS hallmark), transcripts involved in
fatty acid de novo synthesis (FASN, ACACA, SCD). In
regards of the mTORC1 pathway, BafAl-treated GSCs
up-regulated factors involved in amino acids and glu-
cose transport (Solute Carrier Family members) (Suppl.

Fig. 3 Inhibition of V-ATPase activity reprograms GSCs metabolism. a-c A live ATP-rate assay was performed to simultaneously detect energy
production from glycolysis and mitochondria in GSCs treated with vehicle (Ctrl) or with 5 nM BafA1 for 48 h. The oxygen consumption rate (OCR;
b) was measured after oligomycin and rotenone-antimycin A injection and ATP produced by mitochondrial respiration (mitoATP) or by glycolysis
(glycoATP) was measured and expressed as percentage of the total ATP (). §, p=0.012 by Mann-Whitney U test. D) GSCs cultures were incubated
with 3C-glucose and the treated as in A. Lactate production was assessed by a Surveyor high performance liquid chromatography system.

*, p=0.026 by Mann-Whitney U test. e,f GSCs were treated as in A, then the expression of the indicated metabolic enzymes was analyzed

by immunoblot (e) and quantified by densitometric analysis (f). B-Actin was a loading control. g,h GSCs were treated for 48 h with vehicle (Ctrl),
5nM BafAT1, the pyruvate transporter inhibitor UK5099 or the combination of BafA1 and UK5099 (g). Then, mitochondria reliance on pyruvate
was assessed measuring the OCR and the maximal respiration capacity was determined (h). i Targeted metabolic profiling was performed

in Ctrl- or BafA1-GSCs cell extracts. The heatmap show significantly decreased levels of amino acids in BafA1-treated cultures (for complete list see

Suppl. Table S3)
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Figure 8d), glucose metabolism (HK2, PFKL, GPI,
GSPD), as well as anabolic enzymes (GOT1, ASNS)
(Fig. 4b, Suppl. Figure 8a-c and Suppl. Table S6).

These data depict a scenario whereby BafA1-GSCs as
cells are facing hindered proliferation and an energetic/bio-
synthetic crisis, demanding sources from the extracellular
milieu antioxidant enzymes to dampen increased ROS [31].

Finally, we measured the expression levels of the
transcription factor ATF4, a nutrient sensor and mas-
ter regulator of the amino acid deprivation response
[35]. In BafAl treated GSCs, the expression of ATF4
increased significantly (Fig. 4c). The combination of gene
expression output and metabolomic analyses showed
that BafAl treatment promotes AMPK while inhibit-
ing glutamate/glutamine metabolism (Fig. 4d and Suppl.
Table S7). Accordingly, BafAl treatment induces a sig-
nificant impairment of protein biosynthesis in GSCs
(Fig. 4e), in line with the reduced levels of amino acids
observed in metabolomics (Fig. 5).

Discussion

In this study, we present new evidence for a role of
V-ATPase activity in the regulation of GSCs bioener-
getic status required for tumor growth and invasion
in vivo. We describe for the first time the localization
of V-ATPase pump on GSCs mitochondria, besides the
lysosomes. We demonstrated that V-ATPase targeting
induces mitochondrial damage and metabolic rewiring,
hijacking mitochondrial metabolism, protein synthesis
and promoting ROS production. The higher glycolytic
rate in BafAl-treated GSCs is accompanied by intracellu-
lar lactate accumulation, which is not exploited by GSCs
for biosynthetic/survival purposes, in contrast to what
has been previously described in normal astrocytes or
neuroblastoma cells [32].

In GSCs BafAl treatment specifically decreases the
abundance of glutamine and glutamate, two amino acids
that are crucial in maintaining growth and survival in
GBM cells, including GSCs [31, 36].

(See figure on next page.)
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V-ATPase-mediated bioenergetic rewiring, does not
involve autophagy or mitophagy, confirming that these
pathways are not exploited by glioma stem cells as sal-
vage strategy in the event of a bioenergetic crisis [24].
This result is supported by the identification of a mito-
chondrial pool of V-ATPase, which affects organelle
polarization, integrity and function. Similarly to previous
evidence [8], V-ATPase acts as a sensor and transducer of
amino acid availability, modulating mTORC1 signaling.
In line with this, our results show that V-ATPase inhibi-
tion blunts phosphorylation (i.e. activation) of the S6-p70
kinase and of S6 ribosomal protein, two major effectors
of mTORCI signaling for biosynthetic functions accord-
ingly, protein synthesis was significantly decreased in
BafAl-treated GSCs. This cascade arrests GSC growth
in vitro and in vivo.

Altogether our data suggest that targeting V-ATPase
activity may be a novel potential vulnerability for glio-
blastoma. Inhibitors of V-ATPase activity may exert
more efficacy when combined with metabolic tar-
gets, and this combinatorial treatment might deserve
a future study, given that GBM is the most aggressive
and most common form of primary brain tumor in
adults. Within GBM, the presence of the GSCs niche
supports rapid growth, infiltration into the surround-
ing brain tissue, and therapy resistance [3]. GSCs
play a crucial role in disease recurrence after surgery
and overall patients’ survival. In terms of bioenerget-
ics, GSCs exhibit elevated metabolic plasticity, being
able to adapt to and strive unfavorable conditions in
terms of nutrients or oxygen availability and resist to
chemo/radiotherapy regimens. GSCs heavily rely on
glutaminolysis, showing a “glutamine addiction” phe-
notype, which involves the conversion of glutamine
to glutamate in the mitochondria and subsequently to
a-ketoglutarate, before entering the TCA cycle [31].
This supports both energy production and macromol-
ecules biosynthesis. Moreover, GSCs show increased
mitochondrial biogenesis to support their high energy
demand. In the Drosophila preclinical model of brain

Fig.4 Molecularinsights into BafA1-mediated metabolic rewiring of GSCs. a A metabolic gene expression panel (n=748 genes; see also Suppl.
Table $4) was analyzed in GSCs treated with vehicle (Ctrl) or 5 nM Bafa1 for 48 h. List of genes whose expression was significantly up (adj

p value <0.05 and log2FC>0.5) in Ctrl-GSCs or in BafA1-GSCs were separately imported in Reactome web-tool and the pathway analysis

was performed with voronoi pathway visualization. The most relevant activated signaling in Ctrl- or BafA1-GSCs are shown. For the complete
voronoi charts please refer to Suppl. Figure 7. b Transcripts belonging to the indicated hallmark and up (red) or down-modulated (green)

in BafA1-treated GSCs are shown (see also Suppl. Table S5). ¢ The expression of the activating transcription factor 4 (ATF4) was analyzed

in Ctrl- and BafA1-treated GSCs. Data are showed as violin plots and each dot is a sample. **, p=0.002 by Mann-Whitney U test. d Ingenuity
pathway analysis was performed integrating gene expression (GEX) and metabolic data. Pathway predicted as activated or inhibited (positive
and negative z-score, respectively) in BafA1-GSCs are shown (see also Suppl. Table S7). f Protein de novo synthesis was evaluated in GSCs incubated
for 24 h with vehicle (Ctrl) or 5 nm BafA1 using fluorescence microscopy. The mean fluorescence intensity (MFI) was measured and quantified
by Image J software (bottom panel). Scale bar, 20 um. ***, p <0.0001 by Mann-Whitney U test
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Fig. 5 Schematic summary of V-ATPase-directed bioenergetic states in GSCs. GSCc are characterized by a mitochondrial pool of V-ATPase,
and the active form of the pump supports GSCs growth and proliferation through mitochondria-dependent energetics

tumor, which contains a rapidly dividing stem cell
population, it has been shown that oxidative phos-
phorylation fueled by glutamine, rather than glucose,
is required for tumor cell immortalization, and that its
blockage arrests proliferation of those tumor progeni-
tor cells and prevents tumorigenesis, suggesting that
mitochondrion-dependent bioenergetics can be a key
contributor of tumorigenesis [37, 38]. In contrast, self-
renewal of normal brain progenitor cells is associated
with aerobic glycolysis [39].

The importance of OxPhos in promoting and sustain-
ing tumorigenicity has been also described in tumor stem
cells from carcinomas of the pancreas [40], skin [41, 42],
lung [43], and ovary [44].

In the context of patients-derived GSCs from primary
tumors, Vlashi and collaborators showed that GSCs
were less glycolytic comparted to differentiated glioma
cells, displaying lower glucose uptake rates, lower lactate

production, and higher ATP levels. Moreover, GSCs dif-
ferentiation provoked a metabolic switch for ATP pro-
duction from OxPhos to glycolysis [4].

Our study adds on this previous knowledge proposing
the exploitation by GSCs of an active V-ATPase pump to
support mitochondrial homeostasis, bioenergetics and
growth.

Conclusions

The inhibition of V-ATPase activity is sufficient to slow
glioma growth and invasion in vivo, proposing the pro-
ton pump as a crucial factor for GSCs tumorigenicity.
Our previous data indicated that GSCs with higher
V-ATPase activity were more tumorigenic in vivo and
in vitro, and that glioma patients with overexpression
of the V-ATPase subunit G1 had a poorer progno-
sis irrespective of their grade and molecular charac-
teristics [25]. Here we described the critical role of
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mitochondrial metabolism in mediating V-ATPase
oncogenic function, and we proposed V-ATPase target-
ing as a new metabolic vulnerability to exploit in the
clinical setting.
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ROS Reactive oxygen species
TME Tumor microenvironment
OxPhos  Oxydative phosphorylation

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513046-025-03280-3.

Supplementary Material 1.

Supplementary Material 2.

Acknowledgements

The Authors would like to thank dr. Chiara Cordiglieri, from the Imaging Facil-
ity at INGM for support with immunofluorescence experiments, and Dr. Paola
Braidotti for her precious help in interpreting electron microscopy images.
Schematic diagrams in figures 2, 3 and 5 were created using BioRender. The
authors acknowledge the support of the APC central fund of the University of
Milan.

Authors’ contributions

AMS: Conceptualization, formal analysis, investigation, writing-original

draft. IB, CM, GDT, NM, MCrosti, LO, EP, SFustinoni: Formal analysis, investiga-
tion, methodology. MRDF, LV: Data curation, software, formal analysis. CF,
MCaroli: Resources, investigation. SB, SFerrero, GZ: Supervision, funding acqui-
sition, writing-review and editing. VV: Conceptualization, supervision, funding
acquisition, project administration, writing-review and editing. All authors
approved the final version of the paper.

Funding

This work was supported by Fondazione Cariplo (2014-1148 to W), by
5x1000/2021-2022 Program from the Italian Minister of University and
Research (to V), by the Ricerca Corrente Program 2022-23 of the Ital-

ian Minister of Health (to SF), and by “Dipartimenti di Eccellenza Program
2023-2027"to the Department of Pathophysiology and Transplantation,
University of Milan, from the Italian Ministry of Education and Research. The
funding agencies had no role in the experimental design, results acquisition
and manuscript preparation.

Data availability
All data generated or analysed during this study are included in this published
article and its supplementary information files.

Declarations

Ethics approval and consent to participate

The study was approved by a local Ethic Committee (IRB#275/2013) and all
patients signed an informed consent. Animal experiments were carried out
in compliance with the institutional guidelines for the care and use of experi-
mental animals (European Directive 2010/63/UE and the Italian law 26/2014),
authorized by the Italian Ministry of Health and approved by the Animal Use
and Care Committee of the University of Milan.

Consent for publication
Not applicable.

Page 13 of 14

Competing interests
The Authors declare no potential conflicts of interest to disclose.

Received: 20 September 2024 Accepted: 8 January 2025
Published online: 17 January 2025

References

1. RamirezY, Weatherbee J, Wheelhouse R, Ross A. Glioblastoma mul-
tiforme therapy and mechanisms of resistance. Pharmaceuticals.
2013;6:1475-506.

2. Agarwal A, Edgar MA, Desai A, Gupta V, Soni N, Bathla G. Molecular GBM
versus Histopathological GBM: radiology-pathology-genetic correlation
and the New WHO 2021 definition of glioblastoma. Am J Neuroradiol.
2024;45:1006-12.

3. Heddleston JM, Li Z, McLendon RE, Hjelmeland AB, Rich JN. The hypoxic
microenvironment maintains glioblastoma stem cells and promotes
reprogramming towards a cancer stem cell phenotype. Cell Cycle.
2009;8:3274-84.

4. VlashiE, Lagadec C, Vergnes L, Matsutani T, Masui K, Poulou M, et al.
Metabolic state of glioma stem cells and nontumorigenic cells. Proc Natl
Acad Sci. 2011;108:16062-7.

5. Pavlova NN, Thompson CB.The emerging hallmarks of cancer metabo-
lism. Cell Metab. 2016;23:27-47.

6. ChaeYC, VairaV, Caino MC, Tang H-Y, Seo JH, Kossenkov AV, et al. Mito-
chondrial Akt regulation of hypoxic tumor reprogramming. Cancer Cell.
2016;30:257-72.

7. Pamarthy S, Kulshrestha A, Katara GK, Beaman KD. The curious case
of vacuolar ATPase: regulation of signaling pathways. Mol Cancer.
2018;17:41.

8. Zoncu R, Bar-Peled L, Efeyan A, Wang S, Sancak Y, Sabatini DM. mTORC1
senses lysosomal amino acids through an inside-out mechanism that
requires the vacuolar H+-ATPase. Science. 1979;2011(334):678-83.

9. Abbas YM, Wu D, Bueler SA, Robinson CV, Rubinstein JL. Structure of
V-ATPase from the mammalian brain. Science. 1979;2020(367):1240-6.

10. LuQ, LuS, Huang L, Wang T, Wan'Y, Zhou CX, et al. The expression of
V-ATPase is associated with drug resistance and pathology of non-small-
cell lung cancer. Diagn Pathol. 2013;8:824.

11. Nishisho T, Hata K, Nakanishi M, Morita Y, Sun-Wada G-H, Wada Y, et al. The
a3 isoform vacuolar type H+-ATPase promotes distant metastasis in the
mouse B16 melanoma cells. Mol Cancer Res. 2011;9:845-55.

12. Xu J, Xie R, Liu X, Wen G, Jin H, Yu Z, et al. Expression and functional role
of vacuolar H+-ATPase in human hepatocellular carcinoma. Carcinogen-
esis. 2012;33:2432-40.

13. Michel V, Licon-Munoz Y, Trujillo K, Bisoffi M, Parra KJ. Inhibitors of vacu-
olar ATPase proton pumps inhibit human prostate cancer cell invasion
and prostate-specific antigen expression and secretion. Int J Cancer.
2013;132:E1-10.

14. Chen F, Kang R, Liu J, Tang D. The V-ATPases in cancer and cell death.
Cancer Gene Ther. 2022;29:1529-41.

15. De Luca M, Romano R, Bucci C. Role of the V1G1 subunit of V-ATPase in
breast cancer cell migration. Sci Rep. 2021;11:4615.

16. Wojtkowiak JW, Verduzco D, Schramm KJ, Gillies RJ. Drug resistance and
cellular adaptation to tumor acidic pH microenvironment. Mol Pharm.
2011;8:2032-8.

17. Eaton AF, Merkulova M, Brown D.The H  -ATPase (V-ATPase): from proton
pump to signaling complex in health and disease. Am J Physiol Cell
Physiol. 2021;320:C392-414.

18. Whitton B, Okamoto H, Packham G, Crabb SJ. Vacuolar ATPase as a poten-
tial therapeutic target and mediator of treatment resistance in cancer.
Cancer Med. 2018;7:3800-11.

19. Di Cristofori A, Ferrero S, Bertolini |, Gaudioso G, Russo MV, Berno V, et al.
The vacuolar H+ ATPase is a novel therapeutic target for glioblastoma.
Oncotarget. 2015;6:17514-31.

20. Bertolini|, Storaci AM, Terrasi A, Di CA, Locatelli M, Caroli M, et al.
Interplay between V-ATPase G1 and small EV-miRNAs modulates ERK1/2


https://doi.org/10.1186/s13046-025-03280-3
https://doi.org/10.1186/s13046-025-03280-3

Storaci et al. J Exp Clin Cancer Res (2025) 44:17

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

activation in GBM stem cells and nonneoplastic milieu. Mol Cancer Res.
2020;18:1744-54.

Bertolini |, Terrasi A, Martelli C, Gaudioso G, Di Cristofori A, Storaci AM,

et al. A GBM-like V-ATPase signature directs cell-cell tumor signaling and
reprogramming via large oncosomes. EBioMedicine. 2019;41:225-35.
Bernhard C, Reita D, Martin S, Entz-Werle N, Dontenwill M. Glioblas-
toma metabolism: insights and therapeutic strategies. Int J Mol Sci.
2023;24:9137.

Ghosh JC, Siegelin MD, Vaira V, Faversani A, Tavecchio M, Chae YC, et al.
Adaptive mitochondrial reprogramming and resistance to PI3K therapy.
JNCI: J Natl Cancer Instit. 2015;107:8638-43.

Formica M, Storaci AM, Bertolini |, Carminati F, Knaevelsrud H, Vaira V, et al.
V-ATPase controls tumor growth and autophagy in a Drosophila model of
gliomagenesis. Autophagy. 2021;17:4442-52.

Terrasi A, Bertolini |, Martelli C, Gaudioso G, Di Cristofori A, Storaci AM,

et al. Specific V-ATPase expression sub-classifies IDHwt lower-grade glio-
mas and impacts glioma growth in vivo. EBioMedicine. 2019;41:214-24.
Wang R, Wang J, Hassan A, Lee C-H, Xie X-S, Li X. Molecular basis of
V-ATPase inhibition by bafilomycin A1. Nat Commun. 2021;12:1782.
Settembre C, Fraldi A, Medina DL, Ballabio A. Signals from the lysosome: a
control centre for cellular clearance and energy metabolism. Nat Rev Mol
Cell Biol. 2013;14:283-96.

Mathew R, Karp CM, Beaudoin B, Vuong N, Chen G, Chen H-Y, et al.
Autophagy Suppresses Tumorigenesis through Elimination of p62. Cell.
2009;137:1062-75.

LiTY, Gao AW, Li X, Li H, Liu YJ, Lalou A, et al. V-ATPase/TORC1-mediated
ATFS-1 translation directs mitochondrial UPR activation in C. elegans. J
Cell Biol. 2023;222:€202205045.

Santra P, Amack JD. Loss of vacuolar-type H+-ATPase induces caspase-
independent necrosis-like death of hair cells in zebrafish neuromasts. Dis
Model Mech. 2021;14:dmm048997.

Restall 1J, Cseh O, Richards LM, Pugh TJ, Luchman HA, Weiss S. Brain tumor
stem cell dependence on glutaminase reveals a metabolic vulnerability
through the amino acid deprivation response pathway. Cancer Res.
2020;80:5478-90.

Tauffenberger A, Fiumelli H, Almustafa S, Magistretti PJ. Lactate and pyru-
vate promote oxidative stress resistance through hormetic ROS signaling.
Cell Death Dis. 2019;10:653.

Magistretti PJ, Allaman I. A cellular perspective on brain energy metabo-
lism and functional imaging. Neuron. 2015;86:883-901.

Li X, Chen G, Liu B, Tao Z, Wu'Y, Zhang K, et al. PLK1 inhibition promotes
apoptosis and DNA damage in glioma stem cells by regulating the
nuclear translocation of YBX1. Cell Death Discov. 2023;9:68.

Jin H-O, Hong S-E, Kim J-Y, Jang S-K, Park I-C. Amino acid deprivation
induces AKT activation by inducing GCN2/ATF4/REDD1 axis. Cell Death
Dis. 2021;12:1127.

Chen 'S, Jiang J, Shen A, Miao Y, Cao Y, Zhang Y, et al. Rewired metabo-
lism of amino acids and its roles in glioma pathology. Metabolites.
2022;12:918.

Bonnay F, Veloso A, Steinmann V, Kécher T, Abdusselamoglu MD, Bajaj S,
et al. Oxidative metabolism drives immortalization of neural stem cells
during tumorigenesis. Cell. 2020;182:1490-1507.e19.

Baksh SC, Fuchs E. A metabolic bottleneck for stem cell transformation.
Cell. 2020;182:1377-8.

Homem CCF, Steinmann'V, Burkard TR, Jais A, Esterbauer H, Knoblich JA.
Ecdysone and mediator change energy metabolism to terminate prolif-
eration in drosophila neural stem cells. Cell. 2014;158:874-88.

Franco J, Balaji U, Freinkman E, Witkiewicz AK, Knudsen ES. Metabolic
reprogramming of pancreatic cancer mediated by cdk4/6 inhibition
elicits unique vulnerabilities. Cell Rep. 2016;14:979-90.

Haq R, Shoag J, Andreu-Perez P, Yokoyama S, Edelman H, Rowe GC, et al.
Oncogenic BRAF regulates oxidative metabolism via PGC1a and MITF.
Cancer Cell. 2013;23:302-15.

Vazquez F, Lim J-H, Chim H, Bhalla K, Girnun G, Pierce K, et al. PGC1a
expression defines a subset of human melanoma tumors with increased
mitochondrial capacity and resistance to oxidative stress. Cancer Cell.
2013;23:287-301.

Rao S, Mondragén L, Pranjic B, Hanada T, Stoll G, Kocher T, et al. AlF-
regulated oxidative phosphorylation supports lung cancer development.
Cell Res. 2019;29:579-91.

Page 14 of 14

44. Pasto A, Bellio C, Pilotto G, Ciminale V, Silic-Benussi M, Guzzo G, et al.
Cancer stem cells from epithelial ovarian cancer patients privilege
oxidative phosphorylation, and resist glucose deprivation. Oncotarget.
2014;5:4305-19.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	V-ATPase in glioma stem cells: a novel metabolic vulnerability
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Patients’ samples, GSCs culture and pharmacological treatment
	Fluorescent assays
	Cell staining and flow cytometry analysis
	Real-time cell metabolic analysis
	RNA purification and Nanostring analysis
	Targeted metabolomics
	13C-glucose flux analysis
	Animal experiments

	Results 
	V-ATPase inhibition reduces GBM growth in vivo and in vitro
	V-ATPase modulates mitochondria homeostasis in GSCs
	Mitochondrial metabolism is hijacked by inhibition of V-ATPase activity
	Bafilomycin A1-mediated metabolic reprogramming of GSCs

	Discussion
	Conclusions
	Acknowledgements
	References


