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Abstract
Background. Invasion and angiogenesis are major hallmarks of glioblastoma (GBM) growth. While invasive tumor 
cells grow adjacent to blood vessels in normal brain tissue, tumor cells within neovascularized regions exhibit 
hypoxic stress and promote angiogenesis. The distinct microenvironments likely differentially affect metabolic 
processes within the tumor cells.
Methods. In the present study, we analyzed gene expression and metabolic changes in a human GBM xenograft 
model that displayed invasive and angiogenic phenotypes. In addition, we used glioma patient biopsies to confirm 
the results from the xenograft model.
Results. We demonstrate that the angiogenic switch in our xenograft model is linked to a proneural-to-mesen-
chymal transition that is associated with upregulation of the transcription factors BHLHE40, CEBPB, and STAT3. 
Metabolic analyses revealed that angiogenic xenografts employed higher rates of glycolysis compared with inva-
sive xenografts. Likewise, patient biopsies exhibited higher expression of the glycolytic enzyme lactate dehydro-
genase A and glucose transporter 1 in hypoxic areas compared with the invasive edge and lower-grade tumors. 
Analysis of the mitochondrial respiratory chain showed reduction of complex I  in angiogenic xenografts and 
hypoxic regions of GBM samples compared with invasive xenografts, nonhypoxic GBM regions, and lower-grade 
tumors. In vitro hypoxia experiments additionally revealed metabolic adaptation of invasive tumor cells, which 
increased lactate production under long-term hypoxia.
Conclusions. The use of glycolysis versus mitochondrial respiration for energy production within human GBM 
tumors is highly dependent on the specific microenvironment. The metabolic adaptability of GBM cells highlights 
the difficulty of targeting one specific metabolic pathway for effective therapeutic intervention.
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Aggressive tumor growth of glioblastoma (GBM), the 
most frequent and most malignant brain tumor, is 
strongly associated with hypoxia and angiogenesis. In 
contrast, invasion into the normal brain parenchyma is 
a key feature of both high-grade as well as low-grade 
gliomas such as astrocytomas and oligodendroglio-
mas.1 Invasive and angiogenic tumor cells reside in dif-
ferent niches. While angiogenic tumor cells are found in 
hypoxic areas, which lack oxygen and nutrients, invasive 
tumor cells migrate to well-vascularized brain areas with 
intact vessels and higher levels of oxygen. Tumor cells 
rely on glycolysis for energy production in the hypoxic 
niche,2 but Otto Warburg was the first to observe that 
even under aerobic conditions, malignant tumor cells 
may use glycolysis instead of mitochondrial respiration.3 
The glycolytic switch of tumors has been attributed to the 
major mutations that occur in cancer, including mutations 
in oncogenes as well as tumor suppressor genes. These 
mutations cause proliferation of cancer cells, and the 
rapid growth in biomass can more efficiently be achieved 
using anabolic metabolism.4

Warburg′s initial hypothesis that the glycolytic shift is 
caused by mitochondrial defects in tumor cells has been 
disproven. Mitochondria in tumor cells are intact and can 
use oxidative phosphorylation, but they do so to a lesser 
extent compared with normal cells.5 However, a recent 
study pointed out that human GBM may rely on mito-
chondrial glucose oxidation, as shown in an orthotopic 
GBM xenograft model which did not express significant 
amounts of hypoxia-inducible factor (HIF)1A and HIF2A.6 
Both proteins are key mediators of angiogenesis and are 
upregulated in hypoxic areas of cancer. Increased mito-
chondrial activity was also found in an isocitrate dehy-
drogenase 1 mutant human oligodendroglioma xenograft 
model.7 The studies together suggest that GBM cells local-
ized in regions with physiological oxygen levels, often 
corresponding with tumor invasion, can exploit mito-
chondrial respiration as a major energy source. Whether 
or not invasive GBM cells utilize a different metabolism 
compared with angiogenic cells, however, remains elu-
sive. We addressed this important question using a xeno-
graft model derived from a patient biopsy with epidermal 
growth factor receptor (EGFR) amplification, which grows 
highly invasive and is independent of angiogenesis. By 
introducing a dominant-negative (DN) EGFR mutant into 
the tumor cells, we previously showed that the tumors pro-
gress to an angiogenic phenotype.8 In the present study, 
we demonstrate that the angiogenic progression coincides 
with a transition from a proneural to a mesenchymal GBM 
molecular subtype.9 Furthermore, we assessed the meta-
bolic profiles of both invasive and angiogenic tumor cells 
in this model as well as in patient biopsies.

Materials and Methods

Cell Culture

Biopsy spheroids were cultured as described previously.11 
For functional experiments with EGFR-CD533, sphe-
roids with a standardized cell number were generated as 

described in the section “Lentiviral EGFR-CD533 Production 
and Infection of GBM Cells.”

The human embryonic kidney cell line 293T (#CRL-11268) 
and the U87 cell line were obtained from the American Type 
Culture Collection and maintained in Dulbecco’s modified 
Eagle’s medium supplemented with 10% fetal calf serum 
and 1% glutamine. All cell lines were grown at 37°C in a 
humidified atmosphere comprising 5% CO2.

Cloning of EGFR-CD533

The EGFR-CD533 construct was a gift from Joseph 
Contessa, Yale University School of Medicine, and cloned 
into the lentiviral pRRL.sinCMVeGFPpre 12 as described 
previously.8

Lentiviral EGFR-CD533 Production and Infection 
of GBM Cells

Lentiviral vectors carrying EGFR-CD533 were produced 
in 293T cells using FuGene HD transfection reagent (Life 
Technologies) according to the manufacturer’s instructions. 
Details of production and infection have been described 
previously and are provided in the Supplementary 
materials.8

In vivo Experiments

Nude immunodeficient rats (rnu/rnu Rowett) were fed 
a standard pellet diet and were provided with water ad 
libitum. All procedures were approved by the Norwegian 
National Animal Research Authority. Biopsy spheroids 
were stereotactically implanted into the right brain 
hemisphere using 10 spheroids per rat as described pre-
viously.13 Rats were euthanized with CO2, perfused intra-
cardially with 0.9% NaCl, and sacrificed when symptoms 
developed. Brains were removed and fixed in 4% formalin 
for 1–7 days, or tumors were excised and snap frozen in 
liquid nitrogen for metabolic mapping.

Gene Expression Analysis

RNA was purified from tissue samples using Ambion TRI 
Reagent (Life Technologies) following the manufacturer’s 
instructions. RNA samples were then DNase treated using 
Ambion’s Turbo DNA-free Kit to remove any contaminat-
ing genomic DNA. Transcriptome profiling assays were 
performed on xenograft tissue from 3 animals per group 
using Affymetrix Human GeneChip 1.0 ST arrays. Briefly, 
250ng of total RNAs were reverse transcribed into cDNA, 
then transcribed into cRNAs and labeled into biotinylated 
cRNA using the GeneChip WT Plus Reagent Kit (Affymetrix) 
according to the manufacturer’s standard protocols (P/N 
4425209 Rev. B 05/2009 and P/N 702808 Rev. 6). Labeled 
cRNA products were randomly fragmented and hybridized 
onto Affymetrix GeneChips. Upon hybridization, arrays 
were washed and stained using the Affymetrix GeneChip 
WT Terminal Labeling and Hybridization Kit, before being 
scanned using a GeneChip Scanner 3000.
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CEL files generated after array scanning were imported 
into the Partek Genomics Suite for estimating transcript 
cluster expression levels from raw probe signal intensities 
using default Partek settings. Resulting expression data 
were then further processed using R scripts (http://www.R-
project.org/). First nonspecific filtering was applied to 
remove transcript clusters with no specified chromo-
some location. Then, box plots, density plots, relative log 
expressions, and sample pairwise correlations were gen-
erated to assess the quality of the data. Principal compo-
nent analysis was also used to identify inter-individual 
sample variability and outliers within the datasets. Finally, 
the limma package (Linear Model for Microarray Data; R/
Bioconductor) was used to detect differentially expressed 
genes (DEGs) between control and EGFR-DN groups. The 
linear model and eBayes methods were used to calcu-
late the statistical significance of the differential mRNA 
expression values obtained for each contrast as P-values 
adjusted for multiple testing errors using the Benjamini 
and Hochberg false discovery rate (FDR). Genes with an 
FDR <0.05 were considered differentially expressed, irre-
spective of the fold change. Microarray data are available 
in the ArrayExpress database (www.ebi.ac.uk/arrayex-
press) under accession number E-MTAB-4898. Expression 
of the top 30 most differentially expressed genes was 
depicted as a heatmap generated using gitools.15 
Differentially expressed genes (FDR <0.05 and fold change 
>2) were analyzed for gene ontology enrichment using 
webgestalt.16 Enriched biological processes were summa-
rized using Revigo.17

Transcriptional Association Models

To acquire deeper insight into potential transcriptional reg-
ulatory control distinguishing the angiogenic and invasive 
phenotypes, we implemented a gene coexpression analy-
sis based on our microarray data and prior knowledge of 
regulatory associations in GBM. First, we selected genes 
exhibiting strong differential expression (DEGs) in our 
microarray data (FDR < 0.01). Independently, we selected 
transcription factors (TFs) that were previously reported 
to be specifically altered in GBM tumors.18 We then com-
puted all the pairwise (Pearson) correlations, r, between 
DEGs and TFs. To focus our attention on the strongest 
associations while reducing the risk of selecting potential 
spurious correlations, we filtered out DEG-TF correlations 
with r ≤ 0.99. The capability of the remaining DEG-TF asso-
ciations to discriminate between angiogenic and invasive 
samples was investigated through network visualization 
and functional enrichment analysis. Network generation 
and visualization tasks were completed with Cytoscape.19 
HEFalMp20 was applied to estimate functional enrichments 
of the resulting networks.

Isolation and Analysis of Mitochondrial DNA

Genomic DNA was extracted from homogenate of frozen 
tumor tissue using the DNeasy Blood & Tissue Kit (Qiagen) 
following the manufacturer’s instructions. Further details 
are described in the Supplementary materials.

Immunohistochemistry

Tissue labeling for lactate dehydrogenase A  (LDH-A) and 
glucose transporter 1 (GLUT1) was performed using the 
DiscoveryXT immunohistochemistry system (Ventana/
Roche) as previously described.21 Immunohistochemistry 
for respiratory complex-I 20kDa subunit (NDUFB8) and 
porin subunit VDAC1 was performed using the MACH4 
Universal AP Polymer Kit (Biocare Medical) according to 
the manufacturer’s protocol. Details are described in the 
Supplementary materials.

Ethics Statement

The Norwegian Data Inspectorate and the Regional 
Committee for Ethics in Research have approved this pro-
ject (REK 013.09). The study was performed in accordance 
with the Helsinki Declaration.

The use of patient material was endorsed by the local 
ethical committee of the Goethe University Frankfurt, 
Germany (GS 04/09).

Metabolic Mapping (Quantitative Enzyme 
Histochemistry)

The tetrazolium salt method was used to localize activ-
ity of LDH in sections of the tumors. This method gener-
ates formazan as a precipitate at the site of LDH activity.22 
Details are described in the Supplementary materials.

Lactate Measurement

For lactate measurements, spheroids expressing 
EGFR-CD533 and control spheroids, generated as described 
in the section “Lentiviral EGFR-CD533 Production and 
Infection of Glioblastoma Cells” were cultured at 37°C 
under 5% CO2 (normoxia) or in a hypoxic chamber under 
0.5% O2 (hypoxia) for the indicated duration. Lactate meas-
urements were performed as previously described.23 
Samples were normalized to a standard curve of 0–4mM 
L-lactate. All chemicals were acquired from Sigma-Aldrich, 
and calculations were performed using Microsoft Excel 
v12.

Magnetic Resonance Imaging and Magnetic 
Resonance Spectroscopy

MR imaging (MRI) and MR spectroscopy (MRS) were 
performed using a 7T small animal MR scanner (Bruker 
Pharmascan). Axial T1 weighted (T1w) rapid acquisition 
with relaxation enhancement (RARE) sequences (repetition 
time [TR], 1000ms; echo time [TE], 8.7ms; slice thickness, 
1mm; field of view [FOV], 3.2cm; matrix size, 256×256; 
20 slices) were acquired before and after of subcutane-
ous injection of contrast agent (1.0mL of 0.5  mmol/mL; 
Omniscan, Amersham Health). Axial T2-weighted (T2w) 
RARE sequences were also acquired before contrast injec-
tions (TR, 4200ms; TE, 36ms; slice thickness, 1mm; FOV, 
3.2cm; matrix size, 256×256; 20 slices), using the same 
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slice positioning as for the T1w images. During scanning, 
the animals were kept in anesthesia with 1.5% isoflurane 
(Schering-Plough) mixed with 50% air and 50% O2.

Single-voxel proton spectroscopy was performed in a 
voxel size of 3mm within the tumor area as defined on the 
T2w MR images, using the PRESS (point-resolved spec-
troscopy) sequence (TR, 2500ms; TE, 6.017ms; number of 
acquisitions, 512). A quantitative analysis of the different 
metabolites was performed using LCModel.24

Statistical Analysis

Differences between pairs of groups were determined by 
Student’s t-test. P < .05 was considered to indicate signifi-
cant differences.

Results

Increased Expression of BHLHE40, CEBP, and 
STAT3 Is Associated with the Angiogenic and 
Mesenchymal Switch in Human Glioblastoma 
Xenografts

Previously, we have shown that an angiogenic switch 
can be induced in highly invasive, EGFR amplified GBM 
xenografts by overexpression of EGFR-DN. This xenograft 
model is based on short-term 3D spheroid cultures from 
GBM biopsies. Details about the model and transduction 
of cells with EGFR-DN are described in the Supplementary 
materials. Microarray analysis of xenograft tumors 
revealed that HIF1A is a central regulator of known angio-
genic genes significantly upregulated in the angiogenic 
xenografts.8 Thus, this model represents a unique in vivo 
setting to study the shift from invasive to angiogenic 
tumor growth induced by hypoxia/HIF1A. Here, we veri-
fied the induction of an angiogenic switch by EGFR-DN 
in another invasive, EGFR amplified xenograft model 
(P228) which is of classical subtype (data not shown). 
EGFR-DN tumors showed greater contrast enhancement 
on MRI, microvascular proliferation and upregulation of 
HIF1A and vascular endothelial growth factor A (VEGFA) 
(Supplementary Fig.  1). Furthermore, we expanded 
our microarray analysis from the previously published 
model.8 The Human Gene v1.0 ST microarray was per-
formed on xenograft tissue from 3 animals per group. The 
tumors were harvested when they reached similar sizes as 
observed by MRI (data not shown). Tissue harvested for 
RNA isolation was verified by histology to contain >90% 
tumor tissue. Microarray analysis revealed 645 genes 
differentially expressed between the phenotypes (FDR 
< 0.05; Supplementary Table 1). We extracted the top 30 
genes mostly deregulated between the 2 groups (Fig. 1A). 
By analyzing associations of gene expression with bio-
logical functions, we observed that the genes upregu-
lated in the angiogenic xenografts indeed are involved 
in angiogenesis, response to wounding, and response 
to cellular stress. In contrast, the genes downregulated 
in the angiogenic xenografts are involved in neuronal 
processes, including nervous system development, gen-
eration of neurons, and synaptic transmission (Fig.  1B). 

According to the Verhaak classification system for GBM 
molecular subgroups, we demonstrated that the inva-
sive tumors belong to the proneural subgroup, whereas 
the angiogenic tumors show an expression pattern char-
acteristic of the mesenchymal subgroup (Fig.  1C). We 
confirmed upregulation of mesenchymal proteins CCAAT-
enhancer binding homologous protein beta (CEBPB), 
basic helix-loop-helix family member e40 (BHLHE40), 
phosphorylated signal transducer and activator of tran-
scription 3 (phospho-STAT3), and CD44 in angiogenic 
tumors by immunostaining, while expression of 2 typical 
proneural genes ASCL1 and OLIG2 were downregulated 
in angiogenic tumors compared with invasive tumors 
(Supplementary Fig. 2). Thus, the angiogenic switch and 
mesenchymal transition seem to be highly linked in our 
model. To identify transcription factors important for the 
angiogenic/mesenchymal switch, we used a transcrip-
tional association model and thereby uncovered 2 mod-
ules of highly coexpressed transcription factors and 
differentially expressed genes (27 associations with r > 
0.99 involving 5 TFs in total). This analysis showed that the 
genes BHLHE40, CEBPB, STAT3, and SMAD3 are upregu-
lated in the angiogenic xenografts and are also strongly 
coexpressed with other genes significantly upregulated in 
the angiogenic xenografts (Fig. 1D). By analyzing associa-
tions of these genes with biological functions, we found 
that these genes are involved in vasculature development 
(HEFalMp20, P = 0), glycoprotein metabolism (P = 0), regu-
lation of cell proliferation (P = 0), and migration (P = 0). 
Three of the TFs (STAT3, CEBPB, and BHLHE40) have pre-
viously been identified as master regulators of mesenchy-
mal transition in human GBM,25 which is also associated 
with a higher degree of hypoxia and a poor prognosis.26 
We demonstrated significant upregulation of these fac-
tors in angiogenic xenografts by immunohistochemistry 
(Supplementary Fig. 3). Thus, our analysis indicates that 
increased expression of the mesenchymal genes CEBPB, 
STAT3, and BHLHE40 is associated with the phenotypic 
transition in our model.

High Levels of Lactate and Glutamine in 
Angiogenic Xenografts

To assess metabolic changes in our animal model, we 
first analyzed the microarray data. Ingenuity path-
way analysis revealed upregulation of glycolysis in 
the angiogenic phenotype compared with the inva-
sive phenotype (Supplementary Fig. 4). To confirm this 
result, we performed in vivo MRS of both invasive and 
angiogenic xenograft tumors. Angiogenic xenografts 
clearly showed upregulation of lactate levels indicative 
of increased glycolysis as well as a significant upregu-
lation of glutamine and glutamate levels (Fig.  2A). To 
confirm the results from MRS, we performed metabolic 
mapping on frozen sections from both phenotypes to 
measure activity of LDH, an enzyme involved in glyco-
lysis. We showed significantly higher activity of LDH in 
angiogenic (0.9±0.1  µmol lactate converted per mL tis-
sue per min) as compared with invasive xenografts 
(0.6±0.1 µmol lactate converted per mL tissue per min; P 
< .05; Fig. 2B, 2C). As hypoxia is an important mediator 
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Fig. 1 The angiogenic switch is linked to proneural-to-mesenchymal transition in GBM. (A) Highest differentially expressed genes between inva-
sive (untr) and angiogenic (DN) tumors. (B) Biological processes linked to up- and downregulated genes. (C) Heatmap of Verhaak classification 
shows that invasive tumors (untr) have a proneural phenotype, while angiogenic (DN) tumors have a mesenchymal phenotype. (D) Transcription 
factor association to upregulated genes (DN). untr = untransduced EGFR amplified cells.
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of angiogenesis, we decided to investigate whether or 
not hypoxia changes the metabolic fate of GBM cells. 
We performed in vitro hypoxia experiments with GBM 
spheroids derived from invasive and angiogenic xeno-
grafts and measured lactate levels. No significant differ-
ence in lactate levels was observed under normoxia or 
short-term hypoxia (48h); however, there was a trend of 
higher levels in angiogenic spheroids under both condi-
tions (Fig. 2D). The difference became more evident and 
highly significant upon extended culturing (120h) under 
normoxia. Interestingly, the increase in lactate levels in 

tumor cells of the angiogenic phenotype cultured under 
long-term hypoxia (120h) was not significant when com-
pared with normoxia, indicating a Warburg effect. In 
contrast, the lactate levels of the invasive phenotype 
significantly increased under long-term hypoxia, indicat-
ing that invasive cells can also upregulate glycolysis in a 
hypoxic microenvironment.

In line with our xenograft results, we showed that the 
glycolytic proteins LDH-A and GLUT1 were upregulated 
in particular around necrotic areas in GBM tumors repre-
senting hypoxic areas. Meanwhile, low-grade gliomas and 

Fig. 2 Glycolysis is upregulated in angiogenic compared with invasive tumors. (A) MRS of invasive and angiogenic tumors. * P < .005; Lac=Lactate; 
mI=myo Inositol; Cr=creatine; Ch=choline; NAA+NAAG=; Glu+Gln=glutamine and glutamate; Tau=taurine; NAA+NAAG=N-acetylaspartate + 
N-acetyl-aspartylglutamate (B) Metabolic mapping of LDH activity in angiogenic compared with invasive tumors. Asterisk indicates necrotic area. 
(C) Quantification of metabolic mapping. (D) Lactate levels of invasive (P8) and angiogenic (P8-EGFRDN) human GBM cells in 48h and 120h of nor-
moxia and hypoxia. *P < .05; ***P < .001.
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the invasive edges of GBM tumors generally exhibited 
a low or undetectable expression of LDH-A and GLUT1 
(Fig. 3A–C).

Mitochondrial Complex I Is Highly Reduced in 
Angiogenic Xenografts and Hypoxic Areas of 
GBM Tumors

The upregulation of glycolytic activity in angiogenic xen-
ografts and hypoxic areas of GBM tumors may have an 
impact on mitochondrial respiration. Therefore, paraffin 
sections of angiogenic and invasive tumor xenografts 
were immunostained with antibodies against mitochon-
drial complex I, which is partly encoded by mitochondrial 
DNA (mtDNA), and porin, which is a general mitochon-
drial marker reflecting amounts of mitochondria per 
cell. Expression of complex I was substantially reduced 
in angiogenic compared with invasive xenografts, while 

there was no difference in porin expression (Fig.  4A). 
Upregulation of HIF1A and VEGFA as shown on western 
blots verified the angiogenic switch (Fig. 4B). To identify 
the cause for complex I loss, we compared mtDNA quan-
tity and structural integrity in the angiogenic compared 
with invasive xenografts. However, no mtDNA deletions 
or quantitative changes were found which could explain 
the reduction/loss of complex I in the angiogenic tumors 
(data not shown).

Next, we assessed expression of mitochondrial com-
plex I  and porin in 5 low-grade and 10 high-grade glio-
mas. While there was variability in complex I expression 
between individual patients, we observed that complex 
I was reduced around necrotic/hypoxic areas in GBM, com-
pared with low-grade tumors and nonnecrotic/nonhypoxic 
areas of GBM (Fig. 4C, Supplementary Fig. 5). Thus, com-
plex I reduction was associated with hypoxia/angiogenesis 
in our xenograft model, which was confirmed on patient 
biopsies.

Fig.  3 LDH-A and GLUT1 are overexpressed in hypoxic areas of human GBM compared with nonhypoxic areas and low-grade glioma. (A) 
Immunohistochemistry for LDH-A and GLUT1 in glioma with different World Health Organization grades. Asterisk indicate necrotic areas. (B) 
Quantification of immunohistochemistry from (A). GLUT1: grade IV versus grade II, P=.0243; other comparisons n.s. LDH-A: grade IV versus II, 
P=.0087; grade IV versus grade III P=.0088. (C) Quantification of LDH-A and GLUT1 immunohistochemistry in invasive (I) and central (T) tumor areas 
of GBM. GLUT1, P=.0021; LDH-A, P=.0083.
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Discussion

Our study shows that GBM cell metabolism is distinctly 
affected by the microenvironment. Tumor cells in hypoxic 
areas are dependent on glycolysis and exhibit strongly 
reduced expression of mitochondrial complex I.  The 
glycolytic dependency of tumor cells has been shown 
for many different cancer types.5 However, in GBM it 
has been unclear whether the predominant use of gly-
colysis is a general phenomenon of all tumor cells or 
whether different metabolic programs are dependent 

on specific tumor areas/microenvironments. Most stud-
ies have shown that glycolysis is the primary source 
of energy production in GBM cells.27–29 Recently, how-
ever, Marin-Valencia et  al observed, using a xenograft 
model, that GBM cells can utilize mitochondrial glucose 
oxidation in addition to glycolysis.6 This finding is quite 
surprising considering the general view of diminished 
mitochondrial function in tumor cells. One explanation 
may be the very low amounts of HIF1A and HIF2A in the 
invasive xenograft model that was used in this study. 
Indeed, we also observed low to undetectable levels of 
HIF1A in our invasive xenograft model.8 Furthermore, 

Fig. 4 Complex I is downregulated in angiogenic compared with invasive tumors. (A) Immunostaining for complex I and porin in invasive and 
angiogenic xenografts. Complex I is downregulated in angiogenic compared with invasive xenografts while porin is not differentially expressed. 
(B) Western blot with antibodies against HIF1A and VEGF. (C) Immunostaining for complex I and porin in low-grade glioma and GBM. Asterisks 
indicate necrotic areas.
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high levels of mitochondrial complex I  were detected 
in the invasive phenotype, but low levels in the angio-
genic phenotype. Deighton et  al recently showed that 
23 complex I  proteins are reduced in GBM.30 However, 
we report for the first time that low complex I  levels in 
GBM correlate with hypoxic and angiogenic tumor areas. 
Complex I  deficiency has been previously observed in 
cancer which is caused by either mutations in the mito-
chondrial genome31 or impairment through reactive oxy-
gen species.32 However, analysis of mtDNA did not reveal 
somatic deletions or depletion that could explain the 
severe reduction of complex I in our model. It is possible 
that complex I reduction in GBM is caused by oncogenic 
signaling affecting metabolic regulators such as HIF1A or 
AMPK33 or by somatic mtDNA point mutations or that it 
may be the result of hypoxia-induced production of reac-
tive oxygen species.

In addition to increased glycolysis and reduced complex 
I expression, the angiogenic phenotype showed accumu-
lation of glutamine compared with the invasive pheno-
type. The elevated levels of glutamine were detected by in 
vivo MRS and may indicate that tumor cells in angiogenic 
regions because of the high glycolytic activity have a lower 
demand to consume glutamine.34

Interestingly, we have previously shown that anti-
angiogenic treatment leading to increased GBM inva-
sion was also associated with increased glycolysis.35 
In the study by Keunen et al, the invasive and glycolytic 
phenotype could be explained by upregulation of HIF1A 
after bevacizumab treatment.35 In contrast to our results, 
Beckner and colleagues detected abundance of glyco-
lytic enzymes in pseudopodia of U87 glioma cells under 
normoxic conditions, which may indicate that glycolysis 
is upregulated during tumor invasion.36 However, the 
U87 cell line is a more artificial model compared with our 
tumor model, which more closely resembles the patient 
situation.13,37 In this regard, we detected increased expres-
sion of glycolytic enzymes LDH-A and GLUT1 in hypoxic 
areas of patient GBM, but not in invasive tumor areas. In 
other tumor types (ie, melanoma, breast cancer and pros-
tate cancer), glycolysis seems to be the primary energy 
source for tumor invasion,38,39 which may be explained 
by the microenvironment as well. Metastatic tumor cells 
have to explore new microenvironments, while invasive 
brain tumor cells reside in the same niche, which is highly 
vascularized.

In our model the invasive phenotype did not exhibit 
hypoxia. However, when exposed to long-term hypoxia in 
vitro, a substantial upregulation of glycolysis was observed 
in the invasive tumor cells, confirming that tumor cell 
metabolism responds to microenvironmental changes. We 
did not analyze whether these hypoxia-primed cells induce 
angiogenic tumor growth in vivo. However, we observed 
that spheroids of the invasive phenotype may exhibit cen-
tral necroses in vitro indicating hypoxia (unpublished 
observations). Upon implantation of these spheres, we 
did not observe a switch to angiogenesis, which indicates 
that the hypoxia state is reversible upon change of the 
microenvironment.

The xenograft model that we used in the present study 
is derived from a human GBM classified as a proneu-
ral subtype. Proneural subtype GBM are generally 

associated with a better prognosis due to the high fre-
quency of isocitrate dehydrogenase–mutated tumors 
which also harbor extensive methylation in the cytosine–
phosphate–guanine (CpG) islands of a large number of 
genetic loci (glioma CpG island methylator phenotype 
positive [GCIMP+])9,40 and in addition show downregu-
lation of EGFR expression and signaling.41 However, the 
proneural GBM from our xenograft model was a primary 
GBM and showed high levels of EGFR amplification as 
well as gain of chromosome 7 and loss of chromosome 
10.8,42 Thus, this tumor most likely belongs to a subgroup 
of proneural tumors associated with a worse prognosis 
which have been classified as non-GCIMP tumors.40 The 
proneural xenograft showed a purely invasive pheno-
type that could be switched to an angiogenic phenotype 
and a mesenchymal subclass upon overexpression of 
EGFR-DN. The switch from the proneural to the mesen-
chymal subtype is a common finding and often induced 
upon postoperative treatment of GBM.43–45 Interestingly, 
recent work from Ozawa et  al suggests that most non-
GCIMP mesenchymal tumors are derived from a proneu-
ral-like precursor, again implicating the shift from the 
proneural to the mesenchymal subtype upon tumor 
progression.46

The mesenchymal subclass has been associated with 
increased hypoxia and worse outcome.26 We have previ-
ously shown that HIF1A is a central regulator of the genes 
upregulated in the angiogenic/mesenchymal tumors of 
our model.8 When comparing our dataset with a previ-
ously published hypoxia gene cluster comprising of 45 
genes analyzed in glioma patient samples,47 we observed 
a substantial overlap with 19 genes. In this publication, 
the authors identified genes that previously have not 
been related to hypoxia. Most of the regulated genes in 
our dataset most likely reflect expression changes in 
the human tumor cells due to high purity of our tumor 
samples. However, expression changes related to the 
rat microenvironment could be identified by using spe-
cies-specific transcriptome-based masks as described 
previously.48

In conclusion, we have shown in an animal model and 
in patient biopsies that the use of glycolysis versus mito-
chondrial respiration is dependent on the specific micro-
environment in GBM. The xenograft model that we used 
is valuable to study proneural-to-mesenchymal subtype 
transition, progression from invasion to angiogenesis, 
and the associated metabolic changes in GBM.
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