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Abbreviations
α-KG	� 2-oxoglutarate
AMPARs	� α-Amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptors
BPTES	� [bis-2-(5-phenylacetamido-1,2,4-thiadiazol-

2-yl)ethyl sulfide]
NEAA	� Non-essential amino acids
DON	� 6-diazo-5-oxo-l-norleucine
EATC	� Ehrlich ascites tumor cells
GBM	� Glioblastoma multiforme
GDH	� Glutamate dehydrogenase
GS	� Glutamine synthetase
GSH	� Reduced glutathione
HDAC	� Histone deacetylase
IDH1	� Isocitrate dehydrogenase 1
mTORC1	� Mammalian target of rapamycin complex 1
NF-κB	� Nuclear factor-kappa B
NMDARs	� N-methyl-d-aspartate receptors
OXPHOS	� Oxidative phosphorylation
ROS	� Reactive oxygen species
T-ALL	� T-cell acute lymphoblastic leukemia
TCA	� Tricarboxylic acid cycle

Introduction

Malignant transformation proceeds with changes and mod-
ulations (rewiring) of key metabolic routes allowing high 
rates of growth and proliferation to cancer cells, while 
also permits adaptation in response to targeted molecular 
treatments. Metabolic reprograming is now recognized 
as a major hallmark of cancer and includes dysregulation 
of normal metabolic pathways and novel activities con-
fined to the tumor [1]. In many tumors, high aerobic gly-
colysis (Warburg effect) and high rate of glutamine (Gln) 
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consumption for energetic and anaplerotic purposes (glu-
taminolysis) appear as essential characteristics of their 
altered metabolism. This anomalous Gln uptake, normally 
exceeding their biosynthetic and energetic needs, was rec-
ognized in pioneer studies of tumor metabolism in animal 
models [2, 3]. The term Gln addiction was coined to reflect 
the strong dependence shown by most cancer cells for this 
essential nitrogen substrate after metabolic reprogramming 
[4].

Glutamate (Glu) homeostasis is essential for normal 
cerebral function. The Glu/Gln cycle between neurons and 
astrocytes at the tripartite synapse is a key mechanism for 
homeostatic control of Glu, Gln, and GABA concentra-
tions. It plays an essential role by keeping Glu concentra-
tions below excitotoxic levels while supplying an adequate 
neurotransmitter pool [5, 6]. Thus, the Glu released by 
neurons is taken up by nearby astrocytes at the synaptic 
cleft through efficient Glu transport systems and then con-
verted to Gln by glutamine synthetase (GS; EC 6.3.1.2), 
an enzyme exclusively located in astrocytes [7]. The Glu-
derived Gln is finally exported back to neurons where 
phosphate-activated glutaminase (GA; EC 3.5.1.2) gener-
ates neurotransmitter Glu. The importance of GA in glu-
tamatergic synaptic function has been largely recognized. 
Physiological, biochemical, immunological and NMR 
spectroscopic data indicate that neurotransmitter Glu is 
mainly generated through GA reaction [8]. Nevertheless, 
transamination of α-ketoglutarate involving tricarboxylic 
acid cycle (TCA) reactions also contributes to generation of 
neurotransmitter Glu [9].

Brain Glu homeostasis is disrupted in numerous neuro-
logical diseases, as well as in most malignant types of cer-
ebral tumors as gliomas [10]. Dysfunction and/or expres-
sion changes of Glu transporters, receptors and enzymes 
involved in Gln/Glu metabolism give rise to altered Glu 
levels, which have been implicated in the pathology of 
these diseases. Excitotocixity is frequently seen as a com-
mon trait in neurological pathologies [11], including can-
cer [12]. Also, Gln metabolism exhibits distinct features in 
brain cancer with great relevance on the metabolic rewiring 
of proliferating cells. In this article, we review Glu home-
ostasis in gliomas by focusing on key Gln metabolism-
related proteins: glutamine synthetase (GS) and glutami-
nases (GAs), while Glu receptors will remain out of the 
scope of this mini-review.

Genomic Landscape of Gliomas

Gliomas are characterized by high invasiveness, rapid 
proliferation, resistance to apoptosis and short survival 
times. Gliomas are the most common type of brain tumor 
in humans, accounting for 80% of malignant CNS tumors 

[13]. The most deadly and aggressive subtype of glioma 
is glioblastoma multiforme (GBM) [world health organi-
zation (WHO) grade IV astrocytoma] [14]. Gliomas may 
arise from adult stem and progenitor cells, as well as 
from differentiated brain cell types like oligodendrocyte 
precursor cells, astrocytes and neurons [15 and references 
therein]; nevertheless, adult high-grade gliomas most 
commonly arise from astrocytic cells in the CNS [16].

Massive genomics studies led by the Cancer Genome 
Atlas (TCGA) research network have now generated 
a comprehensive list of genomic alterations in GBM 
tumors [17–19]. Glioma driving events have been associ-
ated with mutations, deletions, amplifications and trans-
locations of signature genes, including oncogenes such 
as EGFR, PI3K, PIK3CA, BRAF, FGFR1/2/3, KRAS, 
NRAS, and tumor-suppressor genes like TP53, PTEN, 
NF1, PIK3R1 and RB1 [18–20] (Fig. 1). Also, recurrent 
mutations in the active site of isocitrate dehydrogenase 
1 (IDH1) and 2 (IDH2) isoforms are mostly found in a 
distinct GBM subtype (proneural) with increased overall 
survival [20, 21]. Newly predicted drivers of gliomagen-
esis are genes associated with chromatin organization/
remodeling (SETD2, ARID2, DNMT3A) and transcrip-
tional regulation (CIC, FUBP1) [20]. Amplifications of 
PDGFRA and MYC genes are also markers of the proneu-
ral subtype of gliomas, which present a survival advan-
tage conferred by its hypermethylated CpG island pheno-
type [18, 19]. Despite the broad molecular heterogeneity 
revealed by these genomic analyses, most genetic drivers 
of glioma can be assigned into main cell signaling path-
ways, namely Ras-Raf-MEK-ERK, p53/apoptosis, PI3K/
AKT/mTOR, chromatin modification, and the anti-apop-
totic retinoblastoma pathway [18–20] (Fig.  1). In addi-
tion, the maintenance of telomeres seems to be a critical 
step in GBM pathogenesis; glioma cells may achieve this 
goal by two alternative mechanisms: either through reac-
tivation of telomerase by telomerase reverse transcriptase 
(TERT) promoter mutations (increasing TERT expres-
sion), or by alternative lengthening of telomeres (ALT) 
via mutations in the ATRX gene, which encodes an ATP-
dependent helicase critically involved in the ALT process 
[19, 20, and references therein].

Notwithstanding the increasing number of genes added 
to the list of glioma drivers in recent years, only a few 
molecular factors have shown prognostic utility or pre-
dictive value for therapy response in glioma patients. The 
methylation status of the MGMT promoter is one of them: 
gene silencing of MGMT, due to methylation of its pro-
moter region, predicts a better response to chemotherapy 
with alkylating agents like temozolomide in malignant 
gliomas [17].
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Glutamate Homeostasis in Gliomas

Supply of (and dependence on) Glutamine

A century ago Müller reported a negative nitrogen balance 
in tumor-bearing patients [22]. In 1951, Mider classified 
tumors as “nitrogen traps” indicating their ability to com-
pete with advantage for host nitrogen compounds [23]. This 
process produces in the host a negative nitrogen balance 
and a characteristic weight loss, along with a reciprocal 
nitrogen increase in the tumor. For example, Shrisvastava 
and Quastet [24] incubated brain tissue with Ehrlich ascites 
tumor cells and observed a net Gln flux from brain cortex 
cells to tumor cells. These experiments were considered as 
an in vitro model for the role of tumors as nitrogen sinks. 
Interestingly, many types of tumors behave as “Gln traps” 
and the source of Gln are mainly the host tissues because 
tumors usually show repression of their GS activity; how-
ever, there are also Gln-independent tumors which satisfy 
their Gln requirements through GS reaction and show 
resistance to shortage or depletion of Gln supply [25].

A Gln/Glu cycle between host tissues and the tumor 
has been proposed from dynamic studies dealing with 
inter-organ glutamine metabolism in model systems [26, 
27]. Support for the existence of this cycle in  vivo has 
come also from studies on enzymatic activities of GS and 

GA in host tissues during tumor development. Thus, in 
rats and mice bearing fibrosarcomas, hepatomas, Lewis 
lung carcinomas and Ehrlich ascitic tumors, the muscle, 
liver and kidney became net Gln exporters while Gln uti-
lization by the gut was reduced, allowing a net increase 
in circulating Gln [reviewed in 28–30]. These adaptive 
changes in gene expression for GS and GA enzymes 
would explain the high Gln uptake showed by tumor 
cells. The results suggest a long-term regulation of host 
enzymes in order to increase the circulating Gln levels 
needed for tumor growth. Thus, the tumor elicits a spe-
cific response in the host nitrogen metabolism so that the 
whole organism is mobilized to augment circulating Gln 
levels.

Unlike other peripheral tumors, gliomas seem to have 
secured an extra supply of Gln in addition to the blood 
circulating Gln levels. Thus, a recent metabolomics study 
done with seven GBM patients injected with 13C6-glucose 
has shown that the fraction of Glc-derived Gln found in the 
tumor was higher than in the serum, suggesting that tumor 
Gln can be synthesized in situ and/or provided by neighbor-
ing normal astrocytes [31] (Fig. 1). Thus, the microenviron-
ment of gliomas does not seem to pose a serious threat on 
Gln supply, because of the presence of GS-positive normal 
astrocytes. Therefore, Gln-limited conditions seem highly 
improbable in the physiological microenvironment of GBM 

Fig. 1   Alterations of criti-
cal genes in the PI3K/PTEN, 
TP53 and RB1 pathways by 
point mutations, amplifications 
and homozygous deletions, 
corresponding to the analysis 
by whole-exome sequencing 
of 251 GBM. Mutated genes 
functionally linked to chromatin 
modifications are also shown. 
Numbers under genes identi-
fiers indicate: in red, fraction 
of tumors with point muta-
tions and/or amplifications in 
those genes; in green, fraction 
of tumors with point muta-
tions and/or deletions. Adapted 
from Brennan et al., 2013 [19]. 
(Color figure online)
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and, hence, GS expression by gliomas would not be critical 
for tumor growth [31].

Gliomas are Gln-addicted cells because their increased 
biosynthetic and energetic needs require consumption of 
this “conditionally essential” amino acid as an additional 
fuel, apart from glucose, to sustain their proliferative 
program. In fact, increased Gln uptake and metabolism 
has been exploited to monitor gliomas by positron emis-
sion tomography (PET) and magnetic resonance imag-
ing [29]. Many cancers show altered glucose metabolism, 
which constitutes the basis for in  vivo PET imaging with 
(18)F-fluorodeoxyglucose (18F-FDG). However, 18F-
FDG is ineffective in evaluating gliomas because of high 
background uptake in the brain. In contrast, in  vivo PET 
imaging with the Gln analog 4-(18)F-(2S, 4R)-fluoroglu-
tamine (18F-FGln) shows high uptake in gliomas but low 
background brain uptake, facilitating clear tumor deline-
ation [32]. Of note, Gln transport agencies at the glioma 
plasma membrane are induced with regard to normal 

astrocytes to facilitate Gln entry and further catabolism 
(Fig. 2). Thus, an increased expression of Gln transporter 
SNAT3 in GBM tissues, compared to lower grade glioma 
and normal brain, has been reported as a marker of malig-
nant gliomas [33]. Moreover, human GBM cell lines and 
rat C6 glioma cells also showed upregulation of the ASCT2 
(SLC1A5) Gln transporter [34, 35] (Fig.  2). Interestingly, 
the ASCT2 transporter is responsible for the accumulation 
of Gln in rapidly growing cells in cultures, especially epi-
thelial cells and multiple types of cancer, and its expres-
sion is upregulated by Gln availability [36] and controlled 
by c-Myc. In addition, the entry of Gln through ASCT2 
transporter promotes mammalian target of rapamycin com-
plex 1 (mTORC1) activity: essential amino acids (EAA) as 
Leu are incorporated into the cell in exchange for Gln and 
activate mTORC1 to support cell growth and proliferation 
[37].

The Gln dependence of cancer cells is a key phenotypic 
trait which needs to be addressed for correct metabolic 

Fig. 2   Main changes in Gln/Glu-related metabolic pathways and 
membrane carriers after malignant transformation in gliomas. In the 
transformation from normal astrocytes to malignant glioma, upregu-
lated proteins are shown in green while downregulated or non-func-
tional proteins are labeled in red. Enhanced Gln uptake takes place 
through SNAT3 and ASCT2 carriers. The metabolic reprogramming 
of glioma cells includes GLS overexpression and GLS2 repression. 
However, expression of GS enzyme is highly variable in gliomas (this 
fact has been indicated by a dashed arrow on the GS reaction). Sev-
eral sources of intracellular Glu are indicated. A great part of this Glu 
exits the cell through the overexpressed Xc− antiporter (its catalytic 

xCT subunit is shown), but cannot be imported back into the cell 
because of the lack of functional EAATs transporters. GDH and the 
aminotransferase BCAT1 are upregulated and can be essential regu-
lators of Glu and α-KG levels. Other important enzymes of nitrogen 
metabolism shown are transaminases (GOT and GPT) and asparagine 
synthetase (ASNS). The synthesis of the oncometabolite D-2-hydrox-
iglutarate (2-HG) (characteristic for a subtype of gliomas with mutant 
IDH1/2 enzymes) is also indicated, as well as its epigenetic effects in 
the cell nucleus. Protein abbreviations are indicated in the text. (Color 
figure online)
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classification and adequate design of therapeutic strategies. 
The importance of Gln for some cultured tumor cells was 
stressed by early reports showing that the oxidative metab-
olism of Gln becomes the main source of energy with pref-
erence to glucose [38, 39]. In tumor cells Gln can serve as 
an alternative substrate for the TCA cycle and ATP produc-
tion during aerobic glycolysis. Accordingly, Yuneva and 
coworkers demonstrated that deficiency in Gln, but not glu-
cose, induced Myc-dependent apoptosis in cultured human 
fibroblast cells due to an unexpected depletion of most 
Krebs cycle intermediates [40]. In fact, Myc is another 
oncogene associated with a poor prognosis in glial tumors 
[41] and seems to sensitize cancer cells to Gln addiction. 
In support of this notion, metabolomic studies revealed 
the use of Gln as the major anaplerotic precursor in human 
glioma cells [42]. Sound experimental evidences were 
later found supporting the role of Myc in metabolic repro-
gramming of SF188 glioma cells (originally isolated from 
a patient whose tumor displayed Myc amplification) lead-
ing to Gln addiction [4]. Even more, Myc-overexpression 
in mouse embryonic fibroblasts induced key genes of glu-
taminolysis as Gln transporters (such as ASCT2 and SN2), 
GA, and lactate dehydrogenase A (LDH-A) which converts 
Gln-derived pyruvate into lactate [4]. The enhanced cellu-
lar dependence on Gln and glutaminolysis induced by Myc 
was justified by anaplerotic requirement in sustaining the 
TCA cycle and cell viability [4, 40], and by stimulation of 
NADPH needed to support biosynthetic purposes for onco-
genic growth [42].

The existence of de novo Gln synthesis through GS reac-
tion shows considerably heterogeneity in gliomas. Thus, 
exogenous glutamine was limiting for the proliferation of 
glioma-derived lines D-54 MG, U-118 MG and U-251 MG, 
but not for glioma-derived lines U-373 MG, D-245 MG, 
and D-259 MG grown in the absence of supplemental Gln 
[43]. In  vitro cultures of rat glioma C6 cells were highly 
dependent on Gln and showed a significant upregulation of 
GS expression after Gln deprivation; hence, authors con-
cluded that coupling glutaminolysis and de novo Gln syn-
thesis was essential for growth and proliferation of these 
cells [44]. In contrast, newborn rat astrocytes lost their 
capacity of GS induction after spontaneous neoplastic 
transformation in culture [45]. In a recent study, with care-
fully controlled media composition and physiological Gln 
concentrations, the Gln requirements and GS expression of 
six established human glioma cell lines were determined 
[31]. A great variation was found under Gln deprivation 
conditions; thus, cell growth inhibition ranged from 20% 
for U251 and SF188 cells to 80% for LN18 cells. In agree-
ment with growth inhibition data, U251 and SF188 glioma 
cell lines showed the highest GS expression. Further-
more, clear differences in Gln dependency were also found 
between patient-derived primary human GBM stem-like 

cells (GSC) and differentiated cells: the expression of GS 
was considerably higher in GSCs which were also able to 
grow independently of Gln supplementation [31]. Finally, 
the same study examined GS expression in human GBM 
tumors using tissue microarray (TMA) analysis (n = 209 
patients). The authors found that GS expression varies 
greatly between tumors, ranging from negative, compara-
ble to neurons (25% of patients), to high-expression tumors 
comparable to astrocytes (15%), although GS expression 
did not predict patient median survival [31]. Finally, human 
orthotopic gliomas growing in mice synthesized Gln de 
novo and did not show enhanced glutaminolysis; instead of 
it, these GBM cells utilized mitochondrial glucose oxida-
tion during aggressive tumor growth in vivo and pyruvate 
carboxylation for anaplerosis [25].

Generation and Release of Glutamate

Under normal physiological conditions, astrocytes can han-
dle most of the Glu released at the synaptic space through 
high-capacity glial excitatory amino acid transporters, 
namely EAAT2 (GLT1) and EAAT1 (GLAST). Then, the 
cytosolic GS activity of astrocytes converts most of this 
Glu to Gln for neuronal reuptake. However, marked altera-
tions of glutamate homeostasis occur in gliomas yielding a 
glutamatergic dysregulation with great repercussions in the 
progression and metastasis of glioma [10, 45, 46] (Fig. 2). 
The generation of Glu in gliomas could be mainly ascribed 
to GA, GDH and aminotransferase enzymes, because gli-
omas have lost their capacity to take up Glu, one meta-
bolic hallmark shown by their non-malignant counterparts 
(Fig.  2). Microarray analysis of human glioma biopsies 
demonstrated the absence of EAAT2, the main Glu trans-
porter in the normal mature brain [47]. Further studies dis-
covered that most commonly established glioma cell lines 
have no functional activity of any EAAT agency [reviewed 
in 10].

The absence of synaptic Glu re-uptake and the seemingly 
well assured supply of Gln coming from the microenviron-
ment suggest an ideal scenario for GA upregulation in glio-
mas. Four different GA isoenzymes have been described 
so far in mammalian tissues which are encoded by sepa-
rate genes in different chromosomes [48–50]. In humans, 
the GLS gene is located in chromosome 2 and encodes 
isozymes termed KGA and GAC, whilst the GLS2 gene 
on chromosome 12 codes for isozymes called GAB and 
LGA [51]. The human GLS and GLS2 isozymes exhibit 
distinct tissue distributions and are regulated quite differ-
ently [52]. Primary cultures of astrocytes displayed efficient 
Gln uptake, strong GA activity [53, 54] and expression of 
GA mRNA transcripts [55]. However, these in vitro results 
were questioned arguing that GA may somehow be induced 
by the Gln present in the growth media and by the length 
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of culturing [reviewed in 56]. Nevertheless, normal astro-
cytes from human and rat brain have been recently reported 
to express functional GLS (KGA) and GLS2 GA isoforms, 
although available experimental data predicts an in  vivo 
GA activity considerably lower in astrocytes as compared 
with that shown by neurons [57].

With regard to gliomas, established cell lines and patient 
tissues displayed a consistent pattern of GA expression: 
high levels of GLS isoforms but only traces or lack of 
GLS2 transcripts [58] (Fig. 2). Although Gln addiction can 
differ considerably between cancer cell lines, cell prolifera-
tion rate is consistently dependent on Gln availability [59]. 
The major degradative pathway for Gln and the first step 
in glutaminolysis is carried out in mitochondria and initi-
ated by GA [28]. As mentioned previously, GA also plays a 
key role in tumorigenesis. Thus, it is well documented that 
many tumors show an increased GA activity which is posi-
tively correlated with their malignancy [30]. The upregula-
tion of GLS isoforms seems a general feature exhibited by 
many types of cancer and experimental tumors. In gliomas, 
it has been proposed that c-Myc determines Gln addiction 
by upregulation of genes coding for proteins required by 
Gln uptake and metabolism like ASCT2 and GLS [4, 42]. 
The molecular mechanism connecting GLS upregulation, 
glutaminolysis activation and oncogene c-Myc was dis-
covered in human Burkitt lymphoma and prostate cancer 
cells [60] (Fig. 3). Mitochondrial GLS protein was induced 

tenfold in response to c-Myc, although its mRNA levels did 
not vary significantly, which suggested a regulation at the 
posttranscriptional level. Hence, the authors demonstrated 
an indirect mechanism of regulation through effects on the 
miRNAs miR23a and miR23b. Normally, these miRNAs 
bind to the 3′-untranslated region (3′-UTR) of the GLS 
gene and prevent translation of the message. However, 
c-Myc suppresses miR-23a/b expression and thus dere-
presses GLS translation, facilitating Gln oxidation in the 
mitochondria [60] (Fig. 3). It is currently unknown whether 
a similar miRNA mechanism would contribute to GLS acti-
vation in gliomas.

Interestingly, GLS isoforms are also upregulated by 
other oncogenic signaling pathways such as the small Rho 
GTPases, through activation of nuclear factor-kappa B 
(NF-κB), an important regulator of cell survival, prolif-
eration, and differentiation frequently involved in malig-
nant transformation [61]. Also, in relation with signaling 
pathways controlling GLS isoforms, a synergistic cross-
talk between KGA-mediated glutaminolysis and epider-
mal growth factor (EGF)-activated Raf-Mek-Erk signaling 
was reported in human 293 T cells [62]. Upregulation of 
GLS seems to be a mechanism by which cancer cells gain 
selective advantages for using alternative sources of car-
bon favoring their adaptation to changing metabolic envi-
ronments. Therefore, tumor microenvironment is crucial 
to understand the metabolic adaptations underpinning the 

Cancer growth
Prolifera�on

Stop growth
Quiescence
Differen�a�on

miR-23 a/b

GLS
(GAC)

GLS2

Fig. 3   Opposing roles of GLS and GLS2 glutaminase isoforms in 
tumorigenesis. GLS-encoded isoenzymes (mainly the GAC isoform) 
are upregulated in parallel with the proliferation rate. GLS iso-
forms are induced in many tumors by the oncogene c-Myc through 

a miRNA mechanism. In sharp contrast, GLS2-encoded isoenzymes 
are induced by the tumor suppressor p53 and related proteins p63 and 
p73, and are related to quiescent, nonproliferating, and differentiated 
cell states
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malignant program of cancer cells. For example, the acti-
vation of GLS expression, paralleled by GS repression in 
some types of tumors, is strictly dependent on the genetic 
lesion and the tissue of origin [62]. Thus, Yuneva and co-
workers demonstrated that in MYC-induced liver tumors, 
the expression of GS was suppressed and expression of the 
GLS2-encoded LGA isoform was replaced by the catalyti-
cally more potent GLS isoform. Moreover, MYC-induced 
tumors exhibited increased expression of the high-affinity 
Gln transporter ASCT2 (SLC1A5). In sharp contrast to 
liver tumors, MYC-induced lung tumors display increased 
expression of both GS and GLS and accumulate Gln [62]. 
In line with this, SF188 glioma cells overexpressing c-Myc 
also showed high levels of GS mRNA and protein [31], 
supporting the view that variable Gln metabolism in MYC-
induced tumors depends on the tissue of origin. In addition 
to tissue microenvironment, the oncogene also influences 
the metabolic adaptations regarding Gln/Glu metabolism, 
as was clearly demonstrated in liver tumors: MET-induced 
hepatic tumors produced Gln, while Myc-induced catabo-
lized it [62].

In contrast to GLS isoforms, the role of GLS2 isoen-
zymes in tumor cells is greatly unknown. Co-expression of 
GLS and GLS2 transcripts has been reported in established 
cancer cell lines of colon, hepatoma, leukemia and breast, 
although protein data suggest that GLS isoforms would 
account for the majority of GA activity in these human 
tumor cells [63, 64]. In fact, GLS2 expression is downregu-
lated in highly malignant glioblastoma [58], as well as in 
human liver and colon cancers [65–67]. Indeed, GLS2 was 
confirmed as a target gene of the tumor suppressor p53 in 
both non-tumor and tumor cells [65, 66] (Fig.  3). There-
fore, its repression in cancer cells might be explained by 
p53 mutations and lack of function frequently found in gli-
omas and other highly malignant tumors (Fig. 1). However, 
the GLS2 silencing mechanism so far identified in glioblas-
toma, liver and colorectal cancer is promoter methylation, 
with independency of the p53 status [67, 68]. Although 
repression of GLS2 is a frequent trait associated with tumo-
rigenesis, GLS2 is also upregulated in some types of can-
cer. For example, the expression of GLS2 was significantly 
enhanced in cervical carcinoma; even more, this upregu-
lation was related to therapeutic resistance [69]. Of note, 
GLS2 was the main GA isoform induced in MYC-N ampli-
fied human neuroblastomas, instead of GLS, and correlated 
with unfavorable patient survival [70].

As mentioned previously, the intracellular Glu pool in 
glioma cells can be supplied by other enzymatic activi-
ties distinct of GAs. Mitochondrial Glu can be converted 
to α-KG by glutamate dehydrogenase (GDH) or intrami-
tochondrial aminotransferases, including glutamate pyru-
vate transaminase (GPT, alanine aminotransferase) and 
glutamate oxaloacetate transaminase (GOT, aspartate 

aminotransferase) (Fig.  2). Both GDH and transaminases 
can also operate in the reverse direction, that is, synthesis 
of Glu from α-KG; again, context-dependent and tumor-
specific regulation will determine whether these enzymes 
contribute to Glu or α-KG generation. Thus, while quies-
cent cells displayed enhanced levels of GDH and reduced 
levels of transaminases, in proliferating breast cancer cells 
GDH mRNA negatively correlates with proliferative gene 
signatures, whereas transaminases were highly expressed 
in proliferative tumors which catabolize Glu via transami-
nases to synthesize non-essential amino acids (NEAAs) 
[71]. However, in human GBM the pattern was the oppo-
site: GDH expression and activity were upregulated in 
human glioma cell lines and tissues, being considered as 
an oncogenic factor whose high expression levels predicts 
poor outcome. Of note, GDH act as a key regulator for 
intracellular α-KG in glioma cells and becomes a key sal-
vage pathway to survive impairments of glucose metabo-
lism [72]. The mRNA and protein levels of GDH were par-
ticularly increased in IDH1 mutant GBM relative to IDH1 
wild-type GBM [17, 73], probably to replenish the α-KG 
lost by conversion to 2-HG (Fig. 2). Finally, GDH has been 
recently identified as the molecular connection between 
glutaminolysis and mTORC1 signaling. Activation of 
mTORC1, a key regulator of nutrient uptake and cellular 
proliferation, has been linked to Gln addiction in cancer 
cells: mTORC1 stimulates Gln metabolism by inducing 
GDH [74], while glutaminolysis and cellular level of αKG 
also activates mTORC1 thereby promoting cell growth and 
inhibiting autophagy [75].

Other two enzymes of nitrogen metabolism which 
may contribute to the intracellular Glu pool in gliomas 
are asparagine synthetase (ASNS) and branched-chain 
amino acid transaminase 1 (BCAT1) (Fig.  2). Thus, in 
a recent study analyzing gliomas from 156 patients, the 
gene expression patterns for GLS, BCAT1 and ASNS 
were determined [76]. ASNS and GLS transcripts were 
twofold higher in GBMs compared to anaplastic glio-
mas, while BCAT1 mRNA expression was also higher in 
GBM. Further, newly diagnosed GBMs showed poorer 
survival if any of these three genes had increased expres-
sion. Branched-chain amino acids have recently emerged 
as important external source of amino groups for the 
synthesis of brain Glu (reviewed in [77]). It is notewor-
thy that expression of high levels of BCAT1 accelerates 
amino acid catabolism and promotes cell proliferation 
in gliomas [78]. Interestingly, overexpression of BCAT1 
was exclusive to tumors carrying wild-type IDH1 and 
IDH2 genes (Fig.  2), dependent on the concentration 
of αKG and suppressed by ectopic overexpression of 
mutant IDH1, revealing a link between IDH1 func-
tion and BCAT1 upregulation [78]. The central role of 
BCAT1 in glioma pathogenesis was further underscored 
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by reduced tumor growth in vivo and decreased prolifera-
tion and invasiveness in vitro after suppression of BCAT1 
expression.

The induction of BCAT1 occurs only in gliomas express-
ing wt IDH1/2. Therefore, this subtype of gliomas might 
have a constant supply of Glu (and αKG) through BCAT1 
and GLS activities. However, in mutant IDH1/2 gliomas, 
BCAT1-induction disappears [73, 78] and Glu produc-
tion must rely essentially on GLS, because GDH has been 
reported to operate chiefly in the generation of αKG, par-
ticularly in mutant IDH1/2 GBM [73]. Therefore, it is 
tempting to speculate that this strong dependence on GLS 
for Glu generation in mutant IDH1/2 gliomas explains why 
this tumor subtype is particularly susceptible to GLS inhi-
bition [79].

In agreement with the previously cited Gln/Glu cycle 
occurring between peripheral tumors and host tissues, 
where the enhanced uptake of Gln by tumors is usually 
accompanied by an efflux of Glu and ammonia toward 
the host tissues, the Glu generated by the altered nitro-
gen metabolism of gliomas can also exit the cell because, 
unlike their non-malignant counterparts, gliomas release 
Glu (Fig.  2). Cultured glioma cells secrete excitotoxic 
levels of Glu [80] and implanted glioma cells continue 
to secrete neuro-excitotoxic amounts of Glu in  vivo, thus 
promoting their growth in the brain [81]. This exacerbated 
Glu efflux takes place mainly through the cystine/Glu ant-
iporter or system Xc −, a transporter importing cystine in 
exchange for Glu which is overexpressed in human glio-
mas (Fig.  2) [46]. Cystine is a precursor for the cellular 
synthesis of reduced glutathione (GSH) that protect cells 
from oxidative stress; for example, this system is upregu-
lated under stress conditions and protects gliomas against 
the radiation-induced damage (Fig. 2). Clinical studies have 
shown that Glu concentration in cerebrospinal fluid from 
glioma patients may rise up to 400 µM, which is 400-fold 
the physiological value and well above the neurotoxicity 
level [reviewed in 10]. The Glu-enriched microenvironment 
of glioma cells confers several adaptive advantages. These 
tumors have a distinct growth advantage because the excess 
of Glu acts as an excitotoxic weapon killing surrounding 
neurons by over-activation of N-methyl-D-aspartate recep-
tors (NMDARs) and vacating space needed for glioma pro-
liferation in the cranial cavity [45]. The increased extracel-
lular Glu concentration is responsible for tumor-associated 
seizures and epileptic activity observed in glioma patients 
[12]. Also, increased uptake of cystine facilitates GSH pro-
duction and enables ROS detoxification [10]. Finally, with 
regard to invasiveness properties, the secreted Glu has been 
shown to possess an autocrine/paracrine effect promot-
ing cell invasion, probably mediated through α-Amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors 
(AMPARs) [82].

Targeting GA Isoforms as Anticancer Strategy 
in Gliomas

We first postulated a completely different role for GLS and 
GLS2 isoforms in cancer (Fig. 3). The hypothesis was put 
forward before knowing the relationship of GA isoforms 
with oncogenes and tumor suppressor genes and based 
on experimental evidences obtained from tumor and non-
tumor cells, which demonstrated that isoforms encoded by 
GLS are upregulated in parallel with the proliferation rate, 
whereas isoforms encoded by GLS2 are related to quies-
cent, non-proliferating, and differentiated cell states [64]. 
Consequently, we proposed that the process of malignant 
transformation shifts the pattern of GA expression in such 
way that GLS becomes up-regulated while GLS2 is fre-
quently repressed (Fig. 3). Then, a molecular basis for this 
hypothesis came from recent studies in human cancer cell 
lines linking GLS to oncogene c-Myc [60] and GLS2 to 
tumor suppressor p53 [65, 66].

In line with the above mentioned working hypothesis, 
blocking of GLS expression was thought as a plausible gene 
therapy strategy targeting GA isoforms mainly responsible 
of the Gln-addicted phenotype of some type of tumors. We 
first reported that inhibition by antisense technology of 
Gls expression (KGA isoform), an enzyme linked to neo-
plastic transformation, allowed reversion of tumor cells to 
a more differentiated and less malignant phenotype. Thus, 
EATC transfected with antisense KGA cDNA constructs 
(0.28AS-2 cell line) were markedly impaired in their 
growth and proliferation capacity, showed marked changes 
in their morphology and lost their tumorigenic capacity 
in vivo [83]. Moreover, knocking down Gls induced apop-
tosis in 0.28AS-2 cells, caused oxidative stress and sensi-
tized the cells to methotrexate [84]. Silencing GLS in GBM 
cells using RNAi technology also suppressed, but did not 
eliminate, their growth in culture and in vivo [85]. In fact, 
GLS was required for maximal growth of GBM cells in cul-
ture and in vivo: colony formation and growth of s.c. xeno-
grafts were significantly reduced after GLS knockdown 
[85].

We also hypothesize that tumor could be inhibited by 
GLS silencing or, alternatively, by GLS2 overexpression. 
Human GBM T98G cell line expresses high amounts of 
GLS transcripts, while GLS2 transcripts are hardly detect-
able in these cells [58]. Furthermore, in view of the nuclear 
location of GLS2 in neurons [86] and astrocytes [57] and 
its presumed role in modulation of gene transcription [86], 
we hypothesized that its deficit has implications for the 
physiology of glia-derived tumors, perhaps driving them 
toward a malignant phenotype. To address this question, 
human glioblastoma T98G cells (having negligible levels 
of GLS2 expression) were stably transfected with the full 
GAB cDNA coding sequence and the effects of transfection 
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on basic physiological parameters were assessed: pro-
liferation, migration and survival. The transfected cells 
(T98-GAB cells) showed a 40% decrease of cell survival, 
a 45% reduction of cell migration and a 47% decrease in 
the proliferation index. Microarray analysis revealed a sig-
nificantly altered expression of 85 genes in T98-GAB, but 
not in sham-transfected or control cells. Microarray data, 
which included over 47,000 transcripts, were confirmed by 
qPCR analysis for eight genes potentially relevant to gli-
oma malignancy: S100A16, CAPN2, FNDC3B, DYNC1LI1, 
TIMP4, MGMT, ADM, and TIMP1 [87]. Indeed, GLS2 has 
been shown to act as a tumor suppressor in human cancer 
cells from liver, colon and lung [66, 67, 88].

An intriguing question arose whether or not combination 
of GLS silencing and GLS2 overexpression would increase 
the inhibition of cell proliferation and survival of glioblas-
toma cells elicited by individual manipulations. To answer 
this question, the expression of KGA and GAC isoforms 
was knocked down with siRNA in a human glioblastoma 
cell line that was (T98-GAB cells) or was not (T98G cells) 
previously transfected with GAB cDNA, respectively [87]. 
Then, cell viability and proliferation were investigated in 
so treated cells with a graded inhibition of KGA and GAC, 
in order to analyze the correlation between the phenotypic 
changes and the Gln content of the cells as a marker of the 
intensity of its consumption. In both T98G and T98-GAB 
cell lines, silencing of GLS decreased cell viability and 
proliferation in a different, sequence-dependent degree, 
and the observed decreases were in either cell line highly 
correlated with increase of intracellular Gln, a parameter 
manifesting decreased Gln degradation [89]. The results 
show that combination of negative modulation of GA iso-
forms arising from GLS gene with the introduction of the 
GLS2 gene product, GAB, may in the future provide a use-
ful means to curb glioblastoma growth in situ. At the same 
time, the results underscore the critical role of Gln degrada-
tion mediated by KGA in the manifestations of aggressive 
glial tumor phenotype.

In another recently published study, glioma SFxL and 
LN229 cells, with silenced GLS expression [85], were 
employed along with glioma T98-GAB cell line to ascertain 
whether modulations of GA expression may synergize with 
oxidative stress against proliferation of glioma cells [90]. 
GLS-silenced glioma cells showed lower survival ratios and 
a reduced GSH-dependent antioxidant capacity. Silencing 
GLS or overexpressing GLS2 genes decreased glioma cell 
survival. This effect was increased by an oxidative insult. 
Furthermore, ROS generation by treatment with oxidiz-
ing agents synergized with either GLS silencing or GLS2 
overexpression to suppress malignant properties of glioma 
cells, including the reduction of cellular mobility. Of note, 
blocking GLS or overexpressing GLS2 evoked lower c-Myc 
and Bcl-2 expression, as well as higher pro-apoptotic Bid 

expression [90]. In conclusion, combination of modulation 
of GA expression and treatment with oxidizing agents may 
become a therapeutic strategy for gliomas and other intrac-
table cancers.

On the other hand, pharmacological strategies to inhibit 
Gln metabolism in cancer cells are rapidly evolving from 
Gln analogs, like acivicin, azaserine and 6-diazo-5-oxo-
l-norleucine (DON) [28], to novel isoform-specific allos-
teric inhibitors discovered in recent years like BPTES [bis-
2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl)ethyl sulfide], 
compound 968, CB-839 and Ebselen (Fig. 2) [29, 61, 91, 
92]. While Gln analogs lack specificity and induce impor-
tant secondary effects and toxicity, some of the new GLS 
inhibitors are not drug-like compounds because of their 
high molecular weight, poor solubility and low bioavail-
ability [92]. Notwithstanding the limitations of these novel 
drugs for human use, they are becoming useful tools for 
selective inhibition of glutaminolysis in tumors, in order 
to ascertain the relevance of Gln and GA in cancer meta-
bolic reprogramming. For example, two recent studies 
have attracted attention at combined anticancer therapies 
using GLS inhibitors in T-cell acute lymphoblastic leuke-
mia (T-ALL) [93] and human GBM [94]. Anti-NOTCH1 
therapy in T-ALL and mTOR inhibitor treatment in human 
GBM found resistance in many patients due to compensa-
tory Gln metabolism induced by metabolic reprogramming. 
In both cases, GLS upregulation and enhanced glutaminol-
ysis were key determinants of the response to each therapy. 
Remarkably, combined genetic and/or pharmacological 
inhibition of NOTCH1/GLS and mTOR/GLS in T-ALL 
and GBM, respectively, resulted in massive synergistic 
tumor cell death and growth inhibition in tumor-bearing 
mice [93, 94].

Future Directions

Overwhelming evidences now support the key role of GA 
isoforms in cancer cell growth, proliferation and metastasis. 
In gliomas, enhanced glutamine catabolism may be essen-
tial for energy generation, anaplerosis, nucleotide/lipid bio-
synthesis, generation of GSH and invasive properties. The 
enhanced glutaminolysis seems a hallmark of in vitro gli-
oma cell lines, but differences in Gln dependence and glu-
taminolysis rates have been found in studies dealing with 
in vivo GBM model, because the particular tumor microen-
vironment in brain must be taken into account.

In summary, GA is essential to the metabolic pheno-
type of growing tumors, including gliomas. The prolifera-
tive programme of cancer cells can be stopped either by 
knocking-down GLS or by up-regulating GLS2 isoforms, 
in agreement with their seemingly opposing roles in cancer. 
Although it is presently unknown how GA isozymes may 
undergo such different roles in tumor biology, the control 
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of GA isozyme expression may prove to be a key tool to 
alter both metabolic and oxidative stress in cancer therapy. 
At first glance, these contrasting roles of GA isozymes may 
appear inconsistent, as well as the fact that glutaminoly-
sis in cancer can be activated by c-Myc for tumorigenesis 
and also by p53 for tumor suppression. However, there are 
some hints that may help to explain this apparently puz-
zling behavior. Recently, novel GA isoforms and extrami-
tochondrial locations for these proteins have been discov-
ered: identifying the function of each isozyme is essential 
for understanding the role of GA in tumors. In addition, 
the interactome of GA isoforms is starting to be uncovered 
adding a new level of regulatory complexity with important 
functional consequences, including selective and regulated 
targeting to concrete cellular locations. Clearly, GLS and 
GLS2 show distinct kinetics, molecular and immunological 
properties that make the consequences of their enhanced 
expression quite different and strongly dependent on factors 
that include signal, environment, and cell/tissue type. Elu-
cidation of the molecular mechanisms associated with Gln 
catabolism in gliomas will certainly improve the few effec-
tive therapeutic options available to date.

There is a strong need for better and more specific GA 
inhibitors. In this sense, brain GA should be added to the 
list of novel candidates for the pharmacotherapy of glio-
mas. However, the lack of potent and specific GA inhibi-
tors with good brain penetrant behavior has precluded so 
far testing GA inhibition in the pharmacotherapy of glio-
mas. In spite of this limitation, studies using animal models 
bearing human tumors suggest that GA inhibition would 
not be effective as a single-arm therapy; instead of it, GA 
inhibitors may exert a sound synergistic anticancer effect 
when combined with inhibitors of known oncogenic drivers 
of gliomas.
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