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Abstract

AMP-activated protein kinase (AMPK) is an energy sensor that regulates cellular metabolic activity. We hypothesized
that in glioblastoma (GB), AMPK plays a pivotal role in balancing metabolism under conditions of the tumor
microenvironment with fluctuating and often low nutrient and oxygen availability. Impairment of this network
could thus interfere with tumor progression. AMPK activity was modulated genetically by CRISPR/Cas9-based
double knockout (DKO) of the catalytic al and a2 subunits in human GB cells and effects were confirmed by
pharmacological AMPK inhibition using BAY3827 and an inactive control compound in primary GB cell cultures.

We found that metabolic adaptation of GB cells under energy stress conditions (hypoxia, glucose deprivation)

was dependent on AMPK and accordingly that AMPK DKO cells were more vulnerable to glucose deprivation or
inhibition of glycolysis and sensitized to hypoxia-induced cell death. This effect was rescued by reexpression of

the AMPK a2 subunit. Similar results were observed using the selective pharmacological AMPK inhibitor BAY3827.
Mitochondrial biogenesis was regulated AMPK-dependently with a reduced mitochondrial mass and mitochondrial
membrane potential in AMPK DKO GB cells. In vivo, AMPK DKO GB cells showed impaired tumor growth and tumor
formation in CAM assays as well as in an orthotopic glioma mouse model. Our study highlights the importance of
AMPK for GB cell adaptation towards energy depletion and emphasizes the role of AMPK for tumor formation in
vivo. Moreover, we identified mitochondria as central downstream effectors of AMPK signaling. The development of
AMPK inhibitors could open opportunities for the treatment of hypoxic tumors.
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Background

Glioblastoma (GB) is a heterogeneous diffuse glial tumor
with distinct histological features including necrosis and
neoangiogenesis that mirror fluctuating nutrient depriva-
tion and hypoxia in the tumor microenvironment, poten-
tial drivers of progression of solid tumors [1]. Standard
GB therapy comprises surgery followed by radiotherapy
and alkylating chemotherapy with temozolomide [2].
Recent clinical development has failed to identify addi-
tional drugs for the limited arsenal of GB treatment
options, thus novel therapeutic strategies are urgently
needed.

Altered metabolism has been recognized as a hall-
mark of cancer and might expose a targetable Achilles’
heel [3]. Glucose is considered the major energy source
for cancer cells and oxidation via glycolysis and subse-
quent oxidative metabolism generates energy by increas-
ing adenosine triphosphate (ATP) levels. While human
physiology aims at maintaining a steady state of serum
nutrients and oxygen, cells are additionally equipped
with an intrinsic machinery to adjust metabolism based
on energy supply [4]. At the core of this mechanism is
5’-adenosine monophosphate (AMP)-activated protein
kinase (AMPK) which is activated by an increase of the
AMP/ATP ratio [5] as well as glucose deprivation via the
glycolytic enzyme aldolase [6, 7] and orchestrates adap-
tation of metabolism during nutrient starvation to pro-
mote cell survival. The heterotrimeric protein AMPK is
composed of a catalytic a subunit that contains the phos-
phorylation site Thr172 important for its activation and
the regulatory  and y subunits [8]. Notably, several iso-
forms of these proteins encoded by distinct genes exist
in mammalian cells. During energy stress conditions
AMP or ADP binding to the y subunit of AMPK triggers
phosphorylation of Thr172 of the a subunit by upstream
kinases, mostly by the liver kinase B1 (LKB1) [9]. To
maintain energy homeostasis in states of low exter-
nal energy supply, AMPK directs metabolism towards
catabolism e.g. by activating fatty acid oxidation and gly-
colysis for ATP production [5]. AMPK phosphorylation
targets include acetyl-CoA carboxylase (ACC), which
catalyzes the first step of fatty acid synthesis and is inhib-
ited by Ser79 phosphorylation. This phosphorylation is
frequently used as a surrogate marker for AMPK activ-
ity [10, 11]. Via phosphorylation of its targets tuberin
(TSC2) and Raptor, AMPK also indirectly inhibits mam-
malian target of rapamycin complex 1 (mTORC1) signal-
ing which integrates signals from growth factor receptors
with the metabolic state of the cell to regulate diverse
targets involved in translation, cell growth and autophagy
[12].

Besides its role in metabolic programming to counter-
act starvation conditions, AMPK regulates mitochon-
drial dynamics including fusion and fission states and
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homeostasis as well as mitochondrial quality control by
regulation of mitophagy [13, 14]. AMPK has also been
implicated in the regulation of energy homeostasis via
peroxisome proliferator-activated receptor gamma coact-
ivator 1-alpha (PGC-1a) in MEFs and H1299-EV cells
[15].

It therefore is plausible that AMPK exerts important
functions for cellular stress adaptation in tumors. How-
ever, there are conflicting results with regard to pro- and
anti-tumor effects for different types and stages of can-
cer [16—18]. The fact that lung cancers frequently display
LKB1 mutations with potentially reduced levels of AMPK
activity [19] indicates a tumor suppressive role of AMPK.
In contrast, recently, a chronic activation of AMPK by
oncogenic stress in GB cells has been reported to regu-
late hypoxia-inducible factor 1a and glycolysis via phos-
phorylation of the transcription factor CREB1 to enhance
tumor growth and GB bioenergetics [18]. In this con-
text, inhibition of AMPK by gene suppression of the 1
regulatory subunit led to reduced tumor growth in vitro
and in vivo together with reduced glycolysis and oxida-
tive phosphorylation [18]. So far, available pharmacologic
AMPK inhibitors lack specificity and hence are not well-
suited for evaluation of AMPK as a therapeutic target
in preclinical studies and clinical studies. For example,
one of the most commonly employed AMPK inhibitors,
Compound C, interferes with several other kinases lead-
ing to AMPK-independent effects [20—22].

In this experimental study, we investigated the role of
the AMPK-mediated stress response in human GB cells.
Mimicking conditions of the tumor microenvironment
we deprived GB cells of glucose and oxygen to charac-
terize metabolic effects and to delineate the relevance
of potential downstream targets. AMPK inhibition was
modelled by using double-knockout cells of the catalytic
subunits al and a2. We further demonstrated the speci-
ficity of a novel pharmacological AMPK inhibitor which
was used for validation experiments in primary GB cell
cultures. We here report that AMPK activation promotes
GB cell survival in the context of both hypoxia and glu-
cose starvation by promoting metabolic adaptation.
Furthermore, knockout of the catalytic AMPK subunits
impaired tumor formation and prolonged survival in a
mouse model. Taken together, the results of our study
identify AMPK as a therapeutic target for inhibition in
GB.

Methods

Reagents, cell lines and culture conditions

LNT-229 cells have been described [23]. LN-308 cells
were a gift of Nicolas de Tribolet (Lausanne, Switzer-
land); G55T2 cells were provided by Manfred Westphal
and Kathrin Lamszus (Hamburg, Germany) [24]. All
cell lines were maintained in cell culture incubators at
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37° C under a 5% CO, atmosphere. Cells were cultured
in Dulbecco’s modified eagle medium (DMEM) contain-
ing 10% fetal calf serum (FCS) (Thermo Fisher Scientific,
Hamburg, Germany), 100 IU/ml penicillin and 100 pug/ml
streptomycin (Life Technologies, Karlsruhe, Germany)
[23].

LNT-229 and LN-308 cells were authenticated by STR
analysis (Multiplexion, Heidelberg, Germany). The STR
profile of LNT-229 cells matched with the known pro-
file for LN-229, which only differ in their p53 status [25].
A STR profile of G55T2 cells has not been deposited in
databases yet [26].

All reagents, if not specified elsewhere, were pur-
chased from Sigma (Taufkirchen, Germany). BAY974
and BAY3827 were kindly provided by the DCP (Donated
Chemical Probes) program [27].

Generation of CRISPR/Cas9 knockout cells

For CRISPR/Cas9 knockout AMPK sgRNA plasmids tar-
geting exon 1 of AMPK al and a2 (pX462-hPRKAAI-
gRNA, pX462-hPRKAA2-gRNA, #74374-74377) were
purchased from Addgene (Watertown, MA, USA). LNT-
229, G55T2 and LN-308 cells were transfected with a
combination of the gRNA plasmids (0.625 pg each) using
Lipofectamine 3000 (Thermo Fisher Scientific, Hamburg,
Germany) for 6 h. After 3 days, cells were selected with
puromycin (2 pg/ml). Single cell clones were analyzed for
AMPK expression by immunoblotting.

Human primary GB cell culture

P3NS cells were a gift of Simone Niclou (Luxembourg
Institute of Health, Luxembourg) and were cultured
in Neurobasal A medium supplemented with 1x B27
supplement, 2% glutamine, 1 U/ml heparin, 20 ng/ml
epidermal growth factor (EGF) and 20 ng/ml human
recombinant basic fibroblast growth factor (bFGF)
(ReliaTech, Wolfenbiittel, Germany) [28]. NCH690 and
NCH644 cells were purchased from CLS (Eppelheim,
Germany) and were cultured in Neurobasal A medium
(Thermo Fisher Scientific, Dreieich, Germany) supple-
mented with 1x B27 supplement (Thermo Fisher Scien-
tific), 2 mM glutamine (Thermo Fisher Scientific), 1 U/ml
heparin, 100 IU/ml penicillin and 100 pg/ml streptomy-
cin (Life Technologies, Karlsruhe, Germany) and 20 ng/
ml EGF and FGF-2 (ReliaTech).

Transfection of cells

For expression of wildtype AMPK a2 (PRKAA2) in LNT-
229 AMPK «a1/2 double knockout cells, pcDNA3.1 plas-
mids with the according constructs were purchased from
GenScript (Leiden, The Netherlands). Transfection with
Attractene (Qiagen, Venlo, Netherlands) was performed
according to the manufacturer’s protocol and the empty
pcDNA3.1 plasmid was used as control. For selection,
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medium containing 400 pg/ml G418 was used. The effi-
cacy of transfection was checked in early passage pooled
clones.

Induction of hypoxia

Hypoxia was induced with incubation in GasPak pouches
for anaerobic culture (Becton-Dickinson, Heidelberg,
Germany) as previously described [23, 26, 29]. Experi-
ments in hypoxia (0.1% O,) or normoxia (21% O,) were
performed in serum-free DMEM adjusted to 2 mM
glucose.

Cell density and viability assays

Cell density was assessed by crystal violet (CV) staining
as previously described [30]. For cell viability measure-
ments, propidium iodide (PI) uptake was quantified by
flow cytometry (FACS) as previously described [23]. A
BD Canto II flow cytometer was used for data acquisition
and data analysis was performed with the BD FACS Diva
software version 6.1.3. Cell viability analysis by lactate
dehydrogenase (LDH) release assay was performed with
the Cytotoxicity Detection Kit (LDH) (Roche, Mannheim,
Germany) and has also been described [23, 31].

Immunoblot analysis

Immunoblot analyses were performed following a stan-
dard protocol [32] with the following antibodies: pACC
(Ser79), pAMPK (Thr172), ACC and AMPKal/2 (#3661,
#2535, #3661, #2532, Cell Signaling Technology, Danvers,
MA, USA), AMPKa2 (#18167-1, Proteintech, Rosemont,
IL, USA) and actin (#sc-1616, Santa Cruz Biotechnology,
Santa Cruz, CA, USA). Secondary anti-rabbit and anti-
goat antibodies were purchased from Jackson Immu-
noResearch (#111-036-144; West Grove, PA, USA) and
Santa Cruz Biotechnology (#sc-2020).

RNA isolation and quantitative real-time PCR

RNA extraction and cDNA synthesis was performed as
described [32]. Absolute SYBR Green Fluorescein q-PCR
Mastermix (Thermo Fisher Scientific) was used for quan-
titative RT-PCR measurements with the correspond-
ing primers, 18 S and SDHA were used as housekeeping
genes for normalization [32].

Measurement of oxygen consumption

Cells were seeded and incubated overnight to ensure cell
attachment. Cultured cells were treated as indicated and
overlaid with sterile paraffin oil. Oxygen consumption
was determined with a fluorescence-based assay (Pre-
Sens, Regensburg, Germany) [32].
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Determination of mitochondrial mass and mitochondrial
membrane potential by flow cytometry

Changes in mitochondrial mass and mitochondrial
membrane potential were measured by flow cytometry.
Briefly, cells were seeded and allowed to attach overnight.
Cells were treated as indicated. After washing with PBS,
cells were stained with 100 nM MitoTracker Green FM
or Mitotracker Red (Thermo Fisher Scientific, Hamburg,
Germany) for 20 min. Afterwards cells were harvested,
washed and analyzed by flow cytometry (BD Canto II).

Chorioallantoic membrane (CAM) assay

Fertilized chicken eggs (LSL Rhein-Main, Dieburg, Ger-
many) were incubated at 37° C for seven days after fer-
tilization. 2 x 10° cells were diluted in 10 Wl DMEM and
10 pl Corning Matrigel (Corning, Amsterdam, Nether-
lands) and placed onto a blood vessel of the chorioallan-
toic membrane. Tumors were isolated after seven further
days of incubation. Tumor weight was documented and
tumors were analyzed by immunohistological staining.

Immunohistochemistry

Immunohistochemistry (IHC) analyses were performed
with formalin-fixed paraffin-embedded (FFPE) tissue of
mouse and CAM tumors. The following antibodies were
used: anti-CA9 (#5649, clone D47G3, dilution 1:100, Cell
Signaling Technology, Danvers, MA, USA), anti-p-ACC
(Ser79) (#3661, dilution 1:200, Cell Signaling Technology,
Danvers, MA, USA) and anti-p-AMPK (Thr172) (#2535,
dilution 1:100, Cell Signaling Technology, Danvers, MA,
USA). Tissue blocks were cut in slices of 3 pm thick-
ness using a microtome (Leica Microsystems GmbH,
Nussloch, Germany) and placed onto SuperFrost slides
(Thermo Scientific). IHC was performed according to
standardized protocols using Leica Bond RX automated
immunostaining system (Leica Microsystems). IHC
stainings were analyzed using a light microscope (BX41,
Olympus, Hamburg, Germany).

Mass spectrometry

For proteomic analysis, cells were seeded in triplicates.
Further processing steps have previously been described
[33]. Additional details regarding sample preparation,
fractionation and liquid chromatography mass spectrom-
etry have been included in the supplementary methods.

Protein network analysis

Weighted Correlation Network Analysis (WGCNA) [34,
35] was used for protein co-correlation network analysis
of mass spectrometry data leveraging the wildtype con-
trol and AMPK double knockout (DKO) of both catalytic
subunits a1 and a2 as trait features to identify group spe-
cific protein modules. To initiate the model, the optimal
soft-power for achieving scale-free topology (SFT) was
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determined by fitting a regression model with differ-
ent soft-power thresholds p = {1,...,20} which identified
p=16 to reach SFT. To assemble a signed co-expression
network, the topological overlap matrix (TOM) of the
hdWGCNA::ConstructNetwork function was employed.
Visualization of the co-expression network was done
with Uniform Manifold Approximation and Projection
for dimension reduction (ModuletUMAPPIlot). Quantifi-
cation of hub genes of each of the modules was achieved
by calculating module connectivity (ModuleConnectiv-
ity). Then, using the top 100 module-associated genes
(compareCluster), a gene ontology analysis was per-
formed. The clusterProfiler package (dotplot) [36] was
used for visualization of the pathways related to the iden-
tified modules and, finally, the correlation between each
co-expression module and the cell line AMPK status was
computed.

In vivo experiments

All in vivo mouse experiments were approved by the
local animal ethics committee (regional board Darm-
stadt, Germany), four-week-old female athymic nude
mice (Crl: NU (NCr) Foxnl™) were purchased from
Charles River (Sulzfeld, Germany). Group sizes were
determined based on the expected effect size for each
cell line. For tumors derived from G55T2 cells, a larger
effect size (Cohen’s d~0.8), based on previous data, was
projected, allowing sufficient statistical power with 10
mice per group. In contrast, tumors derived from LNT-
229 cells were expected to exhibit a smaller effect size
(Cohen’s d<0.5), necessitating 20 mice per group to
maintain equivalent power. This approach ensured that
both cell lines were assessed with adequate sensitivity
to detect meaningful treatment effects despite antici-
pated differences in response magnitude. Animals were
fed with standard food and water ad libitum and housed
on a 12 h dark/night cycle in the local animal facility.
Mice were allowed to acclimate in the local animal facil-
ity before start of the experiment. Mice from different
cages were picked at random, anesthetized and received
metamizol for pain relief. For tumor cell injection, mice
were placed into a stereotactic fixation device and 1 x 10*
G55T2 wt or AMPK DKO cells or 1x 10°> LNT-229 wt or
AMPK DKO cells resuspended in 2 pl PBS were injected
into the right striatum through a burr hole in the skull
using a 10 pl Hamilton syringe. Wounds were closed with
Surgibond tissue adhesive. After tumor cell injection, all
animals were checked twice daily and sacrificed when
neurological symptoms or a loss of more than 20% of
body weight were determined. Brains were isolated and
fixed in 4% PFA for immunohistochemical analysis. The
mouse groups (wt vs. AMPK DKO) were not blinded to
the experimenter.
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Fig. 1 (See legend on next page.)
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Fig. 1 Knockout of AMPK catalytic subunits prevents AMPK activation and deregulates metabolic adaptation under hypoxic conditions in human GB cells
(A) Dimensional reduction (UMAP) of the single cell reference GBMap dataset including neurons from the Allen Institute database. Celltypes are colored
based on their transcriptional subtypes. (B, C) UMAP representation of AMPK gene expression (B) and for the AMPK pathway activation (C). (D) LNT-229,
LN-308 and G55T2 wildtype (wt) or AMPK catalytic subunits double knockout (DKO) cells were incubated in serum-free DMEM supplemented with 2
mM glucose for 8 h in normoxia (21% O,) or hypoxia (0.1% O,). Immunoblots with antibodies for P-ACC, P-AMPK, AMPK a1/2 were performed. (E) Protein
network analysis of LNT-229 wildtype and AMPK DKO cells using WGCNA. Representation of the modules is indicated in the Dendrogram in the upper
panel. The differentially enriched modules across the conditions are demonstrated in the bottom panel. (F) UMAP representation of the protein expres-
sion modules. (G) Geneset Enrichment analysis of the modules which indicate significance between LNT-229 wildtype and AMPK DKO

Tumor growth was monitored by MRI. MRI measure-
ments were performed at the Animal Imaging Core Facil-
ity after 11, 18 and 25 days using a 7 Tesla small animal
MRI (Pharmascan, Bruker) and analyzed using ITK Snap
software [37]. No mice were excluded from the analysis.

Statistical analysis

All quantitative data are expressed as mean and standard
deviation (SD). P-values were calculated with two-tailed
student’s t-tests (Excel, Microsoft, Seattle, WA, USA).
Values of p >0.05 were considered as not significant (n.s.),
values of p<0.05 and p<0.01 as significant or highly
significant. For Kaplan-Meier analysis in in vivo experi-
ments GraphPad Prism software was used.

Data Availability

The mass spectrometry dataset has been deposited at the
PRIDE-Proteomics Identification Database (submission
ID PXD055976). All other datasets used or analyzed dur-
ing the current study are available from the correspond-
ing author upon reasonable request.

Results

AMPK pathway activation is a characteristic trait of GB

To elucidate patterns of AMPK signaling, we analyzed
the different cell types of the GB tumor microenviron-
ment for expression and pathway activation of AMPK in
the publicly available GBMap dataset. GBMap comprises
multiple scRNA-seq datasets and thereby creates a cellu-
lar map of GB, which is a valuable resource for explor-
atory analysis, hypothesis generation and testing [38, 39].
We used the annotation-level 4 which includes the most
detailed annotation of different GB subtypes and environ-
mental cells (Fig. 1A). Our analyses revealed a prominent
upregulation of AMPK expression among all malignant
subgroups of GB. Interestingly, we also found high lev-
els of AMPK in neurons (Fig. 1B). We next checked the
activation of the pathway downstream of AMPK based
on a select number of genes (Supplementary Table 1) and
found markedly increased activity within the tumor cell
population compared to the other microenvironmental
cell populations. Some pathway activity was also detect-
able in myeloid cells, while in neurons (despite relatively
high expression levels) no significant activity was detect-
able (Fig. 1C). This does not come unexpected because

AMPK is activated during metabolic stress to which neu-
rons are rarely exposed to.

Double knockout of both catalytic AMPK subunits inhibits
signaling under energy stress conditions in human GB cells
AMPK is known as a central cellular energy sensor that
is necessary to switch to an increased catabolism dur-
ing cellular energy stress conditions [8]. To elucidate the
effect of AMPK activity for GB cells, LNT-229, LN-308
and G55T2 cells with a double knockout (DKO) of the
catalytic subunits al and a2 were generated by CRISPR/
Cas9 gene editing. While other studies had used GB cells
with a knockdown of the regulatory AMPK f subunit
[18], AMPK al/a2 DKO cells offer the benefit of lack-
ing catalytic activity and are therefore important tools to
investigate AMPK-dependent effects in GB cells. LNT-
229, G55T2 and LN-308 DKO cells showed no AMPK
specific band in immunoblot analysis (Supplementary
Fig. 1A). Two clones of each cell line were used for fur-
ther experiments. Concomitant glucose and oxygen
starvation, mimicking the conditions of the GB micro-
environment with low oxygen and nutrient availability,
resulted in an AMPK-mediated phosphorylation of ACC
as a surrogate marker for AMPK activity, whereas ACC
phosphorylation was absent in all tested AMPK DKO GB
cell lines (Fig. 1D).

Proteomic analysis of AMPK DKO cells reveals decreased
abundance of proteins related to mitochondrial
metabolism

We wondered whether the knockout of the AMPK cata-
lytic subunit genes impacted the proteomic landscape
in our GB cell models. To this end, we analyzed the pro-
teome of LNT-229 AMPK DKO cells using a network-
based approach known as Weighted Gene Co-expression
Network Analysis (WGCNA). This method allowed us
to correlate cell status (wildtype/DKO) with regulatory
modules, thereby reducing potential confounding effects
and enhancing our understanding of the underlying bio-
logical processes. Our correlation analysis between cell
condition (wildtype/DKO) and protein modules revealed
a significant reduction in the brown and green modules
in LNT-229 AMPK DKO cells compared to LNT-229
wildtype cells, along with an enrichment of the black,
pink, and red modules (Fig. 1E). The protein-protein
network identified is visualized using Uniform Manifold
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Fig. 2 Inhibition of AMPK sensitizes GB cells to nutrient starvation and hypoxia

(A) LNT-229, LN-308 and G55T2 wildtype (wt) and AMPK catalytic subunits double knockout (DKO) cells were treated in serum- and glucose-free DMEM
for 24 h. Cell death was analyzed by Pl staining and quantified by flow cytometry (n=3, mean+SD, **p <0.01, Student’s t-test). (B) Cell death of LNT-229,
LN-308 and G55T2 wildtype and AMPK DKO was analyzed by an LDH release assay after incubation of the cells in serum-free DMEM containing 2 mM
glucose in normoxia or hypoxia (0.1% O,) (n=4, mean+SD, *p<0.05, **p<0.01, Student’s t-test). (C) Primary GB cells (P3NS) were treated with vehicle
(DMSO), 1 uM BAY974 or 1 uM BAY3827 in serum-free medium containing 2 mM glucose for 8 h in normoxia or hypoxia (0.1% O,). Cellular lysates were
analyzed by immunoblot with antibodies for P-ACC, P-AMPK, AMPKa1/2 and actin. (D) Human primary glioblastoma cells P3NS, NCH60 and NCH644 cells
were treated with vehicle (DMSO), 1 uM BAY974 or 1 uM BAY3827 in serum-free medium without glucose. Cell death was analyzed by Pl staining and flow

cytometry (n=3, mean+5SD, **p <0.01, Student’s t-test)

Approximation and Projection (UMAP) (Fig. 1F). Subse-
quently, we performed gene set enrichment analysis on
these modules to explore the biological functions upreg-
ulated (pink, black, and red) and downregulated (brown
and green) in response to AMPK knockout (Fig. 1G).
Notably, the brown module includes several pathways
involved in mitochondrial metabolism, which are dimin-
ished in AMPK knockout cells.

Inhibition of AMPK sensitizes GB cells to nutrient
starvation and hypoxia

Because mitochondrial metabolism is a major deter-
minant of tumor cell assertiveness during metabolic
stress, we aimed to investigate the effect of defective
AMPK signaling in human GB cell lines under conditions
resembling the tumor microenvironment. To this end,
we exposed LNT-229, G55T2 and LN-308 AMPK DKO
cells to glucose starvation and hypoxia. Cells cultured in
glucose-free medium showed a significantly higher rate
of cell death compared to corresponding wildtype cells
(Fig. 2A). Under hypoxic conditions with reduced glucose
availability, the hypersensitivity of LNT-229, G55T2 and
LN-308 AMPK DKO cells was even more pronounced
(Fig. 2B). Besides the genetic model, effects of pharma-
cological inhibition of AMPK were analyzed using the
specific chemical probe BAY3827. This potent compound
targets the al subunit of AMPK [40]. In LNT-229 cells,
treatment with BAY3827 led to reduced P-ACC levels.
In contrast, P-AMPK levels paradoxically increased after
BAY3827 treatment (Supplementary Fig. 2A). Under glu-
cose starvation conditions pharmacological AMPK inhi-
bition with BAY3827 also increased cell death compared
to vehicle treated cells or cells treated with the inactive,
but chemically similar control probe BAY974 (Supple-
mentary Fig. 2B). Moreover, LNT-229 cells treated with
BAY3827 were sensitized to hypoxia-induced cell death
(Supplementary Fig. 2C). To transfer these observations,
P3NS primary GB cells were treated with BAY974 or
BAY3827. Comparable to LNT-229 cells, P-ACC levels
were reduced after pharmacological AMPK inhibition,
whereas P-AMPK levels increased (Fig. 2C). Further-
more, we found that BAY3827 drastically increased cell
death when primary GB cells were treated with BAY3827
under glucose-free conditions (Fig. 2D). These results
indicate an important role of AMPK for the adaptation

to conditions of the tumor microenvironment in human
GB cells.

To confirm AMPK dependency of the observed effects
under energy stress conditions, LNT-229 AMPK DKO
cells were retransfected with PRKAA2, coding for the
a2 subunit of AMPK (Fig. 3A). Cells reexpressing the a2
AMPK subunit showed a slight increase in P-ACC lev-
els, which were however still reduced when compared to
wildtype cells (Fig. 3B). Nevertheless, PRKAA2 retrans-
fected LNT-229 AMPK DKO cells showed reduced cell
death under nutrient starvation conditions (Fig. 3C).
Similarly, retransfected cells were partly protected from
hypoxia-induced cell death compared to LNT-229 AMPK
DKO cells (Fig. 3D).

Mitochondrial abundance and activity are dependent on
AMPK catalytic functionality
Previous studies have reported that AMPK regulates
mitochondrial biogenesis and activity depending on the
cellular energy status [13, 14, 41]. To investigate whether
mitochondrial mass and biogenesis is regulated in an
AMPK-dependent manner in human GB cells, LNT-229
and G55T2 wildtype and AMPK DKO cells were analyzed
for mitochondrial DNA content by qPCR analysis with
primers targeting the mtDNA D-loop. In both cell lines
AMPK DKO resulted in a reduced mitochondrial DNA
content compared to wildtype cells (Fig. 4A). We further
analyzed mRNA expression levels of several mitochon-
drial encoded genes as well as mitochondria-associated
genes in G55T2 wildtype and AMPK DKO cells (Fig. 4B).
Mitochondrial encoded genes (mtDNA D-loop, MT-CYB,
MT-ND1I and MT-CO1) as well as the mitochondria asso-
ciated gene ATP5G1 were downregulated in AMPK DKO
cells compared to wildtype cells. In line with this obser-
vation, mitochondrial abundance (Fig. 4C, left panel) and
mitochondrial membrane potential (Fig. 4C, right panel)
were reduced which was also confirmed microscopically
in LN'T-229 wildtype and AMPK DKO cells (Fig. 4D).
Pharmacological inhibition of oxidative phosphory-
lation was induced by IACS-010759, which selectively
interferes with mitochondrial respiratory complex I
[42-44]. TACS-010759 treatment of LNT-229 wildtype
cells led to increased phosphorylation of AMPK and
ACC under glucose deprived conditions in normoxia
and hypoxia (Supplementary Fig. 3A). Under hypoxic
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Fig. 3 Retransfection of the catalytic subunit of AMPK in knockout cells restores adaptation to starvation conditions

(A) LNT-229 wildtype (wt) and AMPK catalytic subunits double knockout (DKO) cells were stably transfected with empty vector (control) or PRKAA2. Cel-
lular lysates were analyzed by immunoblot with antibodies for AMPK a1, AMPK a2 and actin. (B) Immunoblot analysis of LNT-229 wildtype and AMPK
DKO PRKAA2 lysates treated in serum-free medium with 2 mM glucose for 8 h in normoxia or hypoxia (0.1% O,) was performed with antibodies for P-ACC,
AMPK a2 and actin. (C) LNT-229 wildtype and AMPK DKO PRKAA2 cells were treated in serum-free medium without glucose. Cell death was analyzed by
Pl uptake and flow cytometry (n=3, mean+SD, n.s. not significant, **p <0.01, Student’s t-test). (D) Cell death of LNT-229 wildtype and AMPK DKO cells
was analyzed by LDH release assay after incubation in serum-free medium supplemented with 2 mM glucose in normoxia and hypoxia (0.1% O,) (n=4,
mean +SD, *p <0.05, **p <0.01, Student's t-test)



Lorenz et al. Journal of Experimental & Clinical Cancer Research

(2025) 44:104

mtDNA D-loop

LNT-229 G55T2
wt DKO DKO wt DKO DKO
clone clone clone clone
4 11 3 7

= wt ® AMPK DKO clone 3 * AMPK DKO clone 7

A
2.5
i~
g
2 2
2
o
5 15
()
g 1
on
g
£ 05
°
X0
B
R
o
8= 1s
w o
£ o
&
2 0.5
£ 0
o
£ 2
~ 3 15/
= =
w o
w o 14
S%
g 0.5 4
5 0
2]
o
C
G55T2
2 8,000 1

D
LNT-229

Mitotracker

Red

Mitotracker

Green

Mean fluorescence intensity (a.
N N AT,
(=== =
(=== R R R

o o o ©oO o o <o <o

—_—

AMPK DKO clone 4

Fig. 4 (See legend on next page.)

ATP5G1 MI-CYB
2
1.5
- 1 °
0
MI-ND1 MI-CO1
2.0
15
T 1.0 R
0.5
0
MitoTracker Green MitoTracker Red
1,200 7
1,000 1
! 800 1 b *
T
o 600 -
7
400 1
200 1
o 4
wit DKO DKO wit DKO DKO
clone 3 clone 7 clone 3 clone 7

AMPK DKO clone 11

Page 10 of 17



Lorenz et al. Journal of Experimental & Clinical Cancer Research (2025) 44:104 Page 11 of 17

(See figure on previous page.)

Fig. 4 Mitochondrial mass and activity are impaired by AMPK catalytic subunits knockout in human GB cell lines

(A) LNT-229 and G55T2 wildtype (wt) and AMPK catalytic subunits double knockout (DKO) cells were analyzed for the mRNA expression of mtDNA D-
loop by gPCR. 718 S and SDHA were used for normalization (n=3, mean +SD). (B) mRNA expression of mitochondrial encoded as well as mitochondrial
associated genes (ATP5G1, MT-CYB, MT-ND1 and MT-COT) of G55T2 wildtype and AMPK DKO cells was determined by gPCR. 18 S and SDHA were used as
housekeeping genes for normalization (n=3, mean+SD). (C) G55T2 wildtype and AMPK DKO cells were incubated in serum-free DMEM for 24 h. Cells
were stained with 100 nM MitoTracker Green or 100 nM MitoTracker Red for 20 min and analyzed by flow cytometry. Mean fluorescence intensities are
shown (n=3, mean+SD, *p<0.05, **p <0.01, Student’s t-test). (D) LNT-229 wildtype and AMPK DKO cells were treated as described in (C). Bright-field
(upper panel) and fluorescence microscopy (RFP channel: middle panel, GFP channel: lower panel) were used for analysis (48x magnification). Representa-

tive images are shown

conditions P-AMPK and P-ACC signal intensities were
induced compared to normoxic conditions. Further-
more, oxygen consumption was reduced by IACS-010759
treatment in LNT-229 wildtype and AMPK DKO cells.
Moreover, AMPK DKO cells showed reduced oxygen
consumption compared to wildtype cells, which was
more pronounced under oxidative phosphorylation inhi-
bition (Supplementary Fig. 3B).

AMPK catalytic subunits knockout cells are sensitized to
2-Deoxyglucose treatment

The glycolysis inhibitor 2-deoxyglucose (2-DG) impairs
glucose metabolism by accumulation of the unconvert-
able intermediate 2-deoxyglucose-6-phosphate, which
inhibits phosphoglucose isomerase [45]. We investi-
gated AMPK-dependent effects of glycolysis inhibition
by using AMPK DKO cells. Cell growth analyses showed
that 2-DG treatment led to reduced cell densities in wild-
type LNT-229 cells but this effect was more pronounced
in AMPK DKO cells in both tested glucose/2-DG ratios
(Fig. 5A). Under normoxic conditions 2-DG treatment
resulted in protection from glucose-starvation induced
cell death in wildtype, while the opposite effect was
observed in AMPK DKO cells. 2-DG treatment under
concomitant glucose and oxygen starvation led to pro-
tection from hypoxia-induced cell death in LNT-229
wildtype cells, whereas AMPK DKO cells did not benefit
from 2-DG treatment (Fig. 5B).

AMPK catalytic subunits knockout impairs tumor growth
and leads to prolonged survival in an orthotopic mouse
glioma model

The effects of AMPK DKO on tumor formation and pro-
gression were investigated in in vivo experiments. Cho-
rioallantoic membrane (CAM) assays represent a simple
in vivo approach to analyze biological effects of tumor
formation and progression [46—48]. The G55T2 ortho-
topic model has been shown to cause necrotic tumor
growth similar to human GB [49]. Under such condi-
tions, AMPK-mediated effects are presumably more pro-
nounced than in less aggressive tumor models. G55T2
wildtype and AMPK DKO cells were first allowed to
grow on the CAM of fertilized chicken eggs (Supplemen-
tary Fig. 4A). After 8 days of incubation G55T2 wildtype
cells formed significantly larger tumors with up to 70%

increase in weight compared to G55T2 AMPK DKO
cells (Supplementary Fig. 4B). IHC analysis of FFPE tis-
sue of CAM tumors showed P-AMPK positive staining
only in a small fraction of G55T2 AMPK DKO cells and
no signal for P-ACC staining (Supplementary Fig. 4C).
P-ACC expression was found to be dependent on tumor
cell localization with lower expression in the outer and
higher expression in the tumor center of G55T2 wildtype
CAM tumors (Supplementary Fig. 4C). CA IX is known
as surrogate marker for hypoxia and its expression is
therefore increased in tumor regions with low oxygen
supply [50, 51]. IHC staining showed that CA IX expres-
sion was induced in G55T2 wildtype CAM tumors, espe-
cially in the tumor center whereas G55T2 AMPK DKO
CAM tumors showed only low expression of CA IX (Sup-
plementary Fig. 4D).

In addition to the CAM assays, tumor formation,
growth and overall survival was analyzed in an orthotopic
mouse model. Here, G55T2 AMPK DKO cells showed
delayed tumor formation compared to G55T2 wildtype
cells in MRI measurements (Fig. 6A). While all animals
injected with G55T2 wildtype cells developed tumors
that were detectable by MRI at day 18, this was only the
case for two of nine mice injected with G55T2 AMPK
DKO cells. In line with these results, volumetric analyses
based on MRI measurements showed significantly larger
tumors in mice injected with G55T2 wildtype cells at day
18 after tumor cell injection (Fig. 6B). With 31 versus 21.5
days in G55T2 AMPK DKO versus wildtype tumor bear-
ing mice, median survival of mice with G55T2 AMPK
DKO tumors was approximately 50% increased (Fig. 6C).
Similarly, survival of mice with LNT-229 AMPK DKO
tumors was prolonged (Fig. 6D) and inhibition of AMPK
signaling in DKO tumors was confirmed via IHC staining
for P-ACC (Fig. 6E).

Discussion
Precise sensing of the cellular energy state is an impor-
tant prerequisite to coordinate metabolism for sustained
tumor growth in the GB microenvironment. AMPK
orchestrates metabolism by increasing catabolism and
inhibiting anabolism [11, 52, 53]. Accordingly, chronic
AMPK activation has been reported in GB cells [18].

We provide evidence that functional AMPK is essen-
tial for adaptation of human GB cells to energy starvation
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Fig. 5 AMPK catalytic subunits double knockout cells are sensitized to 2-deoxyglucose treatment

(A) CV staining of LNT-229 wildtype and AMPK catalytic subunits double knockout (DKO) cells was performed after treatment with vehicle (DMSO), 2 mM
(left panel) or 5 mM (right panel) 2-DG in serum-free medium supplemented with 5 mM glucose for 72 h. Results are shown as absorption at 595 nm and
relative to TO, reflecting the respective cell density at the beginning of the experiment. (B) LNT-229 wildtype and AMPK DKO cells were treated with ve-
hicle (DMSO) or 2 mM 2-DG in serum-free DMEM with 2 mM glucose in normoxia or hypoxia (0.1% O,). LDH release assay was used for cell death analysis

(n=4, mean+SD, n.s. not significant, *p <0.05, **p < 0.01, Student’s t-test)

with direct effects on GB cell survival (Supplementary
Fig. 5). AMPK was induced under nutrient-deprived as
well as hypoxic conditions (Fig. 1D), while double knock-
out of the catalytic subunits al and a2 sensitized human

GB cells to cell death induced by glucose starvation and
hypoxia, both mimicking characteristic conditions of the
GB microenvironment (Fig. 2A, B, D). Previous studies
had reported increased levels of the AMPK subunits a1,
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Fig. 6 Knockout of AMPK catalytic subunits impairs tumor growth in vivo

(2025) 44:104

Page 14 of 17

(A) Athymic nude mice were intracranially injected with 1x10° G55T2 wildtype (wt) or AMPK catalytic subunits double knockout (DKO) cells (n=10
mice per group). MRI measurements were performed on day 11, 18 and 25 after tumor cell injection. Images of 3 mice per group are shown exemplarily.
(B) Tumor volumes were calculated based on MRI measurements on day 11 and 18 using the ITK Snap software. (C) Survival of mice (n=10 per group)
injected with G55T2 wildtype or AMPK DKO cells was analyzed by Kaplan-Meier Plot. Significance was tested using Log-Rank test. (D) Survival of mice
(n=20 per group) injected with LNT-229 wildtype or AMPK DKO cells was analyzed by Kaplan-Meier Plot. Significance was tested using Log-Rank test.
Data of two independent experiments were pooled. (E) G55T2 wildtype and AMPK DKO tumors (left panel) were analyzed immunohistochemically with
antibody for P-ACC. Scale bar represents 200 um (10x magnification, bottom panel) or T mm (2x magnification, upper panel). LNT-229 wildtype and AMPK

DKO tumors (right panel) were also analyzed with antibody for P-ACC

B1 and y1l on mRNA level compared to normal brain tis-
sue as well as increased levels of phosphorylated AMPK
in GB cells as an indication of a potential relevance of
AMPK in GB [18]. Gene suppression of the 1 regulatory
AMPK subunit has been shown to result in downregula-
tion of cellular bioenergetics and reduced tumor growth
in vivo [18]. Nevertheless, in this model, phosphorylation
of AMPK was not fully inhibited because of a sustained
catalytic AMPK activity. Indeed, double knockout of the
catalytic subunits ol and a2 is necessary for a precise
analysis of AMPK specific effects (Fig. 3B-D). Transfec-
tion of AMPK DKO cells with PRKAA2, encoding for
the a2 subunit, partially rescued cell death under glucose
starvation and hypoxia (Fig. 3C, D). Of note, transfec-
tion with PRKAA2 did not lead to protein levels compa-
rable to the wildtype AMPK protein level and thus could
explain the partial rescue of those cells (Fig. 3A).

We also found similar effects in primary GB cells by
employing pharmacological AMPK inhibition with
BAY3827 (Fig. 2C, D, Supplementary Fig. 2A-C). In con-
trast to the frequently used AMPK inhibitor Compound
C, which is known to lack AMPK specificity, we found
a good selectivity of BAY3827 [40]. In both, LNT-229
and primary GB cells (P3NS, NCH690 and NCH644),
BAY3827 treatment increased cell death under glucose
starvation and hypoxia as it was also observed in the
AMPK DKO model (Fig. 2C-D, Supplementary Fig. 2A-
C). Moreover, BAY3827 treatment did not influence
hypoxia-induced cell death rates in AMPK DKO cells
demonstrating an absence of off-target effects (Supple-
mentary Fig. 2C). Selective pharmacological AMPK
inhibition could be a new therapeutic option for GB
treatment by sensitizing GB cells to local conditions of
the tumor microenvironment.

AMPK modulates mitochondrial biogenesis and
homeostasis dependent on the cellular energy state [41].
Only little is known about the role of AMPK for mito-
chondria in GB cells. In the f1 gene suppression model,
primary GB cells were characterized by reduced mito-
chondrial activity and mass [18]. Here, we demonstrate
that abolishing catalytic AMPK activity by al/a2 double
knockout induced a significant reduction of mitochon-
drial DNA content and mass (Fig. 4A, C, D - MitoTracker
Green) together with reduced mitochondrial mem-
brane potential indicating lower mitochondrial activity

(Fig. 4C, D - MitoTracker Red). In line with this observa-
tion, mRNA levels of mitochondrial encoded and mito-
chondria associated genes decreased in AMPK DKO cells
compared to wildtype GB cells (Fig. 4B). In this context,
PGC-1a, encoded by PPARGCIA, a master regulator of
mitochondrial biogenesis has been found to be AMPK-
dependently activated via p38MAPK activation leading
to an enhanced mitochondrial activity and biogenesis
to improve ATP synthesis to overcome energy deple-
tion under nutrient-deprived conditions [15]. Interest-
ingly similar to AMPK knockout we have previously
shown that gene suppression of PGC-1a resulted in pro-
longed survival in an orthotopic mouse model [54]. This
indicates that (some) downstream effects of AMPK are
potentially mediated by PGC-1la. The essential role of
AMPK to sustain mitochondrial activity for ATP pro-
duction under energy starvation conditions, was further
confirmed by the fact that inhibition of oxidative phos-
phorylation and AMPK DKO both resulted in a compa-
rable reduction of oxygen consumption in LNT-229 cells
(Supplementary Fig. 3B). Taken together, deregulated
mitochondrial capacity to produce ATP appears to be an
important consequence of defective AMPK activity.
Aerobic glycolysis is known to be an important route
to metabolize glucose in tumor cells [55, 56]. Therefore,
tumor cells are more susceptible to the treatment with
glycolysis inhibitors like 2-DG [57]. In consequence to
glycolysis inhibition, ATP is depleted and AMPK is acti-
vated [8, 58]. Our results demonstrate that AMPK DKO
cells show an impaired adaptation to energy starvation
conditions and thus it seems plausible that these cells are
more sensitive to glycolysis inhibition than wildtype cells.
In line, LNT-229 AMPK DKO cells showed decreased
cell growth under glucose-deprived conditions combined
with 2-DG treatment compared to LNT-229 wildtype
cells (Fig. 5A). Moreover, treatment of AMPK DKO cells
with 2-DG led to increased cell death compared to LNT-
229 wildtype cells, which were protected from glucose
starvation-mediated cell death because of an increased
AMPK activation resulting in the inhibition of catabolic
processes and activation of ATP generation to restore
cellular energy storage. AMPK inhibition together with
glycolysis inhibition (e.g. with 2-DG) could therefore be
beneficial to render GB cells more susceptible to condi-
tions of the tumor microenvironment. With regard to
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treatment conditions, both temozolomide and radio-
therapy induce DNA damage triggering ATP consuming
DNA repair pathways [59—-61]. Similarly, temozolomide-
induced damage of mitochondrial DNA as well as radio-
therapy induced generation of mitochondrial reactive
oxygen species interfere with mitochondrial function
[62, 63], which could also trigger energy shortage due to
decreased ATP production in the mitochondria. Under
such circumstances, tumor cells would most likely dis-
play an increased dependency on AMPK to sustain
energy supply rendering them specifically sensitive to
AMPK inhibition. Nevertheless, systemic AMPK inhibi-
tion, especially as part of a systemic combination therapy
approach (e.g. with temozolomide or inhibitors of glycol-
ysis), could induce relevant off-target toxicity and there-
fore careful dose-finding studies when designing in vivo
experiments or phase 1 clinical trials would be mandated.

Findings of our in vivo models demonstrate the impor-
tance of AMPK for GB growth. In line with previous
studies, where gene suppression of the regulatory 1
subunit was sufficient to confer prolonged survival in
tumor-bearing mice, we found that knockout of the cat-
alytic AMPK subunits led to impaired tumor formation
of CAM tumors and in mouse experiments (Fig. 6A, B,
Supplementary Fig. 4B). Moreover, survival of AMPK
DKO tumor bearing mice was significantly prolonged
(Fig. 6C, D) and IHC staining for P-ACC was reduced in
AMPK DKO tumors (Fig. 6E, Supplementary Fig. 4C). In
this context, AMPK could be essential for adaptation to
conditions of the tumor microenvironment and explor-
ing potential synergistic effects with glycolysis inhibition
is an important future topic.

Conclusions

In summary, adaptation to the tumor microenvironment
is a central prerequisite for sustained tumor growth in
solid cancers. Our study demonstrates that AMPK medi-
ates adaptation of GB cells to energy stress conditions.
Therefore, AMPK inhibition is a promising strategy
for GB treatment either as monotherapy or to sensitize
tumor cells to other metabolically active therapies.
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