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Over the years, substantial evidence has de�nitively con�rmed the existence of
cancer stem-like cells within tumors such as Glioblastoma (GBM). The importance of
Glioblastoma stem-like cells (GSCs) in tumor progression and relapse clearly highlights
that cancer eradication requires killing of GSCs that are intrinsically resistant to
conventional therapies as well as eradication of the non-GSCs cells since GSCs
emergence relies on a dynamic process. The past decade of research highlights that
metabolism is a signi�cant player in tumor progression and actually might orchestrate
it. The growing interest in cancer metabolism reprogrammation can lead to innovative
approaches exploiting metabolic vulnerabilities of cancer cells. These approaches are
challenging since they require overcoming the compensatory and adaptive responses of
GSCs. In this review, we will summarize the current knowledge on GSCs with a particular
focus on their metabolic complexity. We will also discuss potential approaches targeting
GSCs metabolism to potentially improve clinical care.

Keywords: Glioblastoma, cancer stem cells, cancer metabolis m, tumor microenvironment, cancer heterogeneity,
cancer plasticity

INTRODUCTION

Glioblastoma (GBM) is the most common primary brain tumor in adults, de�ned as a grade
IV glioma according to the WHO (World Health Organization) classi�cation of central nervous
system tumors (1). GBM is characterized by a highly in�ltrative nature within the surrounding
brain parenchyma and a dismal prognosis despite aggressive treatments. Present GBM standard of
care, as de�ned in the Stupp protocol, includes surgical tumorresection followed by radiotherapy
with concomitant and adjuvant chemotherapy with Temozolomide. With this therapy, patient
median survival is only 18 months with< 5% of patients surviving over 5 years (2). This poor
response rate can be explained by the almost inevitable GBM recurrence within a year of initial
diagnosis in part due to the limitations of surgical resection given GBM propensity for in�ltration,
but also to an extensive tumoral heterogeneity resulting ina large range of variabilities in crucial
biological responses like cell proliferation, invasion, and sensitivity to conventional treatments.
At the genetic level, GBM display a highly mutated genome including loss, ampli�cation, or
mutation of EGFR (including expression of the constitutively active form EGFRvIII), PDGFRA,
NF1, PTEN, RB1, and p53, resulting in the deregulation of many signaling pathways. Furthermore,
epigenetic modi�cations are also well-characterized in GBM,especially on the O6-methylguanine
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methyltransferase (MGMT) gene, a DNA repair enzyme involved
in the �xation of damages induced by alkylating agents such as
Temozolomide. Inactivation of the MGMT enzyme, following its
promoter hypermethylation, correlates to a better prognosis due
to the resultant inability of the MGMT enzyme to remove alkyl
groups from DNA (3). This heterogeneity becomes even more
complex when therapy comes into the picture with the emergence
of drug-resistant clones with highly mutable phenotypes (4–6).

At the cellular level, functional GBM heterogeneity can be
explained by the existence of multiple cellular subpopulations of
cancer cells. In particular, Glioblastoma stem-like cells (GSCs)
display stem cell properties of self-renewal and multi-lineage
di�erentiation. These cells generate cellular heterogeneity by
establishing a di�erentiation hierarchy leading to a wide range
of distinct cell types present in the tumor. Importantly, extensive
studies have implicated these GSCs in GBM recurrence. Recently,
an increased focus upon this GSCs subpopulation suggests that
their eradication is de�nitively required in order to successfully
treat GBM patients.

Normal stem cells are unique in their ability to self-renew,
proliferate, and di�erentiate in various cell types. They are also
characterized by poorly developed mitochondria and a strong
glycolytic metabolism. Whereas, the metabolic alterations have
been included as a hallmark of cancer cells, contradictory results
have been reported for GSCs suggesting a metabolic �exibility.
The aim of this review is to summarize and emphasize some of
the key aspects of GSCs, with a particular focus on their dynamic
emergence and metabolic plasticity. Given the obvious need for
improvement of current therapies for GBM, we will also present
data on how metabolic targeting might be exploited to eradicate
GSCs and hopefully improve clinical outcomes.

GLIOBLASTOMA STEM- LIKE CELLS

De�nition and Origin of Cancer Stem- Like
Cells
The cancer stem-like cells (CSCs) concept was originally
proposed to reconcile the complex phenotypic heterogeneity of
tumors and the fact that only a few cancer cells are actually
tumorigenic. CSCs possess the capacity to self-renew, initiate a
tumor as well as the potential to di�erentiate to reconstitutethe
initial tumor mass, including its heterogeneity (7). An increasing
amount of evidence based on preclinical and clinical studies
demonstrates the importance of CSCs in tumor progression
and relapse suggesting that cancer eradication requires killing
of CSCs.

Since the CSCs concept emerged in the 1970's, the origin of
these cells is still controversial with opposite models to explain
their presence in tumors. The initial and traditional theory
is based on a hierarchical and unidirectional model, where
CSCs constitute a speci�c and rare subpopulation of cells that
possess the unique capacity to repopulate and reconstitute tumor
heterogeneity through symmetric self-renewal of the CSCs pool,
and asymmetric divisions to generate di�erentiated cancer cells
(8, 9). In this model, CSCs may have emerged after acquisition of
mutations in normal neural stem cells. However, this model has

been challenged by subsequent studies highlighting cancercell
plasticity occurring in tumors and giving rise to a new stochastic
model based on clonal evolution (10–12). In this model,
some tumor cells can progressively accumulate mutations and
reacquire a self-renewal potential, forming several CSCs clones
(13). Therefore, all the cells forming the tumor bulk have the
potential to become CSCs through a dedi�erentiation process,
already underlining the complexity of their characterization

In conclusion, whereas the non-CSCs constitute the tumor
bulk and the CSCs are involved in tumor relapse and metastasis,
the hierarchy between CSCs and non-CSCs is de�nitively bi-
directional and highly dynamic, adding further complexity to our
understanding of the tumor.

Phenotypic Plasticity of Glioblastoma
Stem- Like Cells
In Glioblastoma, GSCs were �rst identi�ed by Singh et al.,
as a population of cells capable of initiating tumor growth
in vivo (8). Like their normal counterparts the neural stem
cells, GSCs exhibit self-renewing and multilineage di�erentiation
into neurons, astrocytes, and oligodendrocytes, and even
transdi�erentiation abilities [review in (14)]. However, in
contrast to neural stem cells, GSCs display the ability to
initiate a tumor upon transplantation and to recapitulate its
initial phenotype and heterogeneity. GSCs are highly resistant
to chemotherapy (15, 16) and radiation (17), and have been
involved in GBM tumorigenicity. Indeed, GSCs are slow-
cycling, have the capacity to limit DNA lesions through strong
and e�cient DNA damage response, and prevent cytotoxicity
through high drug e�ux by ABC transporters. Recently, several
studies have highlighted that GSCs may also be involved in
the in�ltrative nature of GBM (18–20). In particular, expression
level of Wnt5a de�nes the in�ltrative capacity of GBM cells,
including in GSCs. In fact, its overexpression in GSCs confers an
exacerbated invasive phenotype while its inhibition reduces their
invasive potential bothin vitro andin vivo.

In Glioblastoma, several studies demonstrated the
bidirectional plasticity between GSCs and more di�erentiated
GBM cells as a result of environmental factors. First, besides
promoting the self-renewal of GSCs, hypoxia through HIF2a
promotes a stem-like phenotype in the non-stem population by
upregulating several stem cell factors, such as Oct4, Nanog and
c-Myc (21). Second, as we described before, chemotherapy as
well as radiation consistently increase the GSCs pool over time.
In fact, therapeutic doses of Temozolomide trigger a phenotypic
shift in the non-GSCs population to a GSCs state (22) while
radiation increases tumorigenicity through reacquisition of
stemness markers and stem-associated properties of GBM cells,
in part via a survivin-dependent pathway (23). Recently, it has
been suggested that Sox2, a well-known transcriptional factor
involved in stemness maintenance, might be central in tumor
cell plasticity by regulating dedi�erentiation and acquisition
of GSCs properties, through a transcriptional regulation of
distinct genes set in di�erentiated tumor cells and GSCs (24).
Hyperactivation of the tyrosine kinase c-Met, involved in the
reprogramming of induced pluripotent stem (iPS) cells, also
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induces GSCs reprogramming via a mechanism requiring Nanog
(25). Finally, activation of Epithelial-to-Mesenchymal transition
(EMT) enables the conversion of non-CSCs in CSCs through
both intracellular and extracellular signaling pathways.

Besides genetic and cellular heterogeneities, The Cancer
Genome Atlas (TCGA) has established a molecular classi�cation
of GBM using transcriptional pro�ling data of bulk tumor based
on dominant genes expressed in each GBM subtype (26, 27).
Three main GBM subtypes can be easily distinguished based
on molecular signature, therapy responses and patient survival:
the mesenchymal (MES), classical, and proneural (PN), (28).
Notably, the MES subtype of GBM is associated with relatively
poor prognosis compared with that of the other subtypes and
shows resistance to conventional therapy. GSCs also display
these molecular signatures with distinct activated signaling
pathways, biological phenotypes, and residing niches (29–31).
In agreement with the worst outcome, MES GSCs are more
resistant to radiation and display more aggressive phenotypes
in vitro and in vivo (31, 32). Recent studies have added a layer
of complexity in this molecular classi�cation by demonstrating
that molecular subtypes are �exible and vary spatially and
temporally within the same tumor. First, a study collecting
spatially distinct tumor specimens from the same tumor as
well as single-cell RNA-sequencing resolution revealed that
a single tumor consists of a heterogeneous mixture of tumor
cells from di�erent subtypes, with one subtype usually being
highly represented (33, 34). Second, the molecular subtype can
evolve with time, microenvironment or stress, in particular
toward a MES transdi�erentiation from the other subtypes
(35), in agreement with a higher frequency of the MES subtype
at recurrence (33, 36). Furthermore, radiation of PN GSCs
up-regulated mesenchymal-associated markers while down-
regulating PN-associated markers. Collectively, these studies
underlined the strong unstable nature of GBM, fully in agreement
with its previous designation as Glioblastoma Multiform. Since
the molecular patterns of GBM can partially explain clinical
outcomes and predict responses to treatment, this classi�cation
should help understanding the GBM tumorigenesis and
progression and provide diagnostic and prognostic information,
as well as help the development of new therapeutic approaches.
However, several clinical trials based on either targeted therapies
for speci�c mutations or subtypes have been completed with no
consistent changes in clinical activity [review in (37)].

Taken altogether, these studies underlie the great diversity of
GSCs states suggesting that emergence of GSCs, and CSCs in
general, should be consider as a phenotypic shift rather than a
true dedi�erentiation process.

Characterization and Isolation of GSCs
As we described previously, CSCs in general constitute a very
rare population but one of the most important to target, for
their unique ability to reconstitute the initial tumor and their
strong resistance to therapy. The ability of all cells forming the
tumor bulk to shift into GSCs already underlines the complexity
of their characterization. The identi�cation of GSCs is classically
based on cell surface markers such as CD133 [review in (38)].
It has been shown that CD133 positive GSCs better survive

radiation than CD133 negative cells and were able to give rise
to a tumor in a xenograft model. However, some later works
showed that CD133 negative cells were also able to initiate
tumor growth. Furthermore, while both subtypes exhibit similar
GSCs enrichments, PN GSCs clearly exhibit CD133 at their
surface in contrast to MES GSCs that do not (39, 40). The sets
of markers being used to identify GSCs are being constantly
updated and includes Sox2, Olig2, Nestin, CD15/SSEA-1, CD44,
integrin alpha6, L1CAM, as well as drug e�ux transporters
like ATP-binding cassette transporters (ABC) [review in (41)].
However, those markers are also expressed by normal stem
cells. Furthermore, puri�ed CD133 positive cells are able to re-
establish the initial ratio of CD133 positive and CD133 negative
cells (11, 12). This was true not only for CD133 marker but
also for 15 commonly used CSCs markers including CD44,
ABCB5, or cadherin. Finally, in line with CD133 expression,
while PN and MES GSCs are able to self-renew bothin vitro
and in vivo, bioinformatic analyses have revealed distinct GSCs
phenotypes for these two molecular subtypes into full and
restricted stem-like phenotypes, respectively (42). Thus, despite
many years of investigation, there is no consensus on an
appropriate way to identify these cells. It is nowadays commonly
accepted that the identi�cation of GSCs and CSCs in general,
requires the combination of several markers and also a functional
demonstration of their stem cells features such as self-renewal
and their ability to initiate tumor growth.

Because of the di�culty to precisely de�ne GSCs speci�c
markers, the isolation of this rare population of cells becomes
very delicate. However, the development of relevantin vitro
models is essential to better understand GSCs biology, to uncover
potential vulnerabilities and to identify novel therapeutictargets.
Culture methods, initially developed for neural stem cells, have
been adapted to enrich primary GBM cultures in GSCs. Post-
surgery GBM specimens are mechanically dissociated and can
grow in two di�erent phenotypes, each requiring speci�c media.
They can grow as adherent monolayer cells in presence of serum,
which represent di�erentiated GBM cells, or as free-�oating
tumorospheres enriched in GSCs when cultured in serum-free
medium containing EGF and bFGF (43). Importantly, these two
phenotypic states, mutually reversible, di�er in proliferationrate,
invasion, migration, and chemosensitivity. The validationfor
GSCs enrichments is based on the combinatorial expression of
cell surface markers (CD133, CD44, CD15), intracellular stem
cell markers (Nestin, Sox2) and most importantly key stem cells
features such as self-renewal and tumor initiation. Self-renewal
can be evaluated by limiting dilution assay or colony forming
cell assay since one CSC is able to form a tumorosphere due to
its self-renewal potential. Based on their high expression ofdrug
e�ux transporters, another way to determine GSCs enrichment
in GBM cultures is to identify the cells which are able to
exclude �uorescent dye, de�ned as the side population (44). High
aldehyde dehydrogenase (ALDH) activity is also one feature of
CSCs in general, including GSCs (45). Finally, the most rigorous
criteria to establish the presence of GSCs in GBM cultures is
to test their ability to initiate a tumorin vivo. Importantly, in
contrast to commercially available cell lines, these primaryGBM
cultures enriched in GSCs reproduce the overall behavior of
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GBM in patients, in particular their highly invasive feature.Thus,
while not perfect, thesein vitro GBM models present a unique
opportunity to develop e�ective CSCs-directed therapies.

Interactions of GSCs With Their
Microenvironment
Like normal stem cells, GSCs rely on a similar permissive
tumor microenvironment (TME), also called the niche, to
retain their exclusive abilities to self-renew and give rise to
more di�erentiated progenitor cells. This niche includes many
di�erent cell types from stromal to immune cells with many
reciprocal communications essential for GSCs maintenance,
survival and proliferation, as well as TME recruitment, activation,
programming, and persistence. Moreover, the CSCs niche also
has a protective role by sheltering GSCs from diverse genotoxic
insults contributing to their enhanced therapy resistance.

Cellular Components of the Niches
Mesenchymal stem cells (MSC) have remarkable tumor tropism
that allows them to migrate toward and engraft speci�cally into
the tumor sites, especially cells that have escaped the main tumor
mass. MSC are multipotent progenitors that can di�erentiate into
adipocytes, osteocytes, and chondrocytes. They are present in
GBM, and more particularly in GSCs niches (46). The role of
MSC in tumor progression is still debatable since other studies
have shown an opposite e�ect with MSC inducing the inhibition
of GBM tumor growth (47, 48). MSC provide supportive signals
to GSCs, as indicated by the inverse correlation between glioma
patients survival and the percentage of MSC (49, 50). Besides
their homing capacity, they also stimulate proliferation, invasion,
and tumorigenesis in GBM, in part via the cytokine IL-6 (51).
Aside from a communication through direct cell-cell contact,
GSCs can also exchange signals with MSC through Extracellular
Vesicles (EV) [review in (52)]. EVs are membrane structures
secreted by cells in the extracellular media and can transfer
various information (DNA, miRNA, mRNA, proteins, lipids. . . )
after their uptake by recipient cells. These EV contribute to
tumor progression, either by reprogramming adjacent cells or
by the modi�cation of the supportive tumor microenvironment.
Interestingly, the diversity of transcriptomic pro�les observed
in GBM subtypes is also found at the level of EV, contributing
to maintain the GBM heterogeneity through the transfer of
oncogenic signals and miRNA (53, 54). Moreover, MES and
PN GSCs and their di�erentiated counterparts secrete di�erent
kinds of vesicles, and their uptake by recipient cells such that
endothelial cells is also subtype-dependent (55). Thus, the use of
EV as blood biomarkers recently received much attention as afast
and non-invasive way to detect and follow GBM tumors, identify
their subtypes (55), or even as a marker of resistance acquisition
to treatment (4). Indeed the EV content is the perfect re�ection
of the tumor phenotype as well as its microenvironment, and can
easily be collected from a blood sample.

Although the brain has long been considered as immune-
privileged due to the blood-brain barrier, recent studies have
reported the existence of a direct communication between the
CNS and the immune system. In Glioblastoma, the TME has
been shown to be particularly immunosuppressive, such that

tumor cells can escape from immune surveillance. Notably,
GSCs have a lower immunogenicity and a higher suppressive
activity compared to non-GSCs GBM cells, through several
mechanisms: the inhibition of T cells proliferation (56), the
proliferation of regulatory T cells (57) and the recruitment of
myeloid-derived suppressor cells (MDSCs), via the secretion
of macrophage migration inhibitory factor (MIF) or exosomes
(58, 59). Additionally GSCs are involved in the tropism of
immunosuppressive cells toward the tumor site including tumor-
associated macrophages, through the secretion of numerous
cytokines or growth factors, such as TGF-b1, SDF-1, or VEGF
[review in (60)]. Interestingly GSCs seem to be more sensitive to
Natural Killer (NK) cell toxicity, compared to their di�erentiated
counterpart (61, 62). However, to prevent their recognition and
elimination by cytotoxic NK cells, some GSCs, such as IDH-
mutant GSCs, exhibit signi�cantly lower NKG2D expression to
prevent their recognition by NK cells (63). Inversely di�erent
soluble factors secreted by immune cells also play essential roles
for the biology of GSCs, for example TGFb secreted by myeloid
cells is an inductor of EMT involved in GSCs emergence.

Oxygen Is a Critical Component of GSCs Niches
Oxygen concentration plays a fundamental role in stemness
maintenance de�ning several GSCs niches, in particular the
perivascular and the hypoxic niches (64, 65). The most frequently
described GSCs niche is the perivascular one in which the
vascular component plays a crucial role in stemness maintenance
and survival as well as GSCs dissemination (66). Accordingly,
orthotopic co-implantation of GSCs with endothelial cells
increases the GSCs fraction in xenograft tumors. Besides the
direct contact between GSCs and endothelial cells, soluble factors
produced by these cells also enhance stemness markers (66, 67).
Notch signaling, in part through NO, plays a critical role in
both GSCs maintenance (68) and GSCs radioresistance (69).
In return, GSCs secrete several cytokines or growth factors,
such as SDF-1 or VEGF, to promote angiogenesis through
endothelial cells proliferation and recruitment (70, 71). Upon
particular stimuli, GSCs can transdi�erentiate into endothelial
cells or pericytes to directly contribute to the perivascularniche
(14). Importantly, this transdi�erentiation can also transfer to
endothelial cells the capacity of resistance and genetic mutations
(72). The communication between the perivascular niche and the
GSCs is therefore a two-way exchange with bene�ts to both blood
vessels and GSCs.

One hallmark of GBM tumors is the existence of hypoxic
zones which have been shown to be enriched in GSCs (73).
Indeed, hypoxia directly supports GSCs self-renewal as well as
controls stem cell plasticity and non-GSCs reprogrammation
through transcriptional regulation via activation of HIF1a,
HIF2a, and the Notch pathways, epigenetic regulations and
metabolic reprogramming [review in (21, 74)]. HIF2a also
activates c-Myc, another key stem cell regulator. Hypoxia also
causes the secretion by GSCs of several soluble factors suchas
TGF-b, an activator of EMT that favors the dedi�erentiation of
tumor cells, or VEGF and SDF-1 to promote angiogenesis by
recruiting mesenchymal stem cells and myeloid cells (71). Other
secreted factors induced by hypoxia also include CXCR4, the

Frontiers in Oncology | www.frontiersin.org 4 March 2019 | Volume 9 | Article 118

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Garnier et al. Metabolic Targeting of GSCs

glucose transporter 1 (GLUT1), Serpin B9, Oct4, lysyl oxidase
(LOX), hypoxia inducible gene 2 (HIG2), all these factors being
involved in the maintenance and proliferation of GSCs [(74, 75)].

These �ndings highlight the critical role of the TME in
regulating the di�erentiation status of tumor cells and the
plasticity of GSCs and non-GSCs hierarchy. Importantly, each
subtype is associated with a particular environment, the MES
GSCs being located in hypoxic niches while the PN GSCs are in
perivascular niches.

METABOLIC PHENOTYPES OF GSCS

Dynamic changes also occur at the bioenergetic machinery level
which strongly contributes to tumor heterogeneity. Indeed, the
ability of the tumor mass to face the large need for both
biomass precursors and ATP production required by intense
tumor proliferation, mainly relies on the metabolic plasticity of
cancer cells.

Altered Metabolism Is a Hallmark of All
Cancer Cells
In normal cells, glucose homeostasis is reciprocally controlled by
catalytic glycolysis/oxidative phosphorylation and the anabolic
neogluconeogenesis pathway. In the catabolic reaction, glucose
is converted to pyruvate which can be further metabolized to
mitochondrial acetylCoA to fuel the Tricarboxylic acid cycle
(TCA) and oxidative phosphorylation (OXPHOS), or to cytosolic
lactate. Importantly, whereas OXPHOS is bioenergetically highly
e�cient with 36 molecules of ATP produced from one molecule
of glucose, the direct conversion of glucose to lactate, usually
occurring in absence of oxygen, produces only 2 molecules of
ATP. Paradoxally, in 1924, Otto Warburg discovered that tumor
cells use large amounts of glucose to produce lactate, even in
the presence of oxygen (Figure 1). This counter intuitive energy
generation pathway occurs in most cancer cells, independently
of mitochondrial functional integrity. In fact, by increasing their
glycolytic and anaplerotic �uxes, tumor cells cope with increased
bioenergetic as well as biosynthetic needs. This �nding resulted in
the development of 2-[18F]-�uoro-2-deoxy-D-glucose positron
emission tomography (PET) to detect glucose uptake and
lactate production for tumor imaging. In 2011, altered energy
metabolism has been integrated as a fundamental core hallmark
of cancer cells (76).

Traditionally, metabolic reprogramming is viewed as driven
by oncogenic gain-of-function events or loss of tumor-
suppressors. For example, tumor suppressor gene p53, mutated
in more than 50% of human cancers, including GBM, triggers
glycolysis besides its key roles in genetic instability, tumor
progression, and metastasis. Loss of PTEN leads to the
constitutive activation of AKT1, which stimulates glucoseuptake
by enhancing GLUT4 expression and activating HK2 (77, 78).
Finally, activation of c-MYC also induces glycolysis by inducing
LDH-A and PDK1 expression facilitating the production of
lactate (79). Interestingly, in the past 2 decades, it was shown that
loss-of-function mutations of the TCA cycle enzymes succinate
dehydrogenase and fumarate hydratase were implicated in

the pathogenesis of paragangliomas, pheochromocytomas, and
renal cell cancers (80). Notably, mutations in the genes
encoding isocitrate dehydrogenase (IDH)-1 and IDH-2 have
been described in 5% ofde novoGBM and more than 90%
of secondary GBM [review in (81)]. In fact, since 2016, the
CNS WHO divided GBM in 2 main groups (1) IDH-wildtype
(about 90 % of cases), which corresponds most frequently
to de novo GBM and predominates in patients over 55
years of age, and (2) IDH-mutant (about 10 % of cases),
corresponding to secondary Glioblastoma arising from lower
grade di�use glioma and preferentially arises in younger patients
(1). Of note, in GBM, IDH mutants are consistently classi�ed
as PN. Tumor-derived IDH mutations disrupt their normal
catalytic activity that converts isocitrate toa-ketoglutarate (a-
KG) to a remarkable neomorphic activity that convertsa-
KG to D-2-hydroxyglutarate (D-2-HG), now referred to as
an oncometabolite (82). Besides being involved in multiple
metabolic pathways,a-KG is also a co-factor for severala-KG-
dependent dioxygenases including prolylhydroxylases (PHD)
involved in HIF stabilization, histone demethylases and the
TET family dioxygenases involved in epigenetic modi�cations.
Interestingly, D-2-HG that is structurally highly similarto a-KG,
acts as a competitive inhibitor leading to dioxygenases inhibition
and singular methylation pro�le.

Importantly, these mutations in genes encoding for important
metabolic enzymes raised the possibility that under certain
conditions, altered metabolism could be the cause and not
the consequence of cancer transformation. In line with this
challenging notion, several studies have evidenced a retrograde
mitochondrial-to-nucleus signaling. For example, disruption
of mitochondrial integrity generates singular nuclear genes
expression pro�les, including genes involved in metabolism (83).
Thus, tumor cells might exhibit increased metabolic autonomy in
maintaining an anabolic phenotype with oncogene and tumor-
suppressor gene originated through evolution as components
of metabolic regulation rather than cancer-driving mutations
driving metabolic pathways (84). This notion would explain
why cancer cells with di�erent genetic alterations display similar
metabolic phenotype whereas cancer cells with identical genetic
alterations have di�erent metabolism.

Metabolic Plasticity of GSCs
In contrast to the proliferating tumor mass, GSCs are slowly
proliferating and reside in speci�c niches requiring constant
metabolic adjustments in order to adapt to transient bioenergetic
crisis caused by hypoxia or nutrients deprivation. While theyalso
display metabolic alterations, the metabolism of GSCs have been
shown to deeply in�uence their maintenance and survival.

GSCs Rely on Both Oxidative and Non-oxidative
Glucose Metabolism
GSCs, as most CSCs, have been described as relying mostly
on glycolysis. Glucose is uptaken by the cells through the
glucose transporters (GLUT), in particular GLUT1 and GLUT3,
and converted to pyruvate through several enzymatic reactions
(Figure 1). Pyruvate represents a critical metabolic control point,
as it can be converted to lactate by LDH-A or imported within the

Frontiers in Oncology | www.frontiersin.org 5 March 2019 | Volume 9 | Article 118

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Garnier et al. Metabolic Targeting of GSCs

FIGURE 1 | Pyruvate and glutamate are 2 major metabolic hubs in GSCs Tumor cells usually display a strong glycolytic metabolism. Glucose is uptaken by glucose
transporter GLUT and then converted to pyruvate through several enzymes. All along this pathway, the glycolytic products are diverted from this main metabolic road
to fuel other biosynthetic pathways such as the PPP as well aslipids and amino acids biosynthesis. PKM2 plays a key role inthis dynamic process through
conformational modulation. Glycolytic pyruvate will theneither be converted to lactate or fuel mitochondrial OXPHOSand the TCA cycle. Another key metabolite that
can fuel the TCA is glutamate once converted toaKG. Glutamate is produced either by GLS from glutamine or from glucose. Glutamate is involved in several
biosynthetic pathways including amino acids and lipids biosynthesis as well as mitochondrial anaplerosis. Glutamateis also involved in glutathione synthesis, directly
and indirectly by providing cysteine to the cells.a-KG, a-ketoglutarate; FAS, Fatty acid synthase; FBP1, Fructose-1,6 bisphosphatase 1; GCL, glutamate-cysteine
ligase; GLS, Glutaminase; GS, Glutamine synthetase; GLUT,Glucose transporter 1; HK2, Hexokinase 2; IDH, Isocitrate dehydrogenase; LDHA, Lactate
dehydrogenase A; MCT, Monocarboxylase transporter; MK, Mevalonate kinase; OAA, Oxaloacetate; PC, Pyruvate carboxylase; PDH, Pyruvate dehydrogenase; PDK,
Pyruvate dehydrogenase Kinase; PKM2, Pyruvate kinase M2; PPP, Pentose phosphate pathway; TCA, Tricarboxylic acid cycle.

mitochondria to be converted to acetyl coenzyme A (AcetylCoA)
by pyruvate dehydrogenase (PDH) to fuel the TCA cycle.
Activation of the transcription of both Pyruvate dehydrogenase
kinase (PDK), which phosphorylates and inactivates the catalytic
domain of PDH, and the Lactate dehydrogenase A (LDH-A),
in particular through HIF-1, has been reported in GSCs. As a
result, pyruvate is actively shunted away from the mitochondria
and converted to lactate by LDH-A, corresponding to a non-
oxidative glucose metabolism. However, Marin-Valencia etal.
have elegantly demonstrated using 13C-nutrient labeling in
orthotopic murine models that GSCs are not con�ned to non-
oxidative glycolysis (85). Indeed, they show that pyruvate is
converted to lactate but also channeled through PDH with a
signi�cant contribution of glucose carbons to the TCA cycle.
Collectively, these results demonstrate that GSCs use glucose
to produce energy and biosynthetic precursors through both
non-oxidative and mitochondrial oxidative pathways. Since
these tracers are not radioactive, this approach is feasible with
GBM patients when tumor resection is planned in the course
of the treatment. Importantly, similar metabolic pro�les of
both oxidative and non-oxidative glucose fates were observed
in extracts of surgically-resected tumors obtained from GBM
patients infused with 13C-Glucose (86).

Furthermore, depending on oxygen availability, a reciprocal
metabolic switch has been reported between glycolysis and
the pentose phosphate pathway (PPP), an alternative anabolic
pathway to glycolysis, which produces ribose-5-phosphate and
NADPH for nucleic acids and fatty acids synthesis in GSCs.

Indeed, anabolic PPP is highly active in rapidly proliferating
tumor cells but suppressed under hypoxia, switching to glycolysis
(87). The isoform M2 of pyruvate kinase (PKM2) plays a critical
role in this metabolic switch. In contrast to PKM1, which
exists in a constitutively tetrameric active form, PKM2 exists
under a dimeric inactive form and a tetrameric active form.
The dimeric PKM2 results in the accumulation of upstream
glycolytic intermediates, in particular fructose-1,6-phosphate
(FBP), favoring their redistribution toward other biosynthetic
pathways through the PPP. However, accumulation of FBP
induces the association of dimeric forms into tetramers, which
in turn leads to lactate production, until the level of FBP is
reduced leading to the tetramer dissociation into dimers. Thus,
the dynamic dimer:tetramer ratio of PKM2 determines whether
carbons from glucose are converted into lactate via pyruvateor
channeled into building block synthesis.

Mitochondrial Function Is Critical for GSCs Survival
While the above reported studies show that GSCs mainly rely
on glycolysis, several other studies showed that these cells
possess a preference for mitochondrial oxidative metabolism. In
many tumor types including Glioblastoma, growing evidence
has demonstrated that quiescent or slow-cycling CSCs are
less glycolytic, consume less glucose, and produce less lactate,
whereas they contain higher ATP levels than their di�erentiated
cancer counterparts (88). Coupling between EMT and enhanced
mitochondrial respiration has also been reported. Moreover,
some CSCs have an increased mitochondrial mass and enhanced
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oxygen consumption rates (89, 90). One striking di�erence
with non-GSCs cancer cells is that GSCs lack mitochondrial
reserve capacity suggesting that they fully oxidize substrates
pool in contrast to di�erentiated cells exhibiting signi�cant
bioenergetic reserves.

In either case, mitochondrial function is critical and plays
a crucial role in CSCs functions including stemness and
drug resistance. Inhibition of PGC1a, the master regulator
of mitochondrial biogenesis, reduces stemness properties of
breast CSCs (91) while NANOG, a pluripotency gene, induces
tumorigenesis through metabolic reprogramming to OXPHOS
and fatty acid metabolism (92). Increased OXPHOS as well
as PGC1a expression seems to be related to chemoresistance
in CSCs (93–95). In fact, mitochondrial mass tracking using
�uorescent probes has been described as a simple and e�cient
tool to identify CSCs (96). Thus, mitochondrial metabolism is
critical for GSCs maintenance.

Glutamine Metabolism in GSCs
In addition to glucose, amino acids can also be channeled
into the mitochondrial TCA, as their catabolism results in
the production of TCA intermediates. Glutamine has an
important role in cell growth and energy metabolism, and
glutamine addiction has been proposed as a mark of GBM
(97). Following the entry of glutamine into the cell via its
transporter ASCT2 (or SLC1A5), the �rst step of glutamine
catabolism is its conversion into glutamate through glutaminase
(GLS) (Figure 1). Glutamate is a major metabolic hub: it
can replenish the cells in lipid biosynthesis precursors and
TCA intermediates through mitochondrial anaplerosis, generate
de novoreduced glutathione, a major anti-oxidant molecule
(98) either directly through its combination with cysteine
by glutamate-cysteine ligase (GCL) or indirectly allowing
cysteine import through cysteine/glutamate transporter Xc (or
SLC7A11), or involved in the synthesis of non-essential amino
acids, purine, and pyrimidine through aminotransferases (99).
In human hematopoietic stem cells, glutamine availability
modulates their di�erentiation either toward the erythroid
or the myelomonocytic lineage (100). In GSCs, glutamine
deprivation reduces cell proliferation, in particular by reducing
mitochondrial anaplerosis and energy production (39). However,
glutamine addiction has not been observed in all GSCs (39, 101).
Indeed, GLS activity and glutamine anaplerosis is dispensable
in GSCs expressing Glutamine synthetase (GS), which controls
glutamine homeostasis by catalyzing the opposite reaction of
GLS and is highly expressed in GSCs as compared to tumor
cells. Based on these studies, we proposed a model where
in GS-positive cells, glucose is used to synthetize glutamate
that is subsequently converted into glutamine through GS to
sustain nucleotides biosynthesis. In contrast, in GS-negative cells,
or when GS was inhibited pharmacologically or molecularly,
glutamine deprivation decreased cell proliferation as well as
self-renewal mostly through reduced nucleotides biosynthesis
(Figure 2). Importantly, glutamine-dependency is not observed
in non-GSCs and is restricted to one particular GSCs subtype,
the MES one.

Lipid Metabolism of GSCs
Lipid metabolism is another source of metabolic intermediates
and energy for processes involved in cell transformation and
tumor progression. Cancer cells can ful�ll their avidity for lipids
either by increasing exogenous lipid uptake or endogenous
production through de novo synthesis (Figure 1). A major
outcome of both glucose and glutamine metabolism is the
production of citrate to produce biomass needs required
for cell proliferation. After its import into mitochondria,
glycolytic pyruvate is decarboxylated into acetylCoA, which will
be condensed with the glutamine-derived TCA intermediate
oxaloacetate (OAA) to generate citrate. Citrate can then be
exported out of the mitochondria and cleaved by ATP citrate
lyase (ACL) to regenerate OAA and acetylCoA. Interestingly, in
absence of glutamine, some tumor cells generate both acetylCoA
and OAA directly from glucose through the pyruvate carboxylase
(PC) pathway (102). Glutamine can also contribute to acetyl-
coA production in the absence of glucose. Usually, glutamine-
derived glutamate is converted to the TCA cycle intermediate
aKG mainly through transamination, which transfers nitrogen
from glutamate to alanine or aspartate, since Glutamate
Dehydrogenase (GDH) activity is usually inhibited in cancer cells
(98). In absence of glucose, cells engage an alternative pathway of
aKG production either through enhanced activity of GDH (103)
or reductive carboxylation through reverse activity of isocitrate
dehydrogenase (IDH) to generate isocitrate and subsequently
citrate (104). This latter pathway has been demonstrated when
mitochondria are defective (105) or under hypoxia (106, 107).
Importantly, glutamine-reductive carboxylation shown to be
of particular importance for sustaining cell proliferation has
also been observed in GBM cells, including GSCs [(98), Oizel
unpublished data].

Besides lipid anabolism, lipid catabolism seems critical for
CSCs self-renewal. Indeed, some studies have shown that cancer
stem cells can also rely on active fatty acid oxidation for their
maintenance and function (108). For example, inhibition of fatty
acid oxidation by etomoxir decreases viability and tumorosphere
formation in breast cancer stem cells while it has no e�ect on
non-stem cancer cells (109).

Finally, the mevalonate pathway is an essential metabolic
pathway allowing the production of 5-carbon building blocks
providing cells with bioactive molecules, in particular cholesterol
and coenzyme Q as well as molecules involved in signal
transduction, which have been shown to be crucial for di�erent
cellular processes, including cell proliferation, di�erentiation,
and survival [review in (110)]. Upregulation of several enzymes
upstream of the mevalonate pathway has been associated with
CSCs enrichment at least in breast tumor cells (111).

In conclusion, GSCs dispose of numerous bioenergetic
and biosynthetic redundant pathways in order to ful�ll
their requirement to sustain their survival, growth, and
invasion. All GSCs are able to sustain the emergence of a
primary tumor in vivo, independently of their predominant
glycolytic or oxidative metabolism. Their metabolic �exibility
allows their adaptation to harsh microenvironments, where
nutrients or oxygen can be scarce. Importantly, in contrast
to non-GSC, their metabolic dependency to OXPHOS sets
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FIGURE 2 | Tumor microenvironment and molecular signature, 2 driversof GSCs metabolic phenotype. GSCs reside in singular tumor microenvironment in GBM
called the perivascular and the hypoxic niche. Each niche isassociated with speci�c molecular signature and metabolic phenotype. The perivascular GSCs display a
PN signature and a strong glycolytic metabolism mainly based on blood glucose. In these cells, glucose can be directly converted to lactate or oxidized within the
mitochondria through OXPHOS. Furthermore, these cells highly express GS allowing the direct synthesis and secretion of glutamine within the TME. In contrast,
hypoxic GSCs usually belong to the mesenchymal subtype and do not express GS. These cells are residing in a harsher environment display �exible metabolism
fueled by lactate, ketone bodies, amino acids, including glutamine, released in the microenvironment by other cancer cells and/or stromal cells including astrocytes or
cancer-associated �broblasts. In absence of O2, these substrates supply a truncated TCA cycle allowing the generation ofenergy and biosynthetic precursors such
as lipids or nucleic acids, as well as antioxidant glutathione synthesis. CAF, Cancer-associated �broblast; GBM, Glioblastoma; GSCs, Glioblastoma stem-likecells,
GS, Glutamine synthetase;aKG, Alpha-ketoglutarate; KB, Ketone bodies; MES, Mesenchymal; OXPHOS, Mitochondrial oxidative phosphorylation; PN, Proneural;
TCA, Tricarboxylic acid cycle.

mitochondrial metabolism as potential therapeutic target to
e�ciently eradicate GSCs.

Drivers of GSCs Metabolic Phenotypes
Metabolic Phenotypes of GSCs Mirror
Molecular Signature
Several studies have characterized the metabolic phenotype of the
di�erent subtypes of GSCs, either based on stemness expression
markers such as CD133 expression or on the molecular
signature (39, 112–117). Interestingly, all studies converge
toward the proneural subtype, also characterized as CD133
positive or full stem-like phenotype, displaying a strong glycolytic
metabolism (Figure 2). In contrast, the mesenchymal subtype,
CD133 negative or restricted stem-like phenotype, displays
higher metabolic �exibility with both glycolytic and oxidative
metabolisms. In particular, as described previously, glutamine
dependency relies on GS activity, which is only observed in
MES GSCs. Furthermore, in contrast to PN GSCs, MES GSCs
easily bypass targeted metabolic inhibition through a wide range
of metabolic adaptation. Importantly, these �ndings highlight
that �rst, di�erent GSCs can have similar metabolic pro�le
despite being derived from independant tumors with di�erent
driver mutations. Conversely GSCs derived from identical
tumor can exhibit di�erent metabolic features depending on
tumor specimen localization or molecular signature. Second,

the molecular signature correlates with metabolic �exibility
and the spatial distribution of various TME, namely hypoxic
and perivascular niches. For example, in agreement with they
dominant glycolytic phenotype, the proneural subtype localized
in tumor zones surrounded by functional vasculature will easily
have access to oxygen and blood glucose. In contrast, the
mesenchymal GSCs localized in hypoxic zone display higher
metabolic �exibility allowing them to use a wide range of
nutrients in order to sustain their survival and proliferation in
a relatively poor microenvironment. Importantly, these various
metabolic features of GSCs residing in di�erent tumor areas
allow the establishment of a metabolic cooperation between
tumor cells.

Tumor Microenvironment Mitigates Metabolism of
GSCs
GSCs are able to adapt their metabolism by displaying various
metabolic and bioenergetic abilities depending on energy-
rich nutrients or energy-producing mitochondrial metabolites.
This is usually dictated by oxygen and nutrients supply from
the TME either through the tumor vasculature or through
metabolic cooperation between cells which is often not uniformly
distributed across the tumor bulk. Several studies have shown the
impact of the TME on CSCs metabolism, in particular in GBM.
First, as we previously described, one remarkable characteristic
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of GBM microenvironment is hypoxia due to aberrant tumor
vasculature. Low oxygen conditions are mainly mediated by
the transcription factors HIF, which regulate the expression
of a large panel of genes involved in several key biological
functions, including cell metabolism (118). In particular, HIF-
1a activates the transcription of genes all along the glycolytic
pathway, from the glucose transporters GLUT1 and GLUT3 to
key glycolytic enzymes such as hexokinases (HK), PKM2, or
LDH-A. Besides directly activating aerobic glycolysis, hypoxia
also triggers the epithelial-mesenchymal transition (EMT),a
characteristic of embryonic development playing critical roles
during organogenesis. Accumulating evidences indicate that
EMT is of paramount importance in a plethora of cancer-
related events, including acquisition of both stem cell-like
properties and mesenchymal characteristics (74). During tumor
progression, EMT has been shown to increase the ability of
cancer cells to invade and dissiminate, as described previously,
to favor CSCs emergence. Among the transcription factors
involved in EMT phenotype, Snail has been identi�ed as a
key repressor of Fructose1,6 biphosphatase (FBP1) expression
in breast cancer stem cells (119). In this study, Snail silences
FBP1 expression through methylation of its promoter, providing
metabolic advantages to breast CSCs. Indeed, loss of FBP1
induces glycolysis, increased glucose uptake, macromolecules
biosynthesis and a constitutively active form of PKM2.

Metabolic reprogramming can be accelerated by TME
acidi�cation (120). In fact, lactate is not only a metabolic
waste for glycolytic cells but is also a metabolic fuel for
oxidative cells (121). Indeed, in 2008 Sonveaux et al. suggested
a symbiotic relationship among cancer cells in the TME where
cancer cells distal to a blood vessel would be deprived of
oxygen in contrast to cancer cells close to the blood vessel
(Figure 2) (122). In this model, perivascular cells would spare
glucose for hypoxic cells. Then, the distal hypoxic cells would
convert glucose to lactate, which could then be imported into
perivascular cells and converted to pyruvate for mitochondrial
oxidation. This metabolic interplay between glycolytic and
oxidative cells, called the “reverse Warburg e�ect,” also occurs
with the stromal compartment that surrounds the tumor. Indeed,
the Lisanti group showed that stromal cells, in particular cancer-
associated �broblasts (CAFs), increase their aerobic glycolysis
resulting from enhanced mitochondrial turnover and generate
excessive lactate, pyruvate, and other ketones bodies, which are
secreted into the intracellular space (123). These metabolites are
then re-used by cancer cells for OXPHOS. Thus, the stromal
cells feed the cancer cells with lactate and other metabolites
and this metabolic symbiosis limits TME acidi�cation. The
utilization by cancer cells of the high-energy stromal metabolites
pyruvate, lactate, and ketones may increase the transcriptional
expression of gene pro�les normally associated with stemness,
including genes commonly upregulated in embryonic stem cells
(121). Interestingly, hypoxic tumor cells through mitochondrial
reductive carboxylation, independently of oxygen availability,
can also use these metabolites. In the brain, glycolytic
oligodendrocytes and astrocytes also export lactate through
MCT1 and MCT4 (124). Furthermore, astrocytes, which have
been shown to highly express GS, generate and secrete glutamine,

which can then be used by GS negative tumor cells to support
their growth (101).

Finally, CSCs communicate with the surrounding
microenvironment by direct cell-cell interaction through gap
junctions to execute coordinated programs required for growth,
di�erentiation, and therapeutic response. In the past decade,
several publications have reported an important role of tunneling
nanotubes (TNT) in direct intercellular communication in GBM.
TNT are long cytoplasmic bridges that enable long-range and
direct communication, including metabolites, mitochondria and
vesicles transfer, between connected cells (125). Mitochondria
are the TNT cargos most widely studied so far. TNT-mediated
mitochondria transfer was reported in GBM but also in many
di�erent cancer types, both between cancer cells, and between
cancer cells and normal cells of the microenvironment such
as MSC (126). A direct e�ect of the TNT-mediated transfer of
mitochondria is the modi�cation of the target cell energetic
metabolism, with increased OXPHOS and ATP production
(126–128). This has functional consequences for cancer cells as
it enhances their proliferative and migratory properties as wellas
their capacity to develop resistance to therapeutic treatment.

METABOLIC TARGETING OF GSCs

GSC involved in GBM poor response to treatment and relapse
represent the tumor cornerstone. With the identi�cation of key
metabolic features involved in their survival, growth, invading
properties and self-renewal, one possible therapeutic strategy
would be targeting the biochemical energetic reactions occurring
in GSCs.

Inhibition of IDH-Mutant
Since IDH mutations are present in only 5% ofde novo
GBM while its occurrence increases to 95% in secondary
GBM (129), targeting IDH-induced metabolic alteration might
open new therapeutic avenues, at least in secondary GBM.
As described previously, IDH mutations result in metabolic
alteration, including the production of the oncometabolite
D2-HG, epigenetic dysregulation via inhibition ofaKG-
dependent histone and DNA demethylases, and di�erentiation
blockade. Several compounds inhibiting IDH-mutants have been
developed and tested in anti-tumor therapy [see review in (130)].
The majority of these studies have been realized in another
tumor type, the acute myeloid leukemia (AML), which has been
shown to frequently harbor IDH-mutant. Several mouse models
have been engineered to express IDH-mutant speci�cally in
hematopoietic tissue leading to hematologic malignancy (131).
Genetic knockdown or pharmacologic inhibition of IDH-mutant
in these models led to a decrease in D2-HG production and
tumor cell growth while inducing cellular di�erentiation. These
encouraging preclinical results provided a proof-of-concept for a
targeted treatment of IDH mutants in AML and clinical trials are
underway for AML patients (130).

These compounds are now tested in GBM. However, they may
not be as e�ective in all IDH-mutant tumors. Indeed, inhibitors
of IDH-mutants delay growth and promote di�erentiation
in some IDH-mutated GBM cells but not all (132, 133).
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Furthermore, despite a robust ability to lower D2-HG in
GBM cells and tumors, they are unable to reverse epigenetic
deregulation. Nevertheless, the presence of IDH-mutant and/or
high levels of D2-HG might introduce therapeutic vulnerability
to di�erent agents. For example, tumors harboring an IDH
mutation display increased sensitivity to inhibition of oxidative
mitochondrial metabolism (134), depletion of coenzyme NAD
(133) and chemotherapy (135). Importantly, other studies have
shown both in vitro and in patients that inhibiting mutant
IDH could confer radiation resistance to some therapies or
can antagonize the e�ects of radiation therapy in glioma (136,
137). Thus, whereas encouraging results have been observed
for AML patients, IDH-mutant targeting in GBM de�nitively
requires more investigations. In particular, long-term studies are
de�nitively required to determine the impact of these compounds
on tumor relapse in order to de�ne whether these compounds
also target cancer stem-likecells.

Metabolic Targeting Requires Multiple
Bioenergetic Pathway Inhibitions
CSCs display highly plastic metabolic pro�le allowing them to
ful�ll bioenergetic requirements and this �exibility seems to be
required for their survival (138). Since CSCs have been shown
to be enriched in mitochondrial mass and relying heavily on
OXPHOS, disrupting this pathway has become attractive as
a therapeutic strategy (Figure 3). Accordingly, di�erent classes
of mitochondrial inhibitors have been reported to decrease
stemness and invasion properties as well as increasing cell death.
For example, a large number of retrospective clinical studieshave
revealed that Metformin, a �rst-line diabetes drug, is linked to
cancer prevention [review in (139)]. In fact, Metformin directly
inhibits mitochondrial complex I of the respiratory chain and
OXPHOS activity (140). As a consequence, this drug induces
cell death in cancer cells. However, this e�ect is observed
only upon glucose deprivation. First, this study highlights the
metabolic plasticity of cancer cells, which are able to survive
to OXPHOS inhibition by Metformin when glucose is present.
Similarly, in glutamine-addicted cells, GSCs easily switch from
glutamine-based to glucose-based metabolism to sustain their
survival (39). Second, to overcome their metabolic �exibilities,
an e�cient metabolic targeting will require the blockade of
several metabolic pathways. Indeed, in preclinical cancer models,
dual inhibition of both glycolysis and OXPHOS, respectively,
using the glucose analog 2-DG and metformin, has been shown
to e�ectively reduce tumor growth and dissemination (141).
Similarly, phenformin, another biguanide drug, leads to cancer
cell death through metabolic catastrophe only when combined
with genetic disruption of MCT involved in cancer metabolic
symbiosis (142).

Interestingly, since mitochondria evolved from bacteria,
many classes of FDA-approved antibiotics, recently emerged
as additional inhibitors of mitochondrial biogenesis and
functionality (143, 144). For example, doxycycline, very well-
tolerated in patients, could be re-purposed clinically as a “safe”
mitochondrial inhibitor, targeting mitochondrial biogenesis in
CSCs (145).

As described above, TME provides cancer cells and GSCs
with various bioenergetic nutrients. At the molecular level, MCT
play a key role in the metabolic symbiosis, whereby lactate
produced by one cell type is made use of as a fuel by another
one. Simultaneous inhibition of both MCT and OXPHOS
might represent a candidate strategy for combinatorial metabolic
targeting. At the cellular level, GSCs are known to closely
interact with endothelial cells (66, 70). First, endothelial cells
promote cancer cells stemness in GBM (146). Second, endothelial
cells, and in particular radiation-resistant endothelial cells, can
protect stem cells and tumor cells from radiation damage
(147–149). Furthermore, we recently showed that radiation
induced metabolic mitochondrial alteration in these radiation-
resistant endothelial cells (150). Thus, disrupting the tumor-TME
interaction that support GSCs survival is another approach to
killing GSCs.

Metabolic Targeting to Sensitize GSCs to
Radiation
Hypoxic niches protect cancer cells from radiation-induced
killing since oxygen is a critical determinant of cell response
to radiation (151). A certain degree of reoxygenation can be
achieved in some tumors after radiation by a process where the
surviving hypoxic tumor cells become better oxygenated due
to the aerobic population being killed. However, this process
is highly variable within tumors. The HIF-1a pathway enables
tumor cells to survive by changing glucose metabolism toward a
glycolytic phenotype, by inducing angiogenesis and by regulating
pH balance and proliferation rate.

Di�erentiation of normal stem cells is associated with a
metabolic shift from glycolysis to mitochondrial OXPHOS
while iPS reprogramming is accompanied by the reverse
modi�cations (152,153). Since the glycolytic switch occurs before
acquisition of pluripotent markers, mitigating metabolism to
induce GSCs di�erentiation appears as an appealing therapeutic
avenue. Importantly, cancer cells, as normal cells, are more
sensitive to conventional treatments, including radiation, upon
di�erentiation (154). Di�erentiation therapy has been exploited
with Bone Morphogenetic Protein-4 (BMP4) treatment, to
induce glial di�erentiation and reduce tumor growth in gliomas.
Interestingly, after this treatment, GSCs are unable to form
tumors after transplantation in series in immunocompromised
animals (155). Collectively, these studies suggest a new treatment
for GBM that would force the GSCs to enter di�erentiation,
resulting in sensitization of GSCs to treatment and as a result the
reduction of the tumor mass and relapse occurrence (Figure 3).
In agreement with this idea, Dichloroacetate (DCA), an indirect
PDH activator, leads to both GSCs di�erentiation as well as
increased radiation sensitivity (156, 157). One report showed
that DCA, already used in the clinical treatment of genetic
mitochondrial diseases, may improve clinical outcome in some
patients with GBM (158). Following this study, 4 phase 1 clinical
trials have investigated the chronic safety of oral DCA doses
in adults with recurrent malignant brain tumors or other solid
tumors (159–161). However, whereas these clinical trials showed
that DCA was generally well-tolerated despite a peripheral
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FIGURE 3 | Metabolic targeting of the dynamic emergence of GSCs from differentiated GBM GSCs emerge from differentiated tumor cells, which can reacquire stem
cells properties such as self-renewal, multilineage differentiation and the ability to give rise to the initial heterogenous tumor in vivo. This dynamic
differentiation/dedifferentiation balance is driven by the TME, molecular events as well as their metabolic phenotype. Thus, metabolic targeted therapy appears as a
potential novel therapeutic avenue, in particular when combined to conventional treatment such as radiation therapy.Several angles can be taken to eradicate GSCs
from the tumor, reducing their metabolic plasticity and/or metabolic cooperation with the TME, inducing their differentiation to sensitize them to treatment or increasing
their recognition by immune effectors. AB, Antibiotics; CAF, Cancer-associated �broblast; DCA, Dichloroacetate; 2-DG, 2-Deoxyglucose; EGCG, Epigallocatechine
gallate; GSCs, Glioblastoma Stem-likecells; IPP, Isopentenyl pyrophosphate; Met, Metformin; MSC,Mesenchymal stem cell.

neuropathy in some patients, there was in general no strong
indication for a relevant e�ect of DCA in tumor response.

Other metabolic inhibitors have been involved in GSCs
di�erentiation. As described previously, the oncometabolite
D2-HG, produced by IDH mutant, is also involved in cell
di�erentiation (162). Furthermore, inhibitors of LDH decrease
GBM cell proliferation, trigger cellular apoptosis and more
importantly induce GSCs di�erentiation (163). EGCG, a
bioactive polyphenol present in green tea and described to inhibit
glutamine metabolism, has been shown to decrease stemness
while increasing Temozolomide e�ciency (39, 164). The e�ect
of their use in combination with radiation has not been studied
yet and would be worthy of further investigation.

Other studies have shown that metabolic targeting increased
treatment e�ciency, independently of GSCs di�erentiation. For
example, modulation of mitochondrial metabolism in�uences
radiation sensitivity bothin vitro and in preclinical models (165).
The glucose analog 2-DG, which causes a signi�cant reduction
of ATP levels by inhibiting glucose catabolism especially in
cells with mitochondrial defects or under hypoxia (166), has
entered numerous clinical trials and seems to potentiate the
e�ect of radiotherapy in patients with brain tumors (167).
Collectively, these studies suggest that targeting metabolism may
o�er bene�t in GBM treatment, in particular in combination
with radiation. However, further investigations are de�nitively
required in particular in preclinical studies.

Metabolic Targeting to Improve
Immunotherapy Ef�cacy
The immune cells being an important component of the tumor
microenvironment, cancer immunotherapy has emerged as a
powerful new therapeutic approach either by active, passive
or adoptive immunotherapies [review in (168)] (Figure 3).
Immunotherapy usually boosts antitumor immune responses
either by adoptive T cells transfer, chimeric-antigen receptor
T-cells, or monoclonal antibodies. For example, cytotoxic T
lymphocyte-associated antigen 4 (CTLA-4) and the programmed
cell death protein 1 pathway (PD-1/PD-L1) checkpoint inhibitors
are currently arising as a novel strategy to �ght cancer, including
GBM. However, the highly immunosuppressive TME combined
with low GBM cells immunogenicity limits immunotherapy
e�cacy. Furthermore, several recent reports have describeda
variety of “metabolic checkpoints” including glucose and amino
acid depletion, hypoxia, high acidity and lactate accumulation,
that impairs TIL ability to survive, proliferate and function
(169). Interestingly, the immune checkpoint blockade favors T
cell activation while inhibiting cancer cells proliferationthrough
metabolic alterations. For example, blocking PD-1 and PD-L1
can reduce glycolysis level in cancer cells by inhibiting themTOR
pathway (170). As a consequence, tumor glucose uptake and
lactate secretion decrease, restoring glucose availability in TME.
Interestingly, increased glucose availability in TME in response to
immune checkpoint inhibitors has been shown to improve T-cell
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glycolysis and cytotoxic function in a melanoma murine model
(171). However, other studies have shown that the upregulation
of both tumor PD-L1 and CTLA-4 drives T cells exhaustion
through metabolic alterations. Recent publications also underline
the reprogrammation of the immunosuppressive TME through
metabolic alterations of tumor cells. The best example is the
overexpression of the C4-metabolite carrier UCP2 in melanoma
cells triggering the engagement of anti-tumor immune responses
following CXCL10 secretion in the TME (172). Thus, tumor
metabolism modulates tumor immune evasion through nutrients
availability for T cells and reprogrammation of the TME.

Besides leveraging the body's own immune system,
immunotherapy strategy may involve adoptive T cell transfer
which o�ers the potential to overcome one of the signi�cant
limitations associated with tumor patients who are often immune
compromised. Importantly, in such settings, Vg2Vd2 T cells
are particularly interesting since they are able to recognize and
kill most tumor cells in a major histocompatibility complex
(MHC)-unrestricted fashion and independently of the number
of tumor mutations. Instead, Vg2Vd2 T cells respond to the
presence of small isoprenoid metabolites, such as self isopentenyl
pyrophosphate (IPP) in a process requiring the butyrophilin-3A1
protein, an immunoglobulin superfamily protein present on all
normal and tumor cells. Accumulation of IPP in tumor cells
can be achieved by inhibiting the Farnesyl diphosphate synthase
(FDPS), an enzyme downstream of the mevalonate pathway,
by aminobiphosphonate compounds such as zoledronate. The
mevalonate metabolic pathway provides cells with bioactive
molecules, in particular cholesterol and coenzyme Q as well
as molecules involved in signal transduction, which have been
shown to be crucial for di�erent cellular processes, including cell
proliferation, di�erentiation, and survival [review in (110)]. In
some tumor types, upregulation of several enzymes upstream
of this metabolic pathway has been associated with CSCs
enrichment (111). Interestingly, we have recently shown that
allogeneic transfer of human Vg9Vd2 T cells in orthotopic
murine models of human GBM enriched in GSCs leads to
the e�cient elimination of cancer cells, including GSCs (173).
These results are in agreement with previous pre-clinical studies
showing that statins could be used as anticancer agents in
Glioblastoma (174, 175). Interestingly, asides from metabolic
targeting, this paper also raised the idea that allogeneic transfer
of human Vg9Vd2 could be potentiated with the combinatorial
use of monoclonal GD2-antibody. Whereas, GD2 is also
expressed in gliomas and in some normal structures of the
brain, the monoclonalO-acetyl-GD2 antibody recognizes GSCs
and more importantly is tumor speci�c (176). Thus testing
the combinatorial e�ect of the monoclonalO-acetyl-GD2
antibody with adoptive transfer of human Vg9Vd2 should
be investigated.

The Limits of GSCs Metabolic Targeting
Several drug targeting metabolic pathways have been investigated
in human randomized trials after the promising results obtained
in vitro and in preclinical models. The majority of these metabolic
inhibitors has been well-tolerated and do not interfere with
normal cellular metabolism in a clinically meaningful manner.
Unfortunately, few of these drugs have shown encouraging

results in patients to date.In vitro studies provide a solid
platform to include metabolism as a de�nite hallmark of cancers
and to consider the metabolic pro�le of CSCs as a relevant
therapeutic target. However, one di�culty is to gain integral
information on which bioenergetic and biosynthetic reactions
of GSCs are key players in tumor progression and/or response
to therapy, in particular in light of the inter- and intra-tumor
heterogeneity. Furthermore, contradictory metabolic phenotypes
have been obtained betweenin vitro studies and in vivo
studies. For example, ovarian CSCs display a strong oxidative
metabolism in vitro while being highly glycolyticin vivo
(177). Thus, whilein vitro models are de�nitively improving
to better recapitulate the TME, the lack of a relevant TME
remains one of the main pitfalls in studying CSCsin vitro.
Indeed, in this review, we provided numerous evidences of the
importance of the tumor niche in driving CSCs bioenergetic and
biosynthetic deregulation.

One concern about metabolic targeting is that the adaptation
of metabolic pathways in conjunction with the use of alternative
nutrients could overcome the targeted metabolic inhibitionin
GSCs. Indeed, it is likely that in many cases in which glycolysis
is inhibited, cells will respond by increasing OXPHOS. One way
to circumvent this compensation is to combine several metabolic
inhibitors. The exploitation of the metabolic reprogramming
to selectively target tumor cells may also be limited by the
existence of multiple isoforms of the enzymes and the fact
that small-molecule inhibitors may not distinguish between
the predominant isoform expressed by cancer cells and the
isoforms expressed by normal cells. Developing small-molecule
inhibitors that preferentially inhibit the cancer-speci�c isoform
could be challenging.

Metabolic targeting has minimal e�cacy by itself and
tumor cells may develop mechanisms to adapt and resist to
metabolic inhibitors. In contrast, combination therapy seems
more promising. Indeed, radiation targets highly proliferating
tumor cells while sparing low-proliferating GSCs. Thus, targeting
GSCs metabolism appears as new therapeutic strategies to
successfully eradicate them. Some metabolic inhibitors suchas
inhibitors of glucose transporters, hexokinase or PKM2 agents
have been clinically disappointing with no bene�cial e�ect in
GBM patients, alone or combined with radiation therapy either
because of toxicity, poor tumor penetrance, or lack of e�cacyper
se(178). However, phase I/II clinical trials have shown that 2-DG
administered orally was well-tolerated and triggers a moderate
increase in the survival of GBM patient treated with radiation
therapy, with a signi�cant improvement in the quality of life and
better protection of normal brain tissue (167). A phase III multi-
centric trial to evaluate the e�cacy of the combined treatment
is in progress. In this regard, the use of metabolic targeting
as an adjuvant therapy to increase the e�cacy of conventional
treatment might be a better strategy.

CONCLUSION

The crucial role played by GSCs in tumor initiation, progression,
recurrence, and resistance to therapy indicates that new
therapeutic strategies require the eradication of this population.
The inter- and intra-tumoral heterogeneities combined with the
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variable patterns of vascularization and nutrients availabilities
might directly draw the metabolic landscape of Glioblastoma
rather than oncogenic genetic events. Whereas, GSCs metabolic
plasticity represents a major challenge in the design of
e�cient therapies, tumor metabolic targeting holds great
therapeutic potential in improving cancer treatment as shown
by encouraging results observed using IDH mutant inhibitors
in AML. In Glioblastoma, we believe that metabolic targeting
has to be used in combination with standard anticancer
reagents such as radiotherapy. Thus, while a well-de�ned
metabolic portrait of GSCs still needs to be depicted to
fully exploit GSCs metabolic vulnerabilities, in particular
how to prevent their metabolic �exibilities and to de�ne
the best therapeutic window combining metabolic inhibition,
immunotherapy and radiotherapy, we believe that GSCs
metabolic targeting holds great therapeutic potential as an
adjuvant therapy.

AUTHOR CONTRIBUTIONS

DG and CP: manuscript writing. OR: �gures drawing. M-CA-G
and FP: scienti�c discussions and extensive proofreading.

FUNDING

This work was supported by grants from Ligue contre le cancer,
Region Pays de la Loire and LABEX IGO program supported by
the National Research Agency via the investment of the future
program ANR-11-LABX-0016-01.

ACKNOWLEDGMENTS

Illustrations were realized using Servier Medical Art. We
would like to thank Richard Hellman for proofreading of the
manuscript.

REFERENCES

1. Louis DN, Perry A, Reifenberger G, von Deimling A, Figarella-
Branger D, Cavenee WK, et al. The 2016 World Health Organization
classi�cation of tumors of the central nervous system: a summary.
Acta Neuropathol. (2016) 131:803–20. doi: 10.1007/s00401-016-
1545-1

2. Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn MJ, Janzer RC,
et al. E�ects of radiotherapy with concomitant and adjuvant temozolomide
versus radiotherapy alone on survival in glioblastoma in a randomisedphase
III study: 5-year analysis of the EORTC-NCIC trial.Lancet Oncol. (2009)
10:459–66. doi: 10.1016/S1470-2045(09)70025-7

3. Gusyatiner O, Hegi ME. Glioma epigenetics: from subclassi�cation
to novel treatment options. Semin Cancer Biol. (2018) 51:50–8.
doi: 10.1016/j.semcancer.2017.11.010

4. Garnier D, Meehan B, Kislinger T, Daniel P, Sinha A, AbdulkarimB, et al.
Divergent evolution of temozolomide resistance in glioblastoma stem cells is
re�ected in extracellular vesicles and coupled with radiosensitization. Neuro
Oncol. (2018) 20:236–48. doi: 10.1093/neuonc/nox142

5. Johnson BE, Mazor T, Hong C, Barnes M, Aihara K, McLean CY,
et al. Mutational analysis reveals the origin and therapy-driven evolution
of recurrent glioma.Science. (2014) 343:189–93. doi: 10.1126/science.12
39947

6. Wang J, Cazzato E, Ladewig E, Frattini V, Rosenbloom DIS, Zairis S, et al.
Clonal evolution of glioblastoma under therapy.Nat Genet. (2016) 48:768–
76. doi: 10.1038/ng.3590

7. Chen R, Nishimura MC, Bumbaca SM, Kharbanda S, Forrest WF, Kasman
IM, et al. A hierarchy of self-renewing tumor-initiating cell typesin
glioblastoma.Cancer Cell.(2010) 17:362–75. doi: 10.1016/j.ccr.2009.12.049

8. Singh SK, Hawkins C, Clarke ID, Squire JA, Bayani J, Hide T, et al.
Identi�cation of human brain tumour initiating cells.Nature. (2004)
432:396–401. doi: 10.1038/nature03128

9. Lan X, Jörg DJ, Cavalli FMG, Richards LM, Nguyen LV, Vanner RJ,
et al. Fate mapping of human glioblastoma reveals an invariant
stem cell hierarchy. Nature. (2017) 549:227–32. doi: 10.1038/
nature23666

10. Cha�er CL, Brueckmann I, Scheel C, Kaestli AJ, Wiggins PA, Rodrigues
LO, et al. Normal and neoplastic nonstem cells can spontaneously
convert to a stem-like state.Proc Natl Acad Sci USA.(2011) 108:7950–5.
doi: 10.1073/pnas.1102454108

11. Quintana E, Shackleton M, Foster HR, Fullen DR, Sabel MS, Johnson TM,
et al. Phenotypic heterogeneity among tumorigenic melanoma cells from
patients that is reversible and not hierarchically organized.Cancer Cell.
(2010) 18:510–23. doi: 10.1016/j.ccr.2010.10.012

12. Shackleton M, Quintana E, Fearon ER, Morrison SJ. Heterogeneity in
Cancer: cancer stem cells versus clonal evolution.Cell. (2009) 138:822–9.
doi: 10.1016/j.cell.2009.08.017

13. Kreso A, Dick JE. Evolution of the cancer stem cell model.Cell Stem Cell.
(2014) 14:275–91. doi: 10.1016/j.stem.2014.02.006

14. Guel� S, Du�au H, Bauchet L, Rothhut B, Hugnot J-P. Vascular
transdi�erentiation in the CNS: a focus on neural and glioblastomastem-like
cells.Stem Cells Int. (2016) 2016:2759403. doi: 10.1155/2016/2759403

15. Chen J, Li Y, Yu T-SS, McKay RM, Burns DK, Kernie SG, et al. A restricted
cell population propagates glioblastoma growth after chemotherapy.Nature.
(2012) 488:522–6. doi: 10.1038/nature11287

16. Eramo A, Ricci-Vitiani L, Zeuner A, Pallini R, Lotti F, Sette G, et al.
Chemotherapy resistance of glioblastoma stem cells.Cell Death Di�er. (2006)
13:1238–41. doi: 10.1038/sj.cdd.4401872

17. Bao S, Wu Q, McLendon RE, Hao Y, Shi Q, Hjelmeland AB, et al. Glioma
stem cells promote radioresistance by preferential activation of the DNA
damage response.Nature.(2006) 444:756–60. doi: 10.1038/nature05236

18. Binda E, Visioli A, Giani F, Trivieri N, Palumbo O, Restelli S, et al. Wnt5a
drives an invasive phenotype in human glioblastoma stem-like cells.Cancer
Res. (2017) 77:996–1007. doi: 10.1158/0008-5472.CAN-16-1693

19. Hu B, Wang Q, Wang YA, Hua S, Sauvé C-EG, Ong D, et al. Epigenetic
activation of WNT5A drives glioblastoma stem cell di�erentiationand
invasive growth.Cell.(2016) 167:1281–95.e18. doi: 10.1016/j.cell.2016.10.039

20. Krusche B, Ottone C, Clements MP, Johnstone ER, Goetsch K, Lieven H,
et al. EphrinB2 drives perivascular invasion and proliferation of glioblastoma
stem-like cells.Elife.(2016) 5:e14845. doi: 10.7554/eLife.14845

21. Heddleston JM, Li Z, McLendon RE, Hjelmeland AB, Rich JN, John M,
et al. The hypoxic microenvironment maintains glioblastoma stem cells and
promotes reprogramming towards a Cancer stem cell phenotype.Cell Cycle
Georget Tex.(2009) 8:3274–84. doi: 10.4161/cc.8.20.9701

22. Au�nger B, Tobias AL, Han Y, Lee G, Guo D, Dey M, et al. Conversion
of di�erentiated cancer cells into cancer stem-like cells in a glioblastoma
model after primary chemotherapy.Cell Death Di�er. (2014) 21:1119–31.
doi: 10.1038/cdd.2014.31

23. Dahan P, Martinez Gala J, Delmas C, Monferran S, Malric L, Zentkowski D,
et al. Ionizing radiations sustain glioblastoma cell dedi�erentiation to a stem-
like phenotype through survivin: possible involvement in radioresistance.
Cell Death Dis. (2014) 5:e1543. doi: 10.1038/cddis.2014.509

24. Berezovsky AD, Poisson LM, Cherba D, Webb CP, Transou AD, Lemke
NW, et al. Sox2 promotes malignancy in glioblastoma by regulating
plasticity and astrocytic di�erentiation.Neoplasia.(2014) 16:193–206.e25.
doi: 10.1016/j.neo.2014.03.006

25. Li Y, Li A, Glas M, Lal B, Ying M, Sang Y, et al. c-Met signaling
induces a reprogramming network and supports the glioblastoma

Frontiers in Oncology | www.frontiersin.org 13 March 2019 | Volume 9 | Article 118



Garnier et al. Metabolic Targeting of GSCs

stem-like phenotype.Proc Natl Acad Sci USA. (2011) 108:9951–6.
doi: 10.1073/pnas.1016912108

26. Phillips HS, Kharbanda S, Chen R, Forrest WF, Soriano RH, Wu TD, et al.
Molecular subclasses of high-grade glioma predict prognosis, delineate a
pattern of disease progression, and resemble stages in neurogenesis.Cancer
Cell.(2006) 9:157–73. doi: 10.1016/j.ccr.2006.02.019

27. Verhaak RGW, Hoadley KA, Purdom E, Wang V, Qi Y, Wilkerson MD,
et al. Integrated genomic analysis identi�es clinically relevant subtypes of
glioblastoma characterized by abnormalities in PDGFRA, IDH1, EGFR, and
NF1.Cancer Cell.(2010) 17:98–110. doi: 10.1016/j.ccr.2009.12.020

28. Wang Q, Hu B, Hu X, Kim H, Squatrito M, Scarpace L, et al. Tumor
evolution of glioma intrinsic gene expression subtype associates with
immunological changes in the microenvironment.Cancer Cells.(2017)
32:42–56.e6. doi: 10.1016/j.ccell.2017.06.003

29. Chandran UR, Luthra S, Santana-Santos L, Mao P, Kim SH, MinataM,
et al. Gene expression pro�ling distinguishes proneural glioma stem cells
from mesenchymal glioma stem cells.Genomics Data.(2015) 5:333–6.
doi: 10.1016/j.gdata.2015.07.007

30. Jin X, Kim LJY, Wu Q, Wallace LC, Prager BC, Sanvoranart T, et al. Targeting
glioma stem cells through combined BMI1 and EZH2 inhibition.Nat Med.
(2017) 23:1352–61. doi: 10.1038/nm.4415

31. Mao P, Joshi K, Li J, Kim S-H, Li P, Santana-Santos L, et al. Mesenchymal
glioma stem cells are maintained by activated glycolytic metabolism
involving aldehyde dehydrogenase 1A3.Proc Natl Acad Sci USA. (2013)
110:8644–9. doi: 10.1073/pnas.1221478110

32. Alcantara Llaguno SR, Wang Z, Sun D, Chen J, Xu J, Kim E, et al. Adult
lineage-restricted CNS progenitors specify distinct glioblastoma subtypes.
Cancer Cell.(2015) 28:429–40. doi: 10.1016/j.ccell.2015.09.007

33. Patel AP, Tirosh I, Trombetta JJ, Shalek AK, Gillespie SM, Wakimoto H,
et al. Single-cell RNA-seq highlights intratumoral heterogeneity in primary
glioblastoma.Science.(2014) 344:1396–401. doi: 10.1126/science.1254257

34. Sottoriva A, Spiteri I, Piccirillo SGM, Touloumis A, Collins VP, Marioni
JC, et al. Intratumor heterogeneity in human glioblastoma re�ects cancer
evolutionary dynamics.Proc Natl Acad Sci USA.(2013) 110:4009–14.
doi: 10.1073/pnas.1219747110

35. Halliday J, Helmy K, Pattwell SS, Pitter KL, LaPlant Q, Ozawa T, etal. In
vivoradiation response of proneural glioma characterized by protective p53
transcriptional program and proneural-mesenchymal shift.Proc Natl Acad
Sci USA. (2014) 111:5248–53. doi: 10.1073/pnas.1321014111

36. Ozawa T, Riester M, Cheng Y-K, Huse JT, Squatrito M, Helmy K,
et al. Most human non-GCIMP glioblastoma subtypes evolve from a
common proneural-like precursor glioma.Cancer Cell.(2014) 26:288–300.
doi: 10.1016/j.ccr.2014.06.005

37. Touat M, Idbaih A, Sanson M, Ligon KL. Glioblastoma targetedtherapy:
updated approaches from recent biological insights.Ann Oncol. (2017)
28:1457–72. doi: 10.1093/annonc/mdx106

38. Bradshaw A, Wickremsekera A, Tan ST, Peng L, Davis PF, Itinteang T. Cancer
stem cell hierarchy in glioblastoma multiforme.Front Surg. (2016) 3:21.
doi: 10.3389/fsurg.2016.00021

39. Oizel K, Chauvin C, Oliver L, Gratas C, Geraldo F, Jarry U,
et al. E�cient mitochondrial glutamine targeting prevails over
glioblastoma metabolic plasticity.Clin Cancer Res.(2017) 23:6292–304.
doi: 10.1158/1078-0432.CCR-16-3102

40. Patru C, Romao L, Varlet P, Coulombel L, Raponi E, Cadusseau J,
et al. CD133, CD15/SSEA-1, CD34 or side populations do not resume
tumor-initiating properties of long-term cultured cancer stem cells from
human malignant glio-neuronal tumors.BMC Cancer.(2010) 10:66.
doi: 10.1186/1471-2407-10-66

41. Ludwig K, Kornblum HI. Molecular markers in glioma.J Neurooncol. (2017)
134:505–12. doi: 10.1007/s11060-017-2379-y

42. Isokpehi RD, Wollenberg Valero KC, Graham BE, Pacurari M, Sims
JN, Udensi UK, et al. Secondary data analytics of aquaporin expression
levels in glioblastoma stem-like cells.Cancer Inform. (2015) 14:95–103.
doi: 10.4137/CIN.S22058

43. Galli R, Binda E, Orfanelli U, Cipelletti B, Gritti A, De Vitis S,
et al. Isolation and characterization of tumorigenic, stem-like neural
precursors from human glioblastoma.Cancer Res. (2004) 64:7011–21.
doi: 10.1158/0008-5472.CAN-04-1364

44. Hirschmann-Jax C, Foster AE, Wulf GG, Nuchtern JG, Jax TW, Gobel U,
et al. A distinct “side population” of cells with high drug e�ux capacity
in human tumor cells.Proc Natl Acad Sci USA. (2004) 101:14228–33.
doi: 10.1073/pnas.0400067101

45. Rasper M, Schäfer A, Piontek G, Teufel J, Brockho� G, RingelF,
et al. Aldehyde dehydrogenase 1 positive glioblastoma cells show
brain tumor stem cell capacity.Neuro Oncol. (2010) 12:1024–33.
doi: 10.1093/neuonc/noq070

46. Shinojima N, Hossain A, Takezaki T, Fueyo-Margareto J, GuminJ,
Gao F, et al. TGF-b mediates homing of bone marrow-derived human
mesenchymal stem cells to glioma stem cells.Cancer Res. (2013)73:2333–44.
doi: 10.1158/0008-5472.CAN-12-3086

47. Ho IA, Toh HC, Ng WH, Teo YL, Guo CM, Hui KM, et al. Human
bone marrow-derived mesenchymal stem cells suppress human glioma
growth through inhibition of angiogenesis.Stem Cells.(2013) 31:146–55.
doi: 10.1002/stem.1247

48. Pacioni S, D'Alessandris QG, Giannetti S, Morgante L, Coccè V, Bonomi
A, et al. Human mesenchymal stromal cells inhibit tumor growth in
orthotopic glioblastoma xenografts.Stem Cell Res Ther. (2017) 8:53.
doi: 10.1186/s13287-017-0516-3

49. Shahar T, Rozovski U, Hess KR, Hossain A, Gumin J, Gao F, et al.
Percentage of mesenchymal stem cells in high-grade glioma tumor
samples correlates with patient survival.Neuro Oncol. (2017) 19:660–8.
doi: 10.1093/neuonc/now239

50. Vieira de Castro J, Gomes ED, Granja S, Anjo SI, Baltazar F,
Manadas B, et al. Impact of mesenchymal stem cells' secretome
on glioblastoma pathophysiology.J Transl Med. (2017) 15:200.
doi: 10.1186/s12967-017-1303-8

51. Hossain A, Gumin J, Gao F, Figueroa J, Shinojima N, Takezaki T,et al.
Mesenchymal stem cells isolated from human gliomas increase proliferation
and maintain stemness of glioma stem cells through the IL-6/gp130/STAT3
pathway.Stem Cells.(2015) 33:2400–15. doi: 10.1002/stem.2053

52. Nakano I, Garnier D, Minata M, Rak J. Extracellular vesicles in the biology
of brain tumour stem cells–implications for inter-cellular communication,
therapy and biomarker development.Semin Cell Dev Biol. (2015) 40:17–26.
doi: 10.1016/j.semcdb.2015.02.011

53. Godlewski J, Ferrer-Luna R, Rooj AK, Mineo M, Ricklefs F, Takeda
YS, et al. MicroRNA signatures and molecular subtypes of glioblastoma:
the role of extracellular transfer.Stem Cell Rep. (2017) 8:1497–505.
doi: 10.1016/j.stemcr.2017.04.024

54. Ricklefs F, Mineo M, Rooj AK, Nakano I, Charest A, WeisslederR,
et al. Extracellular vesicles from high-grade glioma exchange diversepro-
oncogenic signals that maintain intratumoral heterogeneity.Cancer Res.
(2016) 76:2876–81. doi: 10.1158/0008-5472.CAN-15-3432

55. Spinelli C, Montermini L, Meehan B, Brisson AR, Tan S, Choi D, et al.
Molecular subtypes and di�erentiation programmes of glioma stem
cells as determinants of extracellular vesicle pro�les and endothelial
cell-stimulating activities. J Extracell Vesicles.(2018) 7:1490144.
doi: 10.1080/20013078.2018.1490144

56. Di Tomaso T, Mazzoleni S, Wang E, Sovena G, Clavenna D, Franzin
A, et al. Immunobiological characterization of cancer stem cells
isolated from glioblastoma patients.Clin Cancer Res.(2010) 16:800–13.
doi: 10.1158/1078-0432.CCR-09-2730

57. Wei J, Barr J, Kong L-Y, Wang Y, Wu A, Sharma AK, et al. Glioblastoma
cancer-initiating cells inhibit T-cell proliferation and e�ectorresponses by
the signal transducers and activators of transcription 3 pathway. Mol Cancer
Ther. (2010) 9:67–78. doi: 10.1158/1535-7163.MCT-09-0734

58. Domenis R, Cesselli D, To�oletto B, Bourkoula E, Caponnetto F, Manini
I, et al. Systemic T cells immunosuppression of glioma stem cell-derived
exosomes is mediated by monocytic myeloid-derived suppressor cells.PLoS
ONE.(2017) 12:e0169932. doi: 10.1371/journal.pone.0169932

59. Otvos B, Silver DJ, Mulkearns-Hubert EE, Alvarado AG, Turaga SM,
Sorensen MD, et al. Cancer stem cell-secreted macrophage migration
inhibitory factor stimulates myeloid derived suppressor cell function and
facilitates glioblastoma immune evasion.Stem Cells.(2016) 34:2026–39.
doi: 10.1002/stem.2393

60. Broekman ML, Maas SLN, Abels ER, Mempel TR, Krichevsky
AM, Breake�eld XO. Multidimensional communication in the

Frontiers in Oncology | www.frontiersin.org 14 March 2019 | Volume 9 | Article 118



Garnier et al. Metabolic Targeting of GSCs

microenvirons of glioblastoma.Nat Rev Neurol. (2018) 14:482–95.
doi: 10.1038/s41582-018-0025-8

61. Avril T, Vauleon E, Hamlat A, Saikali S, Etcheverry A, Delmas C, et al.Human
glioblastoma stem-like cells are more sensitive to allogeneic NK and T cell-
mediated killing compared with serum-cultured glioblastoma cells.Brain
Pathol. (2012) 22:159–74. doi: 10.1111/j.1750-3639.2011.00515.x

62. Haspels HN, Rahman MA, Joseph JV, Gras Navarro A, Chekenya M.
Glioblastoma stem-like cells are more susceptible than di�erentiated cells
to natural killer cell lysis mediated through killer immunoglobulin-
like receptors-human leukocyte antigen ligand mismatch and
activation receptor-ligand interactions.Front Immunol. (2018) 9:1345.
doi: 10.3389/�mmu.2018.01345

63. Zhang X, Rao A, Sette P, Deibert C, Pomerantz A, Kim WJ, et al.
IDH mutant gliomas escape natural killer cell immune surveillance
by downregulation of NKG2D ligand expression.Neuro Oncol. (2016b)
18:1402–12. doi: 10.1093/neuonc/now061

64. Charles N, Holland EC. The perivascular niche microenvironment in brain
tumor progression.Cell Cycle.(2010) 9:3012–21. doi: 10.4161/cc.9.15.12710

65. Mohyeldin A, Garzón-Muvdi T, Quiñones-Hinojosa A. Oxygen in stem cell
biology: a critical component of the stem cell niche.Cell Stem Cell.(2010)
7:150–61. doi: 10.1016/j.stem.2010.07.007

66. Calabrese C, Poppleton H, Kocak M, Hogg TL, Fuller C, Hamner B, et al. A
perivascular niche for brain tumor stem cells.Cancer Cell.(2007) 11:69–82.
doi: 10.1016/j.ccr.2006.11.020

67. Galan-Moya EM, Le Guelte A, Lima Fernandes E, Thirant C, Dwyer J, Bidere
N, et al. Secreted factors from brain endothelial cells maintain glioblastoma
stem-like cell expansion through the mTOR pathway.EMBO Rep. (2011)
12:470–6. doi: 10.1038/embor.2011.39

68. Zhu TS, Costello MA, Talsma CE, Flack CG, Crowley JG, Hamm LL, et al.
Endothelial cells create a stem cell niche in glioblastoma by providing
NOTCH ligands that nurture self-renewal of cancer stem-like cells.Cancer
Res. (2011) 71:6061–72. doi: 10.1158/0008-5472.CAN-10-4269

69. Wang J, Wakeman TP, Lathia JD, Hjelmeland AB, Wang XF, White RR,
et al. Notch promotes radioresistance of glioma stem cells.Stem Cells.(2010)
28:17–28. doi: 10.1002/stem.261

70. Bao S, Wu Q, Sathornsumetee S, Hao Y, Li Z, Hjelmeland AB, et al.
Stem cell-like glioma cells promote tumor angiogenesis through
vascular endothelial growth factor.Cancer Res. (2006) 66:7843–8.
doi: 10.1158/0008-5472.CAN-06-1010

71. Folkins C, Shaked Y, Man S, Tang T, Lee CR, Zhu Z, et al. Glioma tumor
stem-like cells promote tumor angiogenesis and vasculogenesis via vascular
endothelial growth factor and stromal-derived factor 1.Cancer Res. (2009)
69:7243–51. doi: 10.1158/0008-5472.CAN-09-0167

72. Yan H, Romero-López M, Benitez LI, Di K, Frieboes HB, Hughes
CCW, et al. 3D mathematical modeling of glioblastoma suggests
that transdi�erentiated vascular endothelial cells mediate resistance
to current standard-of-care therapy.Cancer Res. (2017) 77:4171–84.
doi: 10.1158/0008-5472.CAN-16-3094

73. Pistollato F, Abbadi S, Rampazzo E, Persano L, Della Puppa A, Frasson
C, et al. Intratumoral hypoxic gradient drives stem cells distribution
and MGMT expression in glioblastoma.Stem Cells.(2010) 28:851–62.
doi: 10.1002/stem.415

74. Bar EE, Lin A, Mahairaki V, Matsui W, Eberhart CG. Hypoxia increases
the expression of stem-cell markers and promotes clonogenicity
in glioblastoma neurospheres.Am J Pathol. (2010) 177:1491–502.
doi: 10.2353/ajpath.2010.091021

75. Codrici E, Enciu AM, Popescu ID, Mihai S, Tanase C. Glioma stemcells and
their microenvironments: providers of challenging therapeutic targets.Stem
Cells Int. (2016) 2016:5728438. doi: 10.1155/2016/5728438

76. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.
(2011) 144:646–74. doi: 10.1016/j.cell.2011.02.013

77. Elstrom RL, Bauer DE, Buzzai M, Karnauskas R, Harris MH, Plas DR,
et al. Akt stimulates aerobic glycolysis in cancer cells.Cancer Res. (2004)
64:3892–9. doi: 10.1158/0008-5472.CAN-03-2904

78. Wolf A, Agnihotri S, Micallef J, Mukherjee J, Sabha N, Cairns R,et al.
Hexokinase 2 is a key mediator of aerobic glycolysis and promotes tumor
growth in human glioblastoma multiforme.J Exp Med. (2011) 208:313–26.
doi: 10.1084/jem.20101470

79. Dang CV, Le A, Gao P. MYC-induced cancer cell energy metabolism
and therapeutic opportunities.Clin Cancer Res. (2009) 15:6479–83.
doi: 10.1158/1078-0432.CCR-09-0889

80. Pollard PJ, Wortham NC, Tomlinson IPM. The TCA cycle
and tumorigenesis: the examples of fumarate hydratase
and succinate dehydrogenase.Ann Med. (2003) 35:632–9.
doi: 10.1080/07853890310018458

81. Venneti S, Thompson CB. Metabolic modulation of epigenetics ingliomas.
Brain Pathol. (2013) 23:217–21. doi: 10.1111/bpa.12022

82. Dang L, White DW, Gross S, Bennett BD, Bittinger MA, Driggers EM, et al.
Cancer-associated IDH1 mutations produce 2-hydroxyglutarate.Nature.
(2009b) 462:739–44. doi: 10.1038/nature08617

83. King MP, Attardi G. Human cells lacking mtDNA: repopulation with
exogenous mitochondria by complementation.Science. (1989) 246:500–3.
doi: 10.1126/science.2814477

84. Menendez JA, Alarcón T. Metabostemness: a new cancer hallmark.Front.
Oncol. 4:262. doi: 10.3389/fonc.2014.00262

85. Marin-Valencia I, Yang C, Mashimo T, Cho S, Baek H, Yang X-L, et al.
Analysis of tumor metabolism reveals mitochondrial glucose oxidation in
genetically diverse human glioblastomas in the mouse brainin vivo. Cell
Metab. (2012) 15:827–37. doi: 10.1016/j.cmet.2012.05.001

86. Maher EA, Marin-Valencia I, Bachoo RM, Mashimo T, Raisanen J, Hatanpaa
KJ, et al. Metabolism of [U-13C]glucose in human brain tumorsin vivo.NMR
Biomed. (2012) 25:1234–44. doi: 10.1002/nbm.2794

87. Kathagen A, Schulte A, Balcke G, Phillips HS, Martens T, Matschke
J, et al. Hypoxia and oxygenation induce a metabolic switch between
pentose phosphate pathway and glycolysis in glioma stem-like cells.Acta
Neuropathol.(2013) 126:763–80. doi: 10.1007/s00401-013-1173-y

88. Vlashi E, Lagadec C, Vergnes L, Matsutani T, Masui K, PoulouM, et al.
Metabolic state of glioma stem cells and nontumorigenic cells.Proc Natl Acad
Sci USA. (2011) 108:16062–7. doi: 10.1073/pnas.1106704108

89. LeBleu VS, O'Connell JT, Gonzalez Herrera KN, Wikman H, Pantel K,
Haigis MC, et al. PGC-1a mediates mitochondrial biogenesis and oxidative
phosphorylation in cancer cells to promote metastasis.Nat Cell Biol. (2014)
16:992–1003, 1–15. doi: 10.1038/ncb3039

90. Tan Z, Luo X, Xiao L, Tang M, Bode AM, Dong Z, et al. The role of PGC1a in
cancer metabolism and its therapeutic implications.Mol Cancer Ther. (2016)
15:774–82. doi: 10.1158/1535-7163.MCT-15-0621

91. Peiris-Pagès M, Martinez-Outschoorn UE, Pestell RG, Sotgia F, Lisanti
MP. Cancer stem cell metabolism.Breast Cancer Res. (2016) 18:55.
doi: 10.1186/s13058-016-0712-6

92. Chen C-L, Uthaya Kumar DB, Punj V, Xu J, Sher L, Tahara SM,
et al. NANOG metabolically reprograms tumor-initiating stem-like cells
through tumorigenic changes in oxidative phosphorylation and fatty acid
metabolism.Cell Metab. (2016) 23:206–19. doi: 10.1016/j.cmet.2015.12.004

93. Lee K-M, Giltnane JM, Balko JM, Schwarz LJ, Guerrero-Zotano
AL, Hutchinson KE, et al. MYC and MCL1 cooperatively promote
chemotherapy-resistant breast cancer stem cells via regulation of
mitochondrial oxidative phosphorylation.Cell Metab. (2017) 26:633–47.e7.
doi: 10.1016/j.cmet.2017.09.009

94. Vazquez F, Lim J-H, Chim H, Bhalla K, Girnun G, Pierce K, et al. PGC1a
expression de�nes a subset of human melanoma tumors with increased
mitochondrial capacity and resistance to oxidative stress.Cancer Cell.(2013)
23:287–301. doi: 10.1016/j.ccr.2012.11.020

95. Zhang G, Frederick DT, Wu L, Wei Z, Krepler C, Srinivasan S, et al. Targeting
mitochondrial biogenesis to overcome drug resistance to MAPK inhibitors.J
Clin Invest. (2016) 126:1834–56. doi: 10.1172/JCI82661

96. Farnie G, Sotgia F, Lisanti MP. High mitochondrial mass identi�es a sub-
population of stem-like cancer cells that are chemo-resistant.Oncotarget.
(2015) 6:30472–86. doi: 10.18632/oncotarget.5401

97. DeBerardinis RJ, Cheng T. Q's next: the diverse functions of glutamine
in metabolism, cell biology and cancer.Oncogene. (2010) 29:313–24.
doi: 10.1038/onc.2009.358

98. DeBerardinis RJ, Mancuso A, Daikhin E, Nissim I, Yudko� M, Wehrli
S, et al. Beyond aerobic glycolysis: transformed cells can engage in
glutamine metabolism that exceeds the requirement for protein and
nucleotide synthesis.Proc Natl Acad Sci USA. (2007) 104:19345–50.
doi: 10.1073/pnas.0709747104

Frontiers in Oncology | www.frontiersin.org 15 March 2019 | Volume 9 | Article 118



Garnier et al. Metabolic Targeting of GSCs

99. Yang L, Venneti S, Nagrath D. Glutaminolysis: a hallmark of
cancer metabolism. Annu Rev Biomed Eng. (2017) 19:163–94.
doi: 10.1146/annurev-bioeng-071516-044546

100. Oburoglu L, Tardito S, Fritz V, de Barros SC, Merida P, Craveiro M, et al.
Glucose and glutamine metabolism regulate human hematopoietic
stem cell lineage speci�cation.Cell Stem Cell. (2014) 15:169–84.
doi: 10.1016/j.stem.2014.06.002

101. Tardito S, Oudin A, Ahmed SU, Fack F, Keunen O, Zheng L, et al.
Glutamine synthetase activity fuels nucleotide biosynthesis and supports
growth of glutamine-restricted glioblastoma.Nat Cell Biol. (2015) 17:1556–
68. doi: 10.1038/ncb3272

102. Cheng T, Sudderth J, Yang C, Mullen AR, Jin ES, Matés JM, et al.
Pyruvate carboxylase is required for glutamine-independent growthof
tumor cells.Proc Natl Acad Sci USA. (2011) 108:8674–9. doi: 10.1073/pnas.
1016627108

103. Yang C, Sudderth J, Dang T, Bachoo RM, Bachoo RG, McDonald JG, et al.
Glioblastoma cells require glutamate dehydrogenase to survive impairments
of glucose metabolism or Akt signaling.Cancer Res. (2009) 69:7986–93.
doi: 10.1158/0008-5472.CAN-09-2266

104. Ward PS, Patel J, Wise DR, Abdel-Wahab O, Bennett BD, Coller
HA, et al. The common feature of leukemia-associated IDH1 and
IDH2 mutations is a neomorphic enzyme activity converting alpha-
ketoglutarate to 2-hydroxyglutarate.Cancer Cell. (2010) 17:225–34.
doi: 10.1016/j.ccr.2010.01.020

105. Mullen AR, Wheaton WW, Jin ES, Chen P-H, Sullivan LB, Cheng T, et al.
Reductive carboxylation supports growth in tumour cells with defective
mitochondria.Nature. (2012) 481:385–8. doi: 10.1038/nature10642

106. Metallo CM, Gameiro PA, Bell EL, Mattaini KR, Yang J, Hiller K, et al.
Reductive glutamine metabolism by IDH1 mediates lipogenesis under
hypoxia.Nature. (2011) 481:380–4. doi: 10.1038/nature10602

107. Wise DR, Ward PS, Shay JES, Cross JR, Gruber JJ, Sachdeva UM,et al.
Hypoxia promotes isocitrate dehydrogenase-dependent carboxylation of a-
ketoglutarate to citrate to support cell growth and viability.Proc Natl Acad
Sci USA. (2011) 108:19611–6. doi: 10.1073/pnas.1117773108

108. Samudio I, Harmancey R, Fiegl M, Kantarjian H, Konopleva M, Korchin
B, et al. Pharmacologic inhibition of fatty acid oxidation sensitizes human
leukemia cells to apoptosis induction.J Clin Invest. (2010) 120:142–56.
doi: 10.1172/JCI38942

109. Wang T, Fahrmann JF, Lee H, Li Y-J, Tripathi SC, Yue C, et al.
JAK/STAT3-regulated fatty acidb-oxidation is critical for breast cancer
stem cell self-renewal and chemoresistance.Cell Metab. (2018) 27:136–50.e5.
doi: 10.1016/j.cmet.2017.11.001

110. Buhaescu I, Izzedine H. Mevalonate pathway: a review of clinical
and therapeutical implications.Clin Biochem. (2007) 40:575–84.
doi: 10.1016/j.clinbiochem.2007.03.016

111. Chen H-C, Joalland N, Bridgeman JS, Alchami FS, Jarry U, Khan MWA, et al.
Synergistic targeting of breast cancer stem-like cells by humangdT cells and
CD8C T cells.Immunol Cell Biol. (2017) 95:620–9. doi: 10.1038/icb.2017.21

112. Grande S, Palma A, Ricci-Vitiani L, Luciani AM, Buccarelli M, Bi�oni
M, et al. Metabolic heterogeneity evidenced by MRS among patient-
derived glioblastoma multiforme stem-like cells accounts for cell clustering
and di�erent responses to drugs.Stem Cells Int. (2018) 2018:3292704.
doi: 10.1155/2018/3292704

113. Günther HS, Schmidt NO, Phillips HS, Kemming D, Kharbanda S, Soriano
R, et al. Glioblastoma-derived stem cell-enriched cultures form distinct
subgroups according to molecular and phenotypic criteria.Oncogene. (2008)
27:2897–909. doi: 10.1038/sj.onc.1210949

114. Marziali G, Signore M, Buccarelli M, Grande S, Palma A, Bi�oni M,
et al. Metabolic/Proteomic signature de�nes two glioblastoma subtypes with
di�erent clinical outcome.Sci Rep. (2016) 6:21557. doi: 10.1038/srep21557

115. Nakano I. Stem cell signature in glioblastoma: therapeutic
development for a moving target.J Neurosurg. (2015) 122:324–30.
doi: 10.3171/2014.9.JNS132253

116. Saga I, Shibao S, Okubo J, Osuka S, Kobayashi Y, Yamada S, et al.
Integrated analysis identi�es di�erent metabolic signatures fortumor-
initiating cells in a murine glioblastoma model.Neuro Oncol. (2014)
16:1048–56. doi: 10.1093/neuonc/nou096

117. Stadlbauer A, Zimmermann M, Doer�er A, Oberndorfer S, Buchfelder
M, Coras R, et al. Intratumoral heterogeneity of oxygen metabolism
and neovascularization uncovers 2 survival-relevant subgroups of
IDH1 wild-type glioblastoma. Neuro Oncol. (2018) 20:1536–46.
doi: 10.1093/neuonc/noy066

118. Semenza GL. HIF-1: upstream and downstream of cancer metabolism. Curr
Opin Genet Dev. (2010) 20:51–6. doi: 10.1016/j.gde.2009.10.009

119. Dong C, Yuan T, Wu Y, Wang Y, Fan TWM, Miriyala S, et al. Loss ofFBP1 by
snail-mediated repression provides metabolic advantages in basal-like breast
cancer.Cancer Cell. (2013) 23:316–31. doi: 10.1016/j.ccr.2013.01.022

120. Hjelmeland AB, Wu Q, Heddleston JM, Choudhary GS, MacSwords J, Lathia
JD, et al. Acidic stress promotes a glioma stem cell phenotype.Cell Death
Di�er . (2011) 18:829–40. doi: 10.1038/cdd.2010.150

121. Cuyàs E, Corominas-Faja B, Menendez JA. The nutritional phenome
of EMT-induced cancer stem-like cells.Oncotarget. (2014) 5:3970–82.
doi: 10.18632/oncotarget.2147

122. Sonveaux P, Végran F, Schroeder T, Wergin MC, Verrax J, Rabbani
ZN, et al. Targeting lactate-fueled respiration selectively kills hypoxic
tumor cells in mice.J Clin Invest. (2008) 118:3930–42. doi: 10.1172/
JCI36843

123. Martinez-Outschoorn UE, Lisanti MP, Sotgia F. Catabolic cancer-
associated �broblasts transfer energy and biomass to anabolic cancer
cells, fueling tumor growth. Semin Cancer Biol. (2014) 25:47–60.
doi: 10.1016/j.semcancer.2014.01.005

124. Pellerin L, Magistretti PJ. Sweet sixteen for ANLS.J Cereb Blood Flow Metab.
(2012) 32:1152–66. doi: 10.1038/jcbfm.2011.149

125. Rustom A, Sa�rich R, Markovic I, Walther P, Gerdes H-H. Nanotubular
highways for intercellular organelle transport.Science. (2004) 303:1007–10.
doi: 10.1126/science.1093133

126. Caicedo A, Fritz V, Brondello J-M, Ayala M, Dennemont I, Abdellaoui
N, et al. MitoCeption as a new tool to assess the e�ects of mesenchymal
stem/stromal cell mitochondria on cancer cell metabolism and function. Sci
Rep. (2015) 5:9073. doi: 10.1038/srep09073

127. Dong L-F, Kovarova J, Bajzikova M, Bezawork-Geleta A, SvecD, Endaya
B, et al. Horizontal transfer of whole mitochondria restores tumorigenic
potential in mitochondrial DNA-de�cient cancer cells.Elife. (2017) 6:e22187.
doi: 10.7554/eLife.22187

128. Tan AS, Baty JW, Dong L-F, Bezawork-Geleta A, Endaya B, Goodwin J,
et al. Mitochondrial genome acquisition restores respiratory function and
tumorigenic potential of cancer cells without mitochondrial DNA.Cell
Metab. (2015) 21:81–94. doi: 10.1016/j.cmet.2014.12.003

129. Ichimura K, Pearson DM, Kocialkowski S, Bäcklund LM, Chan R,Jones
DTW, et al. IDH1 mutations are present in the majority of common adult
gliomas but rare in primary glioblastomas.Neuro Oncol. (2009) 11:341–7.
doi: 10.1215/15228517-2009-025

130. Dang L, Yen K, Attar EC. IDH mutations in cancer and progress toward
development of targeted therapeutics.Ann Oncol. (2016) 27:599–608.
doi: 10.1093/annonc/mdw013

131. Sasaki M, Knobbe CB, Munger JC, Lind EF, Brenner D, Brüstle A, et al.
IDH1(R132H) mutation increases murine haematopoietic progenitors and
alters epigenetics.Nature. (2012) 488:656–9. doi: 10.1038/nature11323

132. Rohle D, Popovici-Muller J, Palaskas N, Turcan S, Grommes C,
Campos C, et al. An inhibitor of mutant IDH1 delays growth and
promotes di�erentiation of glioma cells.Science. (2013) 340:626–30.
doi: 10.1126/science.1236062

133. Tateishi K, Wakimoto H, Iafrate AJ, Tanaka S, Loebel F, LelicN, et al. Extreme
vulnerability of idh1 mutant cancers to NADC depletion.Cancer Cell.(2015)
28:773–84. doi: 10.1016/j.ccell.2015.11.006

134. Grassian AR, Parker SJ, Davidson SM, Divakaruni AS, Green CR, Zhang
X, et al. IDH1 mutations alter citric acid cycle metabolism and increase
dependence on oxidative mitochondrial metabolism.Cancer Res. (2014)
74:3317–31. doi: 10.1158/0008-5472.CAN-14-0772-T

135. Oizel K, Gratas C, Nadaradjane A, Oliver L, Vallette FM, Pecqueur
C. D-2-Hydroxyglutarate does not mimic all the IDH mutation e�ects,
in particular the reduced etoposide-triggered apoptosis mediated by an
alteration in mitochondrial NADH. Cell Death Dis. (2015) 6:e1704.
doi: 10.1038/cddis.2015.13

Frontiers in Oncology | www.frontiersin.org 16 March 2019 | Volume 9 | Article 118



Garnier et al. Metabolic Targeting of GSCs

136. Li S, Chou AP, Chen W, Chen R, Deng Y, Phillips HS, et al. Overexpression
of isocitrate dehydrogenase mutant proteins renders glioma cells more
sensitive to radiation.Neuro Oncol. (2013) 15:57–68. doi: 10.1093/ne
uonc/nos261

137. Molenaar RJ, Botman D, Smits MA, Hira VV, van Lith SA, Stap
J, et al. Radioprotection of IDH1-mutated cancer cells by the
IDH1-mutant inhibitor AGI-5198. Cancer Res. (2015) 75:4790–802.
doi: 10.1158/0008-5472.CAN-14-3603

138. Viale A, Pettazzoni P, Lyssiotis CA, Ying H, Sánchez N, Marchesini
M, et al. Oncogene ablation-resistant pancreatic cancer cells
depend on mitochondrial function. Nature. (2014) 514:628–32.
doi: 10.1038/nature13611

139. Mallik R, Chowdhury TA. Metformin in cancer.Diabetes Res Clin Pract.
(2018) 143:409–19. doi: 10.1016/j.diabres.2018.05.023

140. Wheaton WW, Weinberg SE, Hamanaka RB, Soberanes S, SullivanLB, Anso
E, et al. Metformin inhibits mitochondrial complex I of cancer cells to reduce
tumorigenesis.Elife. (2014) 3:e02242. doi: 10.7554/eLife.02242

141. Farge T, Saland E, de Toni F, Aroua N, Hosseini M, Perry R, et al.
Chemotherapy resistant human acute myeloid leukemia cells are not
enriched for leukemic stem cells but require oxidative metabolism.Cancer
Discov. (2017) 7:716–35. doi: 10.1158/2159-8290.CD-16-0441

142. Marchiq I, Albrengues J, Granja S, Gaggioli C, Pouysségur J,Simon
M-P. Knock out of the BASIGIN/CD147 chaperone of lactate/HC
symporters disproves its pro-tumour action via extracellular matrix
metalloproteases (MMPs) induction.Oncotarget. (2015) 6:24636–48.
doi: 10.18632/oncotarget.4323

143. Fiorillo M, Lamb R, Tanowitz HB, Cappello AR, Martinez-Outschoorn
UE, Sotgia F, et al. Bedaquiline, an FDA-approved antibiotic,
inhibits mitochondrial function and potently blocks the proliferative
expansion of stem-like cancer cells (CSCs).Aging. (2016) 8:1593–607.
doi: 10.18632/aging.100983

144. Senkowski W, Zhang X, Olofsson MH, Isacson R, Höglund U,
Gustafsson M, et al. Three-dimensional cell culture-based screening
identi�es the anthelmintic drug nitazoxanide as a candidate for
treatment of colorectal cancer.Mol Cancer Ther. (2015) 14:1504–16.
doi: 10.1158/1535-7163.MCT-14-0792

145. De Luca A, Fiorillo M, Peiris-Pagès M, Ozsvari B, Smith DL, Sanchez-
Alvarez R, et al. Mitochondrial biogenesis is required for the anchorage-
independent survival and propagation of stem-like cancer cells.Oncotarget.
(2015) 6:14777–95. doi: 10.18632/oncotarget.4401

146. Fessler E, Borovski T, Medema JP. Endothelial cells induce cancer stem cell
features in di�erentiated glioblastoma cells via bFGF.Mol Cancer. (2015)
14:157. doi: 10.1186/s12943-015-0420-3

147. Borovski T, Beke P, van Tellingen O, Rodermond HM, Verhoe� JJ, Lascano V,
et al. Therapy-resistant tumor microvascular endothelial cells contribute to
treatment failure in glioblastoma multiforme.Oncogene. (2013) 32:1539–48.
doi: 10.1038/onc.2012.172

148. Garcia-Barros M, Paris F, Cordon-Cardo C, Lyden D, Ra�i S, Haimovitz-
Friedman A, et al. Tumor response to radiotherapy regulated by endothelial
cell apoptosis.Science.(2003) 300:1155–9. doi: 10.1126/science.1082504

149. Paris F, Fuks Z, Kang A, Capodieci P, Juan G, Ehleiter D, et al.Endothelial
apoptosis as the primary lesion initiating intestinal radiation damage in mice.
Science. (2001) 293:293–7. doi: 10.1126/science.1060191

150. Lafargue A, Degorre C, Corre I, Alves-Guerra M-C, Gaugler M-H,
Vallette F, et al. Ionizing radiation induces long-term senescence in
endothelial cells through mitochondrial respiratory complex II dysfunction
and superoxide generation.Free Radic Biol Med. (2017) 108:750–9.
doi: 10.1016/j.freeradbiomed.2017.04.019

151. Paul-Gilloteaux P, Potiron V, Delpon G, Supiot S, Chiavassa S, Paris F,
et al. Optimizing radiotherapy protocols using computer automata to model
tumour cell death as a function of oxygen di�usion processes.Sci Rep. (2017)
7:2280. doi: 10.1038/s41598-017-01757-6

152. Facucho-Oliveira JM, St John JC. The relationship between pluripotency
and mitochondrial DNA proliferation during early embryo development
and embryonic stem cell di�erentiation.Stem Cell Rev. (2009) 5:140–58.
doi: 10.1007/s12015-009-9058-0

153. Kilens S, Meistermann D, Moreno D, Chariau C, Gaignerie A,
Reignier A, et al. Parallel derivation of isogenic human primed and

naive induced pluripotent stem cells.Nat Commun. (2018) 9:360.
doi: 10.1038/s41467-017-02107-w

154. Pecqueur C, Oliver L, Oizel K, Lalier L, Vallette FM. Targeting metabolism to
induce cell death in cancer cells and cancer stem cells.Int J Cell Biol. (2013)
2013:1–13. doi: 10.1155/2013/805975

155. Piccirillo SGM, Reynolds BA, Zanetti N, Lamorte G, Binda E, Broggi G,
et al. Bone morphogenetic proteins inhibit the tumorigenic potential
of human brain tumour-initiating cells. Nature. (2006) 444:761–5.
doi: 10.1038/nature05349

156. Morfouace M, Lalier L, Bahut M, Bonnamain V, Naveilhan P, Guette
C, et al. Comparison of spheroids formed by rat glioma stem cells
and neural stem cells reveals di�erences in glucose metabolism and
promising therapeutic applications.J Biol Chem. (2012) 287:33664–74.
doi: 10.1074/jbc.M111.320028

157. Morfouace M, Lalier L, Oliver L, Cheray M, Pecqueur C, CartronP-F, et al.
Control of glioma cell death and di�erentiation by PKM2-Oct4 interaction.
Cell Death Dis. (2014) 5:e1036. doi: 10.1038/cddis.2013.561

158. Michelakis ED, Webster L, Mackey JR. Dichloroacetate (DCA) as a potential
metabolic-targeting therapy for cancer.Br J Cancer.(2008) 99:989–94.
doi: 10.1038/sj.bjc.6604554

159. Chu QS, Sangha R, Spratlin JJ, Vos LJ, Mackey JR, McEwan AJ, et al. A phase I
open-labeled, single-arm, dose-escalation, study of dichloroacetate (DCA) in
patients with advanced solid tumors.Invest. New Drugs. (2015). 33:603–10.
doi: 10.1007/s10637-015-0221-y

160. Dunbar EM, Coats BS, Shroads AL, Langaee T, Lew A, Forder
JR, et al. Phase 1 trial of dichloroacetate (DCA) in adults with
recurrent malignant brain tumors.Invest New Drugs. (2014) 32:452–64.
doi: 10.1007/s10637-013-0047-4

161. Garon EB, Christofk HR, Hosmer W, Britten CD, Bahng A, Crabtree
MJ, et al. Dichloroacetate should be considered with platinum-based
chemotherapy in hypoxic tumors rather than as a single agent in advanced
non-small cell lung cancer.J Cancer Res Clin Oncol. (2014) 140:443–52.
doi: 10.1007/s00432-014-1583-9

162. Lu C, Ward PS, Kapoor GS, Rohle D, Turcan S, Abdel-Wahab O, et al.
IDH mutation impairs histone demethylation and results in a block to cell
di�erentiation. Nature. (2012) 483:474–8. doi: 10.1038/nature10860

163. Daniele S, Giacomelli C, Zappelli E, Granchi C, Trincavelli L, Minutolo
F, et al. Lactate dehydrogenase-A inhibition induces human glioblastoma
multiforme stem cell di�erentiation and death.Sci Rep. (2015) 5:15556.
doi: 10.1038/srep15556

164. Zhang Y, Wang S-X, Ma J-W, Li H-Y, Ye J-C, Xie S-M, et al. EGCG inhibits
properties of glioma stem-like cells and synergizes with temozolomide
through downregulation of P-glycoprotein inhibition.J Neurooncol. (2015)
121:41–52. doi: 10.1007/s11060-014-1604-1

165. Corbet C, Bastien E, Draoui N, Doix B, Mignion L, Jordan BF,et al.
Interruption of lactate uptake by inhibiting mitochondrial pyruvate
transport unravels direct antitumor and radiosensitizing e�ects.Nat
Commun. (2018) 9:1208. doi: 10.1038/s41467-018-03525-0

166. Maher JC, Krishan A, Lampidis TJ. Greater cell cycle inhibition and
cytotoxicity induced by 2-deoxy-d-glucose in tumor cells treated under
hypoxic vs aerobic conditions.Cancer Chemother Pharmacol. (2004) 53:116–
22. doi: 10.1007/s00280-003-0724-7

167. Singh D, Banerji AK, Dwarakanath BS, Tripathi RP, Gupta JP, Mathew
TL, et al. Optimizing Cancer Radiotherapy with 2-Deoxy-D-Glucose.
Strahlenther Onkol. (2005) 181:507–14. doi: 10.1007/s00066-005-
1320-z

168. Esparza R, Azad TD, Feroze AH, Mitra SS, Cheshier SH. Glioblastoma
stem cells and stem cell-targeting immunotherapies.J Neurooncol. (2015)
123:449–57. doi: 10.1007/s11060-015-1729-x

169. Kouidhi S, Ben Ayed F, Benammar Elgaaied A. Targeting tumor metabolism:
a new challenge to improve immunotherapy.Front Immunol. (2018) 9:353.
doi: 10.3389/�mmu.2018.00353

170. Chang C-H, Qiu J, O'Sullivan D, Buck MD, Noguchi T, Curtis JD,et al.
Metabolic competition in the tumor microenvironment is a driver of cancer
progression.Cell. (2015) 162:1229–41. doi: 10.1016/j.cell.2015.08.016

171. Zhao E, Maj T, Kryczek I, Li W, Wu K, Zhao L, et al. Cancer mediates
e�ector T cell dysfunction by targeting microRNAs and EZH2 via glycolysis
restriction.Nat Immunol. (2016) 17:95–103. doi: 10.1038/ni.3313

Frontiers in Oncology | www.frontiersin.org 17 March 2019 | Volume 9 | Article 118



Garnier et al. Metabolic Targeting of GSCs

172. Cheng W-C, Tsui Y-C, Ragusa S, Koelzer VH, Mina M, Franco F,
et al. Uncoupling protein 2 reprograms the tumor microenvironment to
support the anti-tumor immune cycle.Nat Immunol. (2019) 20:206–17.
doi: 10.1038/s41590-018-0290-0

173. Jarry U, Chauvin C, Joalland N, Léger A, Minault S, Robard M,
et al. Stereotaxic administrations of allogeneic human Vg9Vd2 T cells
e�ciently control the development of human glioblastoma brain tumors.
Oncoimmunology. (2016) 5:e1168554. doi: 10.1080/2162402X.2016.11
68554

174. Jiang P, Mukthavaram R, Chao Y, Nomura N, Bharati IS, Fogal V,
et al. In vitro and in vivo anticancer e�ects of mevalonate pathway
modulation on human cancer cells.Br J Cancer. (2014) 111:1562–71.
doi: 10.1038/bjc.2014.431

175. Yanae M, Tsubaki M, Satou T, Itoh T, Imano M, Yamazoe Y,
et al. Statin-induced apoptosis via the suppression of ERK1/2 and
Akt activation by inhibition of the geranylgeranyl-pyrophosphate
biosynthesis in glioblastoma.J Exp Clin Cancer Res.(2011) 30:74.
doi: 10.1186/1756-9966-30-74

176. Fleurence J, Cochonneau D, Fougeray S, Oliver L, Geraldo F,
Terme M, et al. Targeting and killing glioblastoma with monoclonal

antibody to O-acetyl GD2 ganglioside.Oncotarget. (2016) 7:41172–85.
doi: 10.18632/oncotarget.9226

177. Anderson AS, Roberts PC, Frisard MI, Hulver MW, Schmelz EM. Ovarian
tumor-initiating cells display a �exible metabolism.Exp Cell Res. (2014)
328:44–57. doi: 10.1016/j.yexcr.2014.08.028

178. Sborov DW, Haverkos BM, Harris PJ. Investigational cancer drugs targeting
cell metabolism in clinical development.Expert Opin Investig Drugs. (2015)
24:79–94. doi: 10.1517/13543784.2015.960077

Con�ict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or �nancial relationships that could
be construed as a potential con�ict of interest.

Copyright © 2019 Garnier, Renoult, Alves-Guerra, Paris and Pecqueur. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Oncology | www.frontiersin.org 18 March 2019 | Volume 9 | Article 118


