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Background. The metabolic preference of malignant glioma for glycolysis as an energy source is a potential therapeutic target. As a
result of the cellular heterogeneity of these tumors, however, the relation between glycolytic preference, tumor formation, and tumor
cell clonogenicity has remained unknown. To address this issue, we analyzed the metabolic profiles of isogenic glioma-initiating cells
(GICs) in a mouse model.

Methods. GICs were established by overexpression of H-Ras"*? in Ink4a/Arf-null neural stem cells. Subpopulations of these cells were
obtained by single-cell cloning, and clones differing in extracellular acidification potential were assessed for metabolic characteristics.
Tumors formed after intracranial implantation of these clones in mice were examined for pathological features of glioma and expres-
sion of glycolytic enzymes.

Results. Malignant transformation of neural stem cells resulted in a shift in metabolism characterized by an increase in lactic acid
production. However, isogenic clonal populations of GICs manifested pronounced differences in glucose and oxygen consumption,
lactate production, and nucleoside levels. These differences were paralleled by differential expression of glycolytic enzymes such as
hexokinase 2 and pyruvate kinase M2, with this differential expression also being evident in tumors formed by these clones in vivo.

Conclusions. The metabolic characteristics of glioma cells appear early during malignant transformation and persist until the late
stages of tumor formation. Even isogenic clones may be heterogeneous in terms of metabolic features, however, suggesting that
a more detailed understanding of the metabolic profile of glioma is imperative for effective therapeutic targeting.
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The metabolic preference for and capacity to use glycolysis as an
energy source under aerobic conditions is a defining characteristic
of cancer cells. This preference, known as the Warburg effect, has
been confirmed in various types of cancer,”? and it is both widely
exploited as a diagnostic tool® and considered an attractive ther-
apeutic target, especially for tumors refractory to radio- and
chemotherapy.*

The prognosis of malignant glioma remains poor in spite of the
implementation of multimodality treatments.”® Glioma cells also
tend to present with a metabolic preference for glycolysis, with
this feature having served as the basis for the development of

PET-based diagnosis.” In addition, the high rate of lactic acid pro-
duction by gliomas facilitates noninvasive differential diagnosis
by magnetic resonance spectroscopy.® Furthermore, metabolic
targeting strategies are already under development.”*° However,
recent studies have revealed that the metabolic characteristics of
glioma cells are not as uniform as initially thought.

Genetic aberrations are a main cause of metabolic heteroge-
neity. Oncogene-specific differences in glucose uptake and
dependency have been demonstrated in glioma cell lines.** Fur-
thermore, genetically diverse human glioblastomas that exhibit-
ed a high rate of glucose uptake on fluorodeoxyglucose-PET were
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found to use glycolysis or mitochondrial glucose oxidation as an
energy source.'? Experimental evidence also suggests that differ-
entiation status might correlate with glucose dependency, with
glioma stem cells being less reliant on glycolysis than their differ-
entiated counterports.13

Given that malignant gliomas, especially glioblastomas, pre-
sent with a high level of cellular and histological heterogeneity
at the time of diagnosis,'* it has been difficult to identify specific
metabolic signatures of these tumors. Likewise, it is difficult to
determine at which point during tumorigenesis the pathogenic
metabolic changes occur, with this issue also not being readily
amenable to investigation with well-established cell lines.*® To
overcome these problems, we have taken advantage of our syn-
geneic mouse model of malignant glioma,'®!” which relies on
oncogene-specific transformation of neural stem cells to yield
genetically similar but phenotypically heterogeneous glioma-
initiating cells (GICs). We asked how metabolic preference changes
during malignant transformation as well as how such preference
relates to the phenotype of the transformed cells and to the histo-
pathology of the final tumor.

We found that neural stem cells transformed by the same on-
cogenic lesion can give rise to clones that manifest high rates of
either glucose or oxygen consumption. These two types of clones
similarly retain stem cell -like characteristics such as self-renewal
and differentiation ability, and they manifest an equally high
tumor-initiating capacity. The tumors formed by these clones
after intracranial implantation present a similar histopathology
of glioblastoma, but they can be distinguished by the differential
expression of glycolytic enzymes that is also apparent in the cor-
responding GICs.

Materials and Methods

Brain Tumor-initiating Cells

Primary Ink4a/Arf-null neural stem cells (NSCs) and neural pro-
genitor cells (NPCs) were isolated as previously described.'®
Human H-Ras"'? cDNA (provided by P. P. Pandolfi) was cloned
into a modified form of the retroviral vector pMXs-1G (provided
by T. Kitamura) in which the coding sequence for green fluores-
cent protein had been replaced with that for dsRed. Retroviral su-
pernatants were prepared and used to infect the isolated NSCs/
NPCs. Cells sorted for dsRed fluorescence were designated RasR,
cultured as spheres, and used for subsequent experiments.

Cell Culture

Primary NSCs/NPCs and RasR were maintained as sphere cultures
under a humidified atmosphere of 5% CO, at 37°Cin neurosphere
medium (NSM), which consists of Dulbecco’s modified Eagle’s
medium (DMEM)-F12 (Sigma) supplemented with recombinant
human epidermal growth factor at 20 ng/mL (PeproTech), recom-
binant human basic fibroblast growth factor at 20 ng/mL (Pepro-
Tech), B27 supplement without vitamin A (Invitrogen), heparan
sulfate at 200 ng/mL (Sigma), as well as penicillin at 100 U/mL
and streptomycin at 100 ng/mL (Nacalai Tesque).

Orthotopic Implantation

Orthotopic implantation of cells was performed as previously de-
scribed.'® All animal experiments were approved by the

Institutional Animal Care and Use Committee of Keio University
School of Medicine.

Single-cell Cloning

RasR spheres were dissociated mechanically and enzymatically to
yield a single-cell suspension, which was then passed through a
filter (pore size, 40 pm) and subjected to limiting dilution. Spheres
positive for dsRed that formed in wells that had been allocated
one cell were cultured as clonal populations for further
experiments.

Determination of Cell Doubling Time

Cells were plated at a density of 1 x 10° per well in 6-well plates
and manually counted with the use of a hemocytometer at 0, 24,
48, and 72 h. Doubling time (Ty4) was calculated from the equation
Tq=(t; - t1) xlog(2)/log(g2/g1), where g, and g, represent the
number of cells at times t; and t,, respectively. Experiments
were performed in triplicate.

Immunostaining

For immunohistochemical analysis, tissue was fixed overnight
with 4% paraformaldehyde, embedded in paraffin, and sectioned
at a thickness of 4 pm. Sections depleted of paraffin were stained
with rabbit polyclonal antibodies to Ki67 (NeoMarkers), CD31(Ab-
cam), pyruvate kinase M2 isoform (PKM2), or hexokinase 2 (HK2)
(Cell Signaling Technology). Immune complexes were detected
with the use of Histofine (Nichirei Bioscience) and ImmPACT
diaminobenzidine (Vector Laboratories). For immunocytofluores-
cence analysis, spheres or cells were fixed with 4% paraformalde-
hyde and stained with mouse monoclonal antibodies to nestin
(Millipore) or to BIII-tubulin (neuron-specific class III beta-
tubulin; Covance) or with rabbit polyclonal antibodies to glial
fibrillary acidic protein (GFAP; Dako). Immune complexes were
detected with Alexa Fluor 488 -conjugated secondary antibodies
(Molecular Probes). Nuclei were counterstained with 4/,6-
diamidino-2-phenylindole (DAPI) (VectaStain). Images were ac-
quired with a BZ9000 inverted fluorescence microscope (Keyence)
and digitally processed with Keyence Analysis Software.

Sphere Formation Assay

Cells were plated in 96-well plates at a density of one cell per well
either manually or by flow cytometry (MoFlo cytometer, DakoCy-
tomation). The number of spheres formed was counted 14 days
after plating. Three plates were counted for each independent
experiment.

Metabolite Analysis

Cells were plated at equal numbers and cultured for 48 h in NSM.
They were then washed twice with 0.5% mannitol before the ad-
dition of 1.3 mL methanol containing internal standards (methi-
onine sulfone and 2-(N-morpholino)-ethanesulfonic acid, each at
10 puM). The cells were immediately frozen and stored at -80°C
until further analysis. Metabolite extraction and capillary electro-
phoresis-time-of-flight mass spectrometry (CE-TOFMS) were
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performed as previously described.'® Metabolite levels were de-
termined in triplicate samples, normalized by the concentration
of the internal standards, and adjusted for cell number. Average
adenylate charge was calculated as: (ATP + ADP/2)/(ATP + ADP +
AMP).

Measurement of Lactate Production
and Glucose Consumption

Cellular lactate production was measured under normoxia with
the use of a Lactate Assay Kit II (BioVision). For measurement
of glucose consumption, cells were plated at a density of 1 x
10%/mL/well in 6-well plates and incubated in glucose-free NSM
for 2 h at 37°C. After the addition of 2-[N-(7-nitrobenz-2-
oxa-1,3-diazol-4-yl)amino]-2-deoxy-D-glucose (2-NBDG) to a
final concentration of 0.1 mM, the cells were incubated for an ad-
ditional 1 h, washed twice with phosphate buffered saline, and
analyzed by flow cytometry (Calibur flowcytometer, Becton-
Dickinson). Samples stored on ice immediately after the addition
of 2-NBDG were used as controls.

Oxygen Consumption and Extracellular
Acidification Rate

The oxygen consumption rate (OCR) and extracellular acidifica-
tion rate (ECAR) were determined using the Seahorse XF Extracel-
lular Flux Analyzer and XF Cell Mito Stress Test Kit (Seahorse
Bioscience), according to manufacturer’s protocol. Briefly,
24-well plates (Seahorse Bioscience) were coated with Matrigel
(BD Biosciences) diluted 1: 10 in extracellular flux (XF) assay medi-
um (Seahorse Bioscience). Cells were dissociated and plated at
densities of 80 000 or 100000 cells per well in NSM and allowed
to attach overnight. Prior to the assay, cells were incubated in Sea-
horse XF assay medium supplemented with 17.5 mM glucose and
2 mM pyruvate for 1 h. For evaluation of mitochondrial function, 3
metabolic inhibitors were sequentially dispensed as follows: oligo-
mycin (inhibitor of ATP synthase, 500 nM), followed by
carbonylcyanide-p-trifluoromethoxyphenylhydrazone (FCCP, un-
coupler of mitochondrial oxidative phosphorylation, 1 wM) and a
combination of rotenone (mitochondrial complex I inhibitor,
100 nM) and antimycin A (complex III inhibitor, 100 nM). Basal
OCR, ECAR, and changes induced by the above inhibitors were
measured. Experiments were performed in triplicate.

Immunoblot Analysis

Total protein was extracted from cells by their repeated passage
through a 25-gauge needle in radioimmunoprecipitation assay
buffer (Sigma-Aldrich). Extracts were fractionated by sodium
dodecylsulfate-polyacrylamide gel electrophoresis, and the sep-
arated proteins were transferred to a polyvinylidene difluoride
membrane (Bio-Rad) with the use of a Trans-Blot Turbo Transfer
Starter System (Bio-Rad). Immunoblot analysis was performed
with antibodies to p16 (rabbit), H-Ras (rabbit), and B-actin
(mouse) from Santa Cruz; HK2 (rabbit), phospho-PKM?2 (rabbit),
and PKM2 (rabbit) from Cell Signaling Technology; lactate dehy-
drogenase A (LDHA; rabbit) from Epitomics; and pyruvate dehy-
drogenase kinase isozyme 1 (PDK1; rabbit) from Abcam.
Immune complexes were detected with horseradish

peroxidase-conjugated secondary antibodies and an enhanced
chemiluminescence detection system (Nacalai Tesque).

Statistical Analysis

Quantitative data are presented as means+SD where indicated
and were compared with an unpaired Student’s t test. Kaplan-
Meier survival analysis was performed with the use of JMP7 soft-
ware (SAS Institute). P <.05 was considered statistically significant.

Results

H-Ras-transduced Neural Stem Cells/Neural Progenitor
Cells Give Rise to Glioma-initiating Cells With Different
Glucose Metabolic Characteristics

To investigate changes in energy metabolism during glioma forma-
tion, we studied our previously described murine glioblastoma
model,'®*” which allows the establishment of fluorescently labeled
tumorigenic cells with a homogeneous genetic background. In this
model, GICs are obtained by transduction of Ink4a/Arf-null NSCs/
NPCs with a retroviral vector for the oncoprotein H-Ras'!?. The
H-Ras-transduced cells retain stem cell characteristics such as self-
renewal and differentiation ability, and they form tumors that are
highly similar to human glioblastoma when implanted into the
forebrain of wild-type mice.'® In the present study, we transduced
Ink4a/Arf-null NSCs/NPCs with a retroviral vector encoding both
H-Ras"1? and the fluorescent protein dsRed. The resulting popula-
tion of cells was designated RasR. Single-cell cloning revealed that
~50% of RasR cells were able to form spheres. The clonal subpop-
ulations varied in their capacity to acidify the extracellular environ-
ment, as demonstrated by a significant color change in the culture
medium. Approximately 70% of the clones had an estimated high
extracellular acidification capacity (Supplementary Fig. S1). Propa-
gation of the fluorescent clonal subpopulations obtained from sin-
gle cells resulted in isolation of several clones with different
adhesive, tumor-initiating, and proliferative properties. Two clones
(A and B) with the most distinct acidifying capacities were selected
for subsequent metabolic analysis.

Both clones could be propagated in floating culture under neu-
rosphere culture conditions (Fig. 1A). As expected, they were both
null for p16™“® a product of the Ink4a/Arf locus, and they both
expressed Ras at a higher level compared with the parental RasR
cells (Fig. 1B). To determine whether both clones were able to
function as GICs, we implanted the cells into the forebrains of im-
munocompetent mice. Both clones formed aggressive brain tu-
mors with a penetrance of 100% (Fig. 1C). The median survival
time of mice injected with either clone was shorter than that of
those injected with RasR cells, but it did not differ significantly be-
tween the 2 clones (Fig. 1C). As observed during selection of the
clones, clone A exhibited a significantly higher capacity for extra-
cellular acidification as a result of an increased rate of lactic acid
production (Fig. 1D). Nontransformed Ink4a/Arf-null NSCs/NPCs
produced lactic acid at a rate lower than that for either clone.
We next determined the glucose consumption rate of the 2
clones under normoxic conditions. Clone A exhibited a higher
rate of uptake for the fluorescently labeled D-glucose analog
2-NBDG compared with both clone B and parental nontrans-
formed NSCs/NPCs (Fig. 1E).

1050


http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/nou096/-/DC1

Saga et al.: Metabolic signatures of glioma-initiating cells

A B 8 c
‘£ =T NS = Clone A
‘.~ X =
w 't =100 == Clone B
]
£ ; % : : » § 80 === RasR
= £ ¥ S5 &8 S 60
o £ T U = o
o T —— 2 40
o H-Ras [ = CEDED v | 5 2
o i 0
n Bractin [ - e - -— E —— ;
[ = | 3 0 10 20 30 40 50
Time (days)
D E
3
SE
2-NBDG uptake
5
=]
S = 3 Inkda/Arf /- Clone A Clone B 30
E E’ NSCs =
;'q“a 2 x izw
£ > = ]
oo a
b E 1 - 8100
0 | o o

Inkda/Arf /-
NSCs

Clone A CloneB Ink4a/Arf- Clone A Clone B

NSCs

Fig. 1. Establishment of GICs with different metabolic properties. (A) Spheres formed by clones A and B under neurosphere culture conditions.
Scale bars, 50 pm. (B) Immunoblot analysis of p16™“? H-Ras, and p-actin (loading control) in nontransformed NSCs/NPCs from wild-type (WT) or
Ink4a/Arf-null mice, in clones A and B and in RasR cells. (C) Survival curves for wild-type mice (n = 6) after orthotopic implantation of clones A or B
or RasR cells (1 x 10 cells each). NS, not significant. (D) Lactate production by Ink4a/Arf-null NSCs/NPCs as well as by clones A and B. Data are means +
SD from 3 independent experiments. *P < .05. Images of the corresponding cell culture medium are shown above the bar graph. (E) Flow cytometric
analysis of 2-NBDG uptake (solid traces) by Ink4a/Arf-null NSCs/NPCs as well as by clones A and B. Open traces, control. Data are representative of 3
independent experiments. Quantification of 2-NBDG uptake as difference in mean fluorescence intensity (MFI) between samples and controls. NS, not

significant, *P < .05.

Preferential Utilization of Different Metabolic Pathways
in Distinct Glioma-initiating Cells

To investigate further the metabolic characteristics of clones A
and B, we analyzed intracellular metabolites by CE-TOFMS.
Clone A had significantly higher intracellular levels of lactic acid
and fructose 6-phosphate than clone B (Fig. 2A). Furthermore,
glycolysis intermediates such as glucose 6-phosphate and glu-
cose 1-phosphate were also higher in clone A, although this
difference failed to reach statistical significance. Another pro-
nounced difference was observed in the abundance of nucleo-
sides, levels of which were significantly higher in clone A
(Fig. 2B). The levels of other metabolite groups, such as the tricar-
boxylic acid cycle intermediates, showed no consistent tendency
(data not shown). Interestingly, the only significant difference be-
tween nontransformed NSCs/NPCs and both clones as well as the
polyclonal transformed population, was in the levels of lactic acid,
which were higher in malignant cells (Fig. 2A). In contrast, total
adenylate energy charge, a measure of the energy level of the
cells, was no conclusive indicator for the malignant change
(Fig. 2C). Levels of creatine and creatinine were significantly
lower in both clones than in the nontransformed NSCs/NPCs

(Fig. 2D), consistent with reports that creatine levels are lower
in glioblastoma cells compared with normal cells. This difference
was not detectable in the polyclonal population. These results
thus revealed that while transformation does alter the metabolic
status of NSCs/NPCs, clonal analysis is required to identify early
changes.

To further examine the differences in the operation of meta-
bolic pathways between the isogenic clonal populations, we
performed extracellular metabolic flux analysis. The ECAR, con-
sidered a proxy for glycolysis, was significantly higher in clone A
(P < .05; Fig. 3A), validating the selection method and suggesting
glycolysis as a main energy source in this clone. Quantification
of the OCR revealed that, at basal level, clone B consumed sig-
nificantly more oxygen than clone A (P<.05), suggesting a
robust mitochondrial respiration (Fig. 3A). Loss of mitochondrial
ATP-generating capacity after oligomycin treatment resulted
in glycolytic compensation in both clones, with a more pro-
nounced increase in ECAR for clone B (Fig. 3B and S2). Uncoupling
of oxidative phosphorylation using FCCP revealed a significantly
higher reserve mitochondrial capacity for clone B than for clone
A (P<.05; Fig. 3B and S2).
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Fig. 2. Metabolome analysis of GIC clones. (A) Intracellular levels of glycolytic intermediates, (B) intermediates of nucleoside metabolism, (C) total
adenylate charge, and (D) creatine metabolism were determined by CE-TOFMS. Data represent metabolite levels in nmol/per 10° cells (A, B, D) and
are means + SD of triplicate samples. NS, not significant. #, ##, ** P < .05 relative to Ink4a/Arf-null NSCs/NPCs; * P < .05 relative to clone A.

To investigate the molecular basis for the difference in meta-
bolic preference between the 2 clones, we performed immuno-
blot analysis of enzymes related to glycolysis. The abundance
of HK2, PKM2, LDHA, and PDK1 was greater in clone A than in
clone B (Fig. 3C), results consistent with a higher utilization of

glycolysis.

Clone A and Clone B Are Immature Cells With Stem
Cell-like Properties

We next examined whether the differences in energy metabolism
between clones A and B reflected a specific phenotypic character-
istic, such as proliferation or differentiation status. The doubling
time of both clones was shorter than that of the Ink4a/Arf-null
NSCs/NPCs of origin, with values of 12.80+1.34 h for clone A,
16.84+1.15 h for clone B, and 21.78 4+ 2.15 h for the nontrans-
formed parental cells (Fig. 4A). As a proxy for self-renewal ability,

we measured sphere formation by each clone. Both clones
showed a sphere formation rate of 50%-60% (Fig. 4B). Immuno-
cytofluorescence analysis also revealed that both clones consist-
ed of cells positive for the immature cell marker nestin and were
able to differentiate into cells of the neuronal (BIII-tubulin posi-
tive) and astrocytic (GFAP positive) lineages on exposure to serum
(Fig. 4C). These results thus indicated that clones A and B retain
certain stem cell-like properties, including sphere-forming ability
and the ability to differentiate, with clone A representing a slightly
more proliferative subpopulation.

Clones A and B Form Tumors Similar
to Human Glioblastoma
Finally, we investigated whether the differences in metabolism

between GIC clones might affect the pathological phenotype of
formed tumors. When implanted into the forebrain of wild-type
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Fig. 3. Extracellular flux analysis of GICs. (A) OCR and ECAR at basal levels (80 000 cells/well) and (B) OCR and ECAR after treatment with indicated
inhibitors (100 000 cells/well) were assessed by extracellular flux analysis. Data are means +SD from a representative experiment. (C) Immunoblot
analysis of glycolysis-related enzymes in Ink4a/Arf-null NSCs/NPCs, RasR, clones A and B.

mice, both clones formed highly aggressive tumors (Fig. 1C) with
a distinct invasive front (Fig. 5A). Tumors formed from both clones
showed a high level of cellular and histological pleomorphism
(Fig. 5B) and manifested pseudopalisading (Fig. 5C) and microvas-
cular proliferation (Fig. 5D), characteristics similar to those of
human glioblastoma. Furthermore, immunohistochemical stain-
ing of Ki67 revealed the tumor cells to be highly proliferative
(Fig. 5E). Overall, both clones formed highly malignant brain
tumors with no marked differences in histopathology and very
similar to those formed by the polyclonal RasR. Further immuno-
histochemical evaluation revealed that the levels of both PKM2
and HK2 were markedly higher in the tumors formed by clone A
than in those formed by clone B (Fig. 6), suggesting that the met-
abolic characteristics of the 2 subpopulations are maintained
throughout tumor formation.

Discussion

In the present study, we asked how the energy metabolism of
NSCs/NPCs changes during the early stages of malignant trans-
formation by a specific oncogene and how such changes relate
to cellular phenotype as well as to tumor formation and pathol-
ogy. Our results showed that, as expected, transformation
changed the metabolic profile of NSCs/NPCs. However, while
an increase in lactic acid production was apparent for all

transformed cells, the source of energy production was not uni-
form among the malignant cells, with isogenic clones showing
preferences for either glucose or oxygen consumption. We further
found that H-Ras-transformed clones similarly retained stem
cell-like properties, such as self-renewal and differentiation abil-
ity, and manifested similar tumorigenic potential independent of
their metabolic preference, forming pathologically similar, but
metabolically distinguishable, glioblastoma-like tumors.

In terms of metabolic preference, clone A relies mainly on glu-
cose uptake and glycolysis for energy production, but also pos-
sesses a certain degree of reserve mitochondrial capacity. In
contrast, clone B relies more on mitochondrial respiration, has a
high reserve mitochondrial capacity, and can switch to glycolytic
compensation. The existence of such clones within a polyclonal
population with an apparently glycolytic profile could
have profound implications on treatment outcomes. Our findings
suggest a metabolic resilience of the transformed GICs, which
could result in resistance to drugs targeting glycolysis or mito-
chondrial respiration, as well as to combinations of those drugs.
Indeed, it has been suggested that human glioma stem cells and
progenitor cells also display such compensation in metabolism,
and it has been shown that even the combined use of
2-deoxyglucose and oligomycin could not completely deplete cel-
lular ATP.*?

Phenotypically, the metabolic features of clone A—increased
rates of glucose consumption, lactate production, and nucleoside
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Fig. 4. Phenotypical analysis of isogenic GIC clones. (A) Doubling time of
Ink4a/Arf-null NSCs/NPCs as well as of clones A and B. Data are means +
SD from 3 independent experiments. *P<.05. (B) Rate of sphere
formation by clones A and B. Data are means+SD from a
representative experiment. *P <.05. (C) Immunofluorescence staining
(green fluorescence) of clones A and B for markers of immature cells
(nestin), astrocytes (GFAP), and neurons (BIII-tubulin as recognized by
antibody for neuron-specific class III g-tubulin [TUJ-1]). Cells stained for
nestin were cultured in NSM, whereas those stained for GFAP and
BIII-tubulin were cultured in DMEM-F12 supplemented with 10% FBS for
2 weeks. Nuclei were counterstained with DAPI (blue fluorescence). Scale
bars, 50 pm.

abundance—correspond to a metabolic profile traditionally at-
tributed to highly cycling cancer cells.'® At a functional level,
given the stepwise increase in proliferation rate from NSCs/
NPCs to clone B and to clone A, it is possible that clone B repre-
sents a population more similar to slow-cycling stem cells,
whereas clone A is more similar to a transit-amplifying pro-
genitor. In this case, our results would be in agreement with
existing data showing that glioma stem cells established
from several glioma cell lines are less glycolytic than their dif-
ferentiated progeny.*® Given that normal stem cells, such as
hematopoietic and pluripotent stem cells, are glycolytic?®??
and shift to oxidative phosphorylation on differentiation,??
our results may reveal a characteristic pertinent to glioma
stem cells only.

An alternative explanation might be that in spite of the diffe-
rence in doubling time, both clones A and B simply represent 2
different subpopulations of immature cells with a similar differen-
tiation status, as suggested by their equally high rate of sphere
formation and ability to differentiate into more than one lineage
after exposure to serum. Indeed, cells with stem cell-like

characteristics isolated from human glioblastoma specimens
have been found to fall into distinct subgroups based on molec-
ular and phenotypic criteria.?® Finally, given that neither the Ki67
index of tumors formed in vivo nor the survival curves of host
mice differed substantially between clones A and B, the difference
in proliferation apparent in vitro might reflect a higher sensitivity
of clone A to epidermal and fibroblast growth factors, which sus-
tain growth in the sphere culture system. In both latter cases, fur-
ther investigation is required to show which metabolic phenotype
represents a better target in glioblastoma as well as to identify
the key target molecules.

At the molecular level, clones A and B differ in their expression
of enzymes related to glycolysis. The abundance of HK2, PKM2,
and LDHA was thus increased in clone A. The expression of all
of these enzymes is known to be upregulated by
hypoxia-inducible factor 1 (HIF1), a transcription factor, under
hypoxic conditions and by c-Myc under normoxic conditions.?*2°
Furthermore, the expression of both c-Myc and HIF1 is upregu-
lated and correlates with the grade of malignancy in gliomas,
with c-Myc being especially abundant in glioma stem cells.?®?’
Whereas further studies are necessary to identify the targetable
factor for each metabolic profile, the metabolic differences they
induce in our model represent a valid starting point for further
investigations.

An important next step will be to characterize the metabolic
profiles of tumor cells obtained from the clonal allografts. Our re-
sults show that tumors established from clones A and B retain at
least some of the differences apparent in the respective GICs,
such as differential immunoreactivity for PKM2 and HK2, on a
background of similar histopathology. Tumor cells were readily
detectable even at the invasive front, suggesting that metabolic
features might be exploited to complement the pathological
diagnostic. In our experimental model, the isolation and pro-
pagation of stem cells from the tumors formed by each clone
will allow investigation of the stability or, conversely, the plasticity
of these phenotypes, their response to in vivo modulation, and
their sensitivity to currently available or metabolism-targeted
therapies.

In conclusion, our results show that metabolic characteristics
of glioma cells appear early during malignant transformation and
persist until the late stages of tumor formation, validating meta-
bolic targeting as a promising new therapeutic approach. Howev-
er, given that even isogenic clones can manifest heterogeneous
metabolic features, a more detailed understanding of subpopula-
tions with different metabolic profiles is imperative for effective
metabolic targeting in malignant glioma.
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HE CD31 Ki67

Clone A RasR

Clone B

Fig. 5. Histological analysis of tumors formed by clones A and B. Tumors formed 5 weeks after orthotopic implantation of RasR and 3 weeks after
implantation of clones A or B into wild-type mice were evaluated by (A-C) hematoxylin-eosin (HE) staining as well as by (D) immunohistochemical
staining of CD31 to detect blood vessels and (E) of Ki67 to detect proliferating cells. Invasion fronts are shown in (A), cellular pleomorphism in (B),
and pseudopalisading in (C). The percentage of tumor cells positive for Ki67 is indicated in (E). Scale bars: 50 pm (A, D, E) and 100 wm (B and C).

Clone A Clone B

PKM2

HK2

Fig. 6. Immunohistological evaluation of glycolytic enzymes in tumors formed by GIC clones. Tumors formed 3 weeks after orthotopic implantation of
clones A or B into wild-type mice were subjected to immunohistochemical staining of PKM2 or HK2 at the invasion front (margin) or tumor core. T,
tumor. Scale bars, 50 pm.
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