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Cancer cell metabolism & glutamine 
addiction 
Interest in the metabolic changes characteristic 
of malignant transformation has undergone a 
renaissance of sorts in the cancer biology and 
pharmaceutical communities. However, the 
recognition that an important connection exists 
between cellular metabolism and cancer began 
nearly a century ago with the work of Otto 
Warburg [1–3]. Warburg found that rapidly pro-
liferating tumor cells exhibit elevated glucose 
uptake and glycolytic f lux, and furthermore 
that much of the pyruvate generated by glycoly-
sis is reduced to lactate rather than undergoing 
mitochondrial oxidation via the tricarboxylic 
acid (TCA) cycle (FiguRe 1). This phenomenon 
persists even under aerobic conditions (‘aerobic 
glycolysis’), and is known as the Warburg effect 
[4]. Warburg proposed that aerobic glycolysis was 
caused by defective mitochondria in cancer cells, 
but it is now known that mitochondrial dysfunc-
tion is relatively rare and that most tumors have 
an unimpaired capacity for oxidative phosphory-
lation [5]. In fact, the most important selective 
advantages provided by the Warburg effect are 
still debated. Although aerobic glycolysis is an 
inefficient way to produce ATP (2 ATP/glucose 
vs ~36 ATP/glucose by complete oxidation), a 
high glycolytic flux can generate ATP rapidly 
and furthermore can provide a biosynthetic 
advantage by supplying precursors and reducing 
equivalents for the synthesis of macromolecules 
[4]. The mechanisms underlying the Warburg 
effect are also not yet fully resolved, although it 
is increasingly clear that a number of oncogenes 
and tumor suppressors contribute to the phe-
nomenon. The PI3K/Akt/mTORC1 signaling 

axis, for example, is a key regulator of aerobic 
glycolysis and biosynthesis, driving the sur-
face expression of nutrient transporters and the 
upregulation of glycolytic enzymes [6]. The HIF 
transcription factor also upregulates expression 
of glucose transporters and glycolytic enzymes in 
response to hypoxia and growth factors (or loss 
of the von Hippel–Landau [VHL] tumor sup-
pressor), and the oncogenic transcription factor 
c-Myc similarly induces expression of proteins 
important for glycolysis [6].

A second major change in the metabolic pro-
gram of many cancer cells, and the primary 
focus of this review, is the alteration of gluta-
mine metabolism. Glutamine is the major car-
rier of nitrogen between organs, and the most 
abundant amino acid in plasma [7]. It is also 
a key nutrient for numerous intracellular pro-
cesses including oxidative metabolism and ATP 
generation, biosynthesis of proteins, lipids and 
nucleic acids, and also redox homeostasis and the 
regulation of signal transduction pathways [8–10]. 
Although most mammalian cells are capable of 
synthesizing glutamine, the demand for this 
amino acid can become so great during rapid 
proliferation that an additional extracellular sup-
ply is required; hence glutamine is considered 
conditionally essential [11]. Indeed, many cancer 
cells are ‘glutamine addicted’, and cannot sur-
vive in the absence of an exogenous glutamine 
supply [12,13].

An important step in the elevation of 
glutamine catabolism is the activation of the 
mitochondrial enzyme glutaminase, which 
catalyzes the hydrolysis of glutamine to gener-
ate glutamate and ammonium. The subsequent 
deamination of glutamate releases a second 
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ammonium to yield the TCA cycle intermediate 
a-ketoglutarate (a-KG), a reaction catalyzed by 
glutamate dehydrogenase (GLUD1). This series 
of reactions is particularly important in rapidly 
proliferating cells, in which a considerable pro-
portion of the TCA cycle metabolite citrate is 
exported from mitochondria in order to gener-
ate cytosolic acetyl-CoA for lipid biosynthesis 
[14]. Replenishment of TCA cycle intermediates 
(anaplerosis) is therefore required, and gluta-
mine often serves as the key anaplerotic substrate 
through its conversion via glutamate to a-KG 
(FiguRe 1).

Mammals express two genes for glutaminase 
enzymes [15–17]. The GLS gene encodes a protein 
initially characterized in kidney and thus called 
kidney-type glutaminase (KGA), although this 
enzyme and its shorter splice variant glutamin-
ase C (GAC), collectively referred to as GLS, 
are now known to be widely distributed [18–20]. 
The KGA and GAC isoforms share identical 
N-terminal and catalytic domains, encoded by 
exons 1–14 of the GLS gene, but have distinct 
C-termini derived from exon 15 in the case of 
GAC and exons 16–19 in the case of KGA [21]. 
Upregulation of GLS, in particular the GAC iso-
form, is common in cancer cells and the degree 
of GLS overexpression correlates with both the 

degree of malignancy and the tumor grade in 
human breast cancer samples [22,23]. The GLS2 
gene encodes a protein originally discovered 
and characterized in liver, which has thus been 
referred to as liver-type glutaminase and, more 
recently, as glutaminase 2 (GLS2) [15].

Both KGA and GAC can be activated by 
inorganic phosphate (Pi), and this activation 
correlates closely with a dimer-to-tetramer tran-
sition for each enzyme [7,22]. As the concentra-
tion of Pi is raised the apparent catalytic con-
stant, k

cat
app, increases and simultaneously the 

apparent Michaelis constant, K
m

app, decreases; 
consequently the catalytic efficiency rises dra-
matically, especially in the case of GAC [22]. 
x-ray crystal structures of GAC and KGA in 
different states indicate that the positioning of 
a key loop within each monomer (Glu312 to 
Pro329), located between the active site and the 
dimer–dimer interface, is critical for mediat-
ing tetramerization-induced activation [22,24]. 
Given the ability of Pi to promote tetrameriza-
tion and activation of GAC and KGA, it has 
been proposed that the elevated mitochon-
drial Pi levels found under hypoxic conditions, 
which are commonly encountered in the tumor 
microenvironment, could be one trigger for GLS 
activation [22].
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Figure 1. Cell proliferation requires metabolic reprogramming. (A) In non-proliferating cells 
under aerobic conditions, metabolic fuels such as glucose typically undergo complete oxidation to 
CO2 in mitochondria via the TCA cycle. Energy released during this series of reactions is used to 
generate a proton electrochemical gradient across the inner mitochondrial membrane, which in 
turn drives ATP synthesis. (B) In proliferating cells there is an increased demand for precursors for 
protein, nucleotide and lipid production, in addition to ATP. Nutrient uptake is consequently 
enhanced and metabolic intermediates are diverted from glycolysis and the TCA cycle into 
biosynthetic pathways. For example, citrate from the TCA cycle can be exported from the 
mitochondrion to support lipogenesis in the cytosol. Reduction of pyruvate to lactate, catalyzed by 
lactate dehydrogenase, regenerates NAD+ to sustain glycolytic flux. Glutamine often serves as an 
anaplerotic substrate to maintain TCA cycle function, through its conversion by GLS and glutamate 
dehydrogenase to the TCA cycle intermediate a-ketoglutarate. Anaplerotic a-ketoglutarate can 
undergo oxidative metabolism in the TCA cycle or, during hypoxia or in cells with mitochondrial 
defects, reductive metabolism to citrate to support biosynthesis (dashed line).
TCA: Tricarboxylic acid.

Key Terms

Warburg effect: 
Phenomenon of enhanced 
glucose uptake and glycolytic 
flux, coupled to high rates of 
lactate secretion (rather than 
complete oxidation of 
glucose-derived carbon via the 
tricarboxylic acid cycle), which 
persists even under aerobic 
conditions. 

Glutamine catabolism: 
Series of metabolic reactions 
whereby glutamine is degraded. 
An important pathway in many 
proliferating cells is the 
conversion of glutamine to 
a-ketoglutarate (a-KG), for 
entry into the tricarboxylic acid 
cycle. The enzyme glutaminase 
catalyzes the hydrolysis of 
glutamine to glutamate and 
ammonium, and glutamate 
dehydrogenase subsequently 
catalyzes the deamination of 
glutamate to generate a-KG 
along with a second ammonium. 
The conversion of glutamate to 
a-KG can also be catalyzed by 
alanine transaminase and by 
aspartate transaminase. 

Anaplerosis: Replenishment 
of metabolic intermediates 
within a given pathway. For 
example, when the tricarboxylic 
acid (TCA) cycle intermediate 
citrate is exported from the 
mitochondrion to support lipid 
biosynthesis in the cytosol, 
anaplerosis must occur to 
sustain TCA cycle flux. 
Glutamine can serve as an 
anaplerotic substrate in this 
case, following its conversion via 
glutamate to the TCA cycle 
intermediate a-ketoglutarate.

Rho GTPases: Family of 
signaling proteins that influences 
many cellular processes, 
including actin cytoskeleton 
rearrangements and cell-cycle 
progression. Rho GTPases play 
fundamental roles in several 
aspects of cancer progression, 
and were recently reported to 
upregulate the activity of the 
glutaminase isoenzyme GLS. 
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Oncogenic alterations affecting 
glutamine metabolism
At least two classes of cellular signals regulate glu-
tamine metabolism, influencing both the expres-
sion level and the enzymatic activity of GLS. The 
transcription factor c-Myc can suppress the expres-
sion of microRNAs miR-23a and miR-23b and, 
in doing so, upregulates GLS (specifically GAC) 
expression [13,25]. Independent of changes in GAC 
expression, oncogenic diffuse B-cell lymphoma 
protein (Dbl), a GEF for Rho GTPases and onco-
genic variants of downstream Rho GTPases are 
able to signal to activate GAC in a manner that is 
dependent on NF-kB [23]. Mitochondria isolated 
from Dbl- or Rho GTPase-transformed NIH-3T3 
fibroblasts demonstrate significantly higher basal 
glutaminase activity than mitochondria isolated 
from non-transformed cells [23]. Furthermore, the 
enzymatic activity of GAC immunoprecipitated 
from Dbl-transformed cells is elevated relative 
to GAC from non-transformed cells, indicat-
ing the presence of activating post-translational 
modification(s) [23]. Indeed, when GAC isolated 
from Dbl-transformed cells is treated with alka-
line phosphatase, basal enzymatic activity is dra-
matically reduced [23]. Collectively, these findings 
point to phosphorylation events underlying the 
activation of GAC in transformed cells. Similarly, 
phosphorylation-dependent regulation of KGA 
activity downstream of the Raf-Mek-Erk signaling 
axis occurs in response to EGF stimulation [24].

It is becoming clear that, in addition to c-Myc 
and Dbl, many other oncogenic signals and envi-
ronmental conditions can impact cellular glu-
tamine metabolism. Loss of the retinoblastoma 
tumor suppressor, for example, leads to a marked 
increase in glutamine uptake and catabolism, and 
renders mouse embryonic fibroblasts dependent 
on exogenous glutamine [26]. Cells transformed 
by KRAS also illustrate increased expression of 
genes associated with glutamine metabolism and 
a corresponding increased utilization of glutamine 
for anabolic synthesis [27]. In fact, KRAS signaling 
appears to induce glutamine dependence, since 
the deleterious effects of glutamine withdrawal in 
KRAS-driven cells can be rescued by expression 
of a dominant-negative GEF for Ras [28]. Down-
stream of Ras, the Raf-MEK-ERK signaling path-
way has been implicated in the upregulation of 
glutamine uptake and metabolism [24,29]. A recent 
study using human pancreatic ductal adenocar-
cinoma cells identified a novel KRAS-regulated 
metabolic pathway, through which glutamine 
supports cell growth [30]. Proliferation of KRAS-
mutant pancreatic ductal adenocarcinoma cells 

depends on GLS-catalyzed production of gluta-
mate, but not on downstream deamination of glu-
tamate to a-KG; instead, transaminase-mediated 
glutamate metabolism is essential for growth. 
Glutamine-derived aspartate is subsequently trans-
ported into the cytoplasm where it is converted by 
aspartate transaminase into oxaloacetate, which 
can be used to generate malate and pyruvate. The 
series of reactions maintains NADPH levels and 
thus the cellular redox state [30].

Other recent studies have revealed that another 
pathway for glutamine metabolism can be essen-
tial under hypoxic conditions, and also in cancer 
cells with mitochondrial defects or loss of the 
VHL tumor suppressor [31–35]. In these situations, 
glutamine-derived a-KG undergoes reductive 
carboxylation by IDH1 or IDH2 to generate 
citrate, which can be exported from mitochon-
dria to support lipogenesis (FiguRe 1). Activation 
of HIF is both necessary and sufficient for driving 
the reductive carboxylation phenotype in renal 
cell carcinoma, and suppression of HIF activity 
can induce a switch from glutamine-mediated 
lipogenesis back to glucose-mediated lipogenesis 
[32,35]. Furthermore, loss of VHL and consequent 
downstream activation of HIF renders renal cell 
carcinoma cells sensitive to inhibitors of GLS [35]. 
Evidently, the metabolic routes through which 
glutamine supports cancer cell proliferation vary 
with genetic background and with microenviron-
mental conditions. Nevertheless, it is increasingly 
clear that diverse oncogenic signals promote glu-
tamine utilization and furthermore that hypoxia, 
a common condition within poorly vascularized 
tumors, increases glutamine dependence.

Strategies impacting glutamine 
metabolism
The reprogrammed metabolism that supports 
the proliferation and survival of cancer cells also 
leaves them vulnerable to therapeutic strategies 
that disrupt metabolic hallmarks of the trans-
formed state. Indeed, several agents targeting 
cancer cell metabolism are already approved or 
in clinical trials [36,37]. Because many oncogenic 
alterations promote a converging metabolic phe-
notype, characterized by enhanced biosynthesis 
and cell-autonomous nutrient uptake, targeting 
metabolism has the potential to affect a broad 
spectrum of cancers [37]. The importance of 
glutamine for many critical processes in can-
cer cells, and the fact that glutamine metabo-
lism is regulated by both oncogenes and tumor 
suppressors [13,23,25–27,38], makes this branch 
of cancer metabolism an attractive target for 

Key Terms

Reductive carboxylation: 
Metabolic pathway through 
which a-ketoglutarate, often 
derived from glutamine, is 
reductively converted to citrate, 
as opposed to undergoing 
oxidative metabolism via the 
‘forward’ reactions of the 
tricarboxylic acid cycle. 
Reductive carboxylation is 
particularly important under 
hypoxic conditions and in cells 
with mitochondrial defects. The 
citrate that is generated can be 
exported from the 
mitochondrion to support 
cytosolic lipogenesis.

Cancer cell metabolism: 
Many cancer cells display 
metabolic phenotypes that are 
dramatically altered relative to 
their non-transformed 
counterparts. Widely conserved 
features of cancer cell 
metabolism include enhanced 
nutrient uptake, and rewiring of 
metabolic pathways to increase 
production of biosynthetic 
intermediates. Over recent 
years, it has become clear that 
many oncogenic proteins are 
involved in the reprogramming 
of cancer cell metabolism.
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therapeutic strategies. In the sections below, pos-
sible approaches for impacting cancer cell gluta-
mine metabolism are outlined, with a focus on 
the selective inhibition of GLS isoforms.

Depleting cancer cell glutamine supply
A key component of current therapeutic protocols 
for acute lymphoblastic leukemia (ALL) is the 
enzyme l-asparaginase, which catalyzes deami-
nation of asparagine to aspartic acid. In addition 
to its activity towards asparagine, l-asparaginase 
catalyzes removal of the amide nitrogen from 
glutamine to form glutamic acid [39]. Studies 
of ALL patients treated with l-asparaginase 
demonstrate that serum l-asparaginase activity 
correlates strongly with asparagine and gluta-
mine depletion in the blood (each greater than 
90% in some cases), and that depletion of these 
amino acids correlates with improved treatment 
outcome [40,41]. The orphan drug phenylbutyrate 
has also been demonstrated to lower plasma glu-
tamine concentrations,[42] and both glycerol- and 
sodium-phenylbutyrate are currently approved 
by the US FDA for treatment of hyperammo-
nemia in patients with urea cycle disorders. 
In humans, phenylbutyrate is metabolized to 
phenylacetate, which is conjugated with gluta-
mine to form phenylacetylglutamine and subse-
quently excreted [42]. Clinical trials indicate that 
phenylbutyrate treatment can be safely admin-
istered, and results in clinical improvement in 
some patients with hormone-refractory prostatic 
carcinoma and glioblastoma multiforme [43]. 
However, the extent to which plasma glutamine 
depletion contributes to this outcome is an open 
question, as at least some of the therapeutic 
effects of phenylbutyrate are likely to arise from 
its activity as a histone deacetylase inhibitor [44].

Inhibiting cancer cell glutamine 
uptake
The c-Myc-regulated transporter SLC1A5 (also 
called ASCT2) has been implicated in mediat-
ing net glutamine uptake in cancer cells, and 
its expression level is upregulated across a broad 
spectrum of primary human cancers [13,45]. 
High levels of SLC1A5 correlate with aggres-
sive biological behavior and decreased patient 
survival, and proliferation of glutamine-depen-
dent human colon carcinoma cell lines was 
slowed by inhibition of SLC1A5 [45,46]. The 
l-glutamine analog l-g-glutamyl-p-nitroanilide 
is an inhibitor of SLC1A5-mediated transport, 
and antagonizes mTORC1 signaling by limiting 
cellular uptake of glutamine (see below) [47,48]. 

Recently, pharmacologic and genetic targeting 
of SLC1A5 was reported to decrease lung can-
cer cell growth and viability, in part through the 
effects on mTORC1 signaling [46,49]. It has also 
been proposed that one mechanism of action of 
the estrogen receptor modulators tamoxifen and 
raloxifene is the inhibition of cellular glutamine 
uptake through SLC1A5 [50].

Use of glutamine mimetics
The antitumor activity of l-glutamine mimetic 
anti-metabolites was first observed in the 1950s 
[51], and subsequent research focused on the mol-
ecules 6-diazo-5-oxo-l-norleucine (l-DON), 
acivicin and azaserine, all of which were isolated 
from Streptomyces species [51]. The primary effect 
of all three molecules is believed to be the inhi-
bition of purine biosynthesis, although l-DON 
is also an inhibitor of glutaminase [52]. In spite 
of promising preclinical data, early clinical 
trials of each molecule revealed excessive tox-
icity, including neurotoxicity, myelosuppres-
sion, nausea and vomiting [51]. A more recent 
clinical study of l-DON in combination with 
PEGylated glutaminase demonstrated therapeu-
tic activity and tolerable toxicity in patients with 
advanced refractory solid tumors [53]. Neverthe-
less, a key goal of current research efforts is to 
develop therapies that target aspects of tumor 
glutamine metabolism selectively in order to 
minimize toxic side effects in patients. 

Selective inhibition of GLS
A renewed interest in the concept of targeting 
glutamine catabolism as a therapeutic approach 
in the treatment of cancer stems from the 
recent identification of two novel glutaminase 
inhibitors: 968 and BPTES [bis-2-(5-phenyl-
acetamido-1,2,4-thiadiazoyl-2-yl)ethyl sulfide] 
(FiguRe 2). Neither 968 nor BPTES are glutamine 
mimetics [23,54], suggesting that it may be possible 
to inhibit GLS specifically without disrupting 
other aspects of glutamine metabolism. Given 
the high degree of toxicity observed with gluta-
mine mimetics [51], the identification of allosteric 
inhibitors of glutaminase potentially represents a 
significant advance in the development of anti-
cancer therapeutics targeting glutamine metabo-
lism. Both 968 and BPTES are selective for the 
GLS isoenzyme and can inhibit both of the splice 
variants, KGA and GAC. However, despite these 
similarities the two molecules are structurally and 
functionally distinct, and thus BPTES and 968 
can be considered as prototypes for two distinct 
classes of allosteric GLS inhibitors.
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BPTES can bind to the GLS tetramer and 
effectively inhibit its enzymatic activity. Bio-
chemical studies determined that BPTES sta-
bilizes the tetramer in an inactive conformation 
[54,55]. Structural studies of both KGA and GAC 
complexed with BPTES confirm this mecha-
nism of action and reveal the BPTES binding 
site to be at the dimer–dimer interface (FiguRe 2) 
[24,56]. While BPTES is reasonably potent 
in vitro (IC

50
 ~60 nM), higher concentrations 

are needed to produce an effect on GLS in cells 
(IC

50
 ~20 µM) [24,56]. Moreover, the hydrophobic 

nature of BPTES (aqueous solubility ~1 µg/ml) 
poses some challenges to the physiological deliv-
ery of the molecule [57]. Recent efforts to utilize 
the available structural information to rationally 
improve on the drug-like properties of BPTES 
resulted with an analog that retained potency 
while improving on the aqueous solubility [57].

Structural information regarding the nature 
of the 968 binding interaction with GLS is not 

available at this time, but molecular docking 
experiments of 968 on the GAC isoform place 
the molecule in a hydrophobic pocket between 
the N- and C-termini, at the monomer–
monomer interface (FiguRe 2) [58]. The idea that 
BPTES and 968 may bind at two distinct allo-
steric sites is congruent with observations that 
BPTES and 968 achieve GLS inhibition by dif-
ferent mechanisms. In contrast to BPTES, 968 
is largely ineffective at inhibiting GLS once the 
enzyme has been activated, creating a degree of 
confusion in the field as to the validity of 968 
as a GLS inhibitor. A recent in vitro study dem-
onstrated that although 968 is unable to inhibit 
GAC once it has been activated by phosphate (an 
allosteric activator of GAC), it is able to block 
the ability of phosphate to induce the activation 
of GAC (i.e., treatment of GAC with 968 prior 
to the addition of phosphate retains GAC in an 
inactive conformation) [58]. Thus, 968 is not a 
conventional inhibitor of an active enzyme, but 
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Figure 2. Allosteric inhibitors of GLS. (A) Chemical structure of 968. (B) Chemical structure of 
BPTES. (C) Molecular docking model of 968 complexed with GAC. 968 is modeled to bind a 
hydrophobic pocket at the monomer–monomer interface of the GAC dimer. (D) x-ray 
crystallographic structure of human GAC in complex with BPTES (PDB 3UO9). Two BPTES molecules 
bind at the dimer–dimer interface of the GAC tetramer [56].  
(C) adapted from [58].
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functions by binding inactive GAC (presum-
ably the monomeric and/or dimeric species) and 
retaining the inactive state. 

The different mechanisms by which BPTES 
and 968 inhibit GAC are also reflected in their 
respective effects on cells. BPTES rapidly inhib-
its GAC and cell proliferation, whereas a lag 
occurs before the effects of 968 are observed [59]. 
As mentioned earlier, post-translational modi-
fication of GAC appears to be necessary for its 
activation downstream of the Rho GTPases. 968 
would be ineffective at inhibiting the activated 
(and modified) enzyme and protein turnover 
would be required to allow 968 to bind the inac-
tive (and unmodified) enzyme to bring a com-
plete cessation of GAC activity. It has also been 
suggested that 968 may only inhibit the activa-
tion of GAC under specific signaling contexts 
[59], which would be in contrast to the general 
inhibition of GLS by BPTES. Like BPTES, 968 
displays a low micromolar potency and poor 
aqueous solubility and there is a need for analogs 
with improved drug-like properties. Studies are 
also being undertaken to characterize potential 
off-target activities of 968 and BPTES, an impor-
tant issue about which little is currently known. 
While both of these molecules can inhibit tumor 
growth in xenograph studies, it will ultimately 
be interesting to see which of these allosteric 
classes of glutaminase inhibitors, if either, yields 
the greater clinical efficacy in the treatment of 
cancer, given their distinct modes of action.

Metabolic fates of glutamine 
& consequences of targeting cancer 
cell glutamine metabolism
Due to the diverse roles of glutamine as a nutri-
ent, the consequences of therapeutically target-
ing glutamine metabolism depend on the exact 
process being impacted. In proliferating cells, 
glutamine is utilized both for its g-nitrogen 
(in nucleotide and hexosamine biosynthesis) 
and for its carbon skeleton and a-nitrogen 
(FiguRe 3). Therapies involving the use of glu-
tamine mimetic antimetabolites or inhibitors of 
glutamine uptake will therefore have different 
outcomes to therapies that selectively target a 
single metabolic reaction.

Effects on signaling pathways & gene 
expression
�� mTORC1 signaling

Glutamine metabolism can lead to the stimula-
tion of multiple signaling pathways that promote 
cell growth and proliferation. A key signaling 

node inf luenced by glutamine is mTORC1, 
which regulates translation, cell cycle progression 
and autophagy [48]. mTORC1 integrates growth 
factor and nutrient signals, and, in the absence 
of amino acids, is unresponsive to growth factor 
stimulation [60,61]. Uptake of glutamine through 
SLC1A5, followed by its rapid efflux through the 
bi-directional transporter SLC7A5/SLC3A2 in 
exchange for essential amino acids, is the rate-
limiting step for mTORC1 activation in both 
transformed and non-transformed cell lines 
[48]. Silencing of SLC1A5 inhibits signaling by 
mTORC1 to the translational machinery, and 
abolishes the growth and survival of human 
hepatoma cells [49,62]. It was recently demon-
strated that glutamine catabolism itself, and the 
consequent generation of a-KG, are also critical 
for the lysosomal translocation and activation 
of mTORC1 in glutamine-dependent cervical 
carcinoma and osteosarcoma cell lines [63].

One important outcome of targeting gluta-
mine uptake and/or catabolism, potentially in a 
broad range of cancers, will thus be the suppres-
sion of mTORC1 signaling, even in the presence 
of growth factor stimulation. Mutations that 
promote mTORC1 signaling (e.g., activation of 
PI3K and Akt, and loss of PTEN, among others) 
are among the most frequent genetic lesions in 
cancer, and a range of familial cancer syndromes 
also involve hyperactivated mTORC1 [64]. It is 
expected that targeting of mTOR signaling could 
have therapeutic efficacy in a range of cancers, 
but rational drug design of mTOR inhibitors has 
been hampered by the lack of high-resolution 
structural information [64]. As an alternative to 
classical ATP-competitive inhibition, attenuation 
of mTOR signaling through plasma glutamine 
and asparagine depletion using FDA-approved 
asparaginase has been proposed [64,65].

�� The hexosamine biosynthetic pathway
A distinct route through which glutamine 
influences cellular signaling is the hexosamine 
biosynthetic pathway (HBP), which requires 
both glucose and glutamine for production of 
UDP–GlcNAc, the substrate for protein gly-
cosylation. The signaling activity of numerous 
proteins, including growth factor receptors for 
insulin, EGF and interleukins, requires N-linked 
or O-linked glycosylation [66]. The rate-limiting 
step in the HBP is the transfer of the amido-
group of glutamine to fructose-6-phosphate by 
the enzyme glutamine:fructose-6-phosphate 
amido-transferase [67], and glutamine depri-
vation would therefore be expected to lower 
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f lux through this pathway. Intriguingly, in 
IL-3-dependent hematopoietic cells, inhibition 
of glutamine metabolism by l-DON blocked 
IL-3-dependent signaling to Stat5, even when the 
HBP was rescued by addition of GlcNAc. Supple-
mentation with a-KG restored Stat5 phosphory-
lation, indicating that mitochondrial metabolism 
of glutamine, in addition to metabolism through 
the HBP, is required for robust signaling [68,69]. 
These studies support the emerging concept 

that the post-translational modifications that 
are important for driving cellular growth and 
proliferation can be impacted at the level of the 
metabolic pathways that generate the necessary 
precursors [66].

�� MAPK signaling
Under aerobic conditions, glutamine catabo-
lism is essential for KRAS-mediated oncogenic 
growth [70]. Specifically, reactive oxygen species, 
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Figure 3. Core pathways of cellular glutamine metabolism. Core pathways of glutamine metabolism, and their intersections with 
glucose metabolism, are depicted. 968 BPTES, GPNA, l-asparaginase and phenylbutyrate are inhibitors that target aspects of glutamine 
metabolism, and are shown in red. Glutamine is an essential nutrient for several processes that are important for cancer cell proliferation 
and survival. It serves as a nitrogen donor in nucleotide and glucosamine synthesis, a precursor for glutathione synthesis and a key 
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generated during mitochondrial glutamine 
metabolism, are required for KRAS-induced 
transformation through their regulation of the 
ERKs [70]. Earlier studies similarly indicated an 
important role for glutamine in MAPK regula-
tion, with both ERK and JNK stimulated by 
glutamine in enterocytes [71,72]. These signaling 
effects correlate with increased proliferation and 
decreased apoptosis, although the underlying 
mechanisms have not been elucidated.

Given the importance of glutamine supply 
and catabolism for signaling through various 
mitogenic pathways, it is expected that the 
therapeutic targeting of glutamine metabolism 
would impact the expression of proteins impor-
tant for cell-cycle progression. Suppression of 
mTORC1 signaling following inhibition of 
glutamine uptake or catabolism, for example, 
would lower the cap-dependent translation 
of a subset of transcripts that are particularly 
important for oncogenesis [73,74]. Suppression of 
ERK and JNK signaling would likewise decrease 
AP-1-dependent gene transcription [71]. A recent 
study reported that inhibition of GLS by 968 
led to decreased expression of a set of genes 
important for oncogenic growth, perhaps due 
to global changes in histone methylation [75]. 
Furthermore, work using HepG2 hepatoma 
cells revealed that the presence of glutamine 
facilitates the gene expression of SREBP targets, 
both by inducing SREBP-1a transcription and by 
stimulating SREBP processing [76].

�� Glutamate & ammonia signaling
In rapidly proliferating cells, including many 
cancer cells, a major metabolic fate of glutamine 
is the glutaminase-catalyzed conversion to glu-
tamate and ammonia. Much of the glutamate is 
subsequently converted to a-KG for TCA cycle 
anaplerosis. However in certain cancers, includ-
ing gliomas and melanoma, glutamate secretion 
stimulates tumor growth and survival through 
the activation of cell-surface glutamate recep-
tors and their downstream effectors including 
MAPKs and PI3K [77]. The FDA-approved drug 
riluzole suppresses secretion of glutamate into 
the extra cellular milieu, and reduces the prolif-
eration, colony formation and invasive activity 
of melanoma cells [78]. It will be interesting to 
determine whether cancer cells that are driven by 
glutamatergic signaling are especially sensitive to 
inhibitors of GLS. A product of both the gluta-
minase- and GLUD1-catalyzed reactions, ammo-
nia, also has roles as a signaling molecule, sup-
porting basal autophagy in both transformed and 

non-transformed cells [79,80]. Since autophagy rep-
resents a cytoprotective response that limits tumor 
cell killing by cytotoxic chemotherapy, blockade 
of ammonia-driven autophagy via GLS inhibition 
could sensitize some cancers to treatment [79].

Effects on energy generation 
& biosynthesis
The metabolic fates of glutamine, and thus the 
consequences of targeting different aspects of 
glutamine metabolism, depend on the genetic 
background of the cancer and on micro-
environmental conditions [81,82]. Glutamine 
starvation of some cancer cells, for example, 
can be rescued by supplementation with a-KG, 
indicating that the primary role of glutamine is 
as a carbon source for TCA cycle anaplerosis. In 
other cells; however, glutamine starvation can 
be rescued by addition of ammonia, implicat-
ing nitrogen donation as the critical function 
[81,82]. In c-Myc-driven fibroblasts, addition of 
TCA cycle intermediates is sufficient to prevent 
apoptosis on glutamine withdrawal but not suf-
ficient to rescue proliferation, indicating that in 
this system glutamine is required both for TCA 
cycle anaplerosis and for other functions [83].

�� Nucleotide biosynthesis
The rate-limiting step in purine biosynthesis 
is catalyzed by glutamine 5-phosphoribosyl-
1-pyrophosphate amidotransferase, which has a 
Michaelis constant for glutamine of 0.5–2.5 mM 
[84,85]. Under normal conditions, glutamine 
would not be rate-limiting for this reaction; 
however, glutamine depletion, for example 
during l-asparaginase treatment, is expected 
to impact this rate-limiting step [86]. Cultured 
leukemia cells treated with l-asparaginase are 
unable to progress into the S-phase of the cell 
cycle, possibly because low glutamine levels 
prevent sufficient nucleotide biosynthesis [87]. 
Indeed, a glutamine supply is critical for pro-
gression into S-phase in various cells [88–90], and 
it was recently demonstrated that whereas both 
glucose and glutamine are required for progres-
sion through the restriction point in mid-to-late 
G1 in HeLa cells, glutamine is the only sub-
strate essential for progression through S-phase 
[91]. The G1-to-S transition can be rescued in 
KRAS-transformed fibroblasts by addition of all 
four deoxyribonucleotides, indicating that the 
arrest of proliferation accompanying glutamine 
withdrawal is due to depleted nucleotide levels 
[28]. Further illustrating the importance of glu-
tamine as a nitrogen donor in proliferating cells, 
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Meng et al. found that rescue of glutamine with-
drawal by a-KG in Hep3B cells is dependent on 
an ability to generate glutamate from a-KG [82].

�� TCA cycle anaplerosis
For some proliferating cells, supplementation 
with a-KG alone is sufficient to rescue the prolif-
erative arrest induced by glutamine withdrawal, 
indicating that TCA cycle anaplerosis rather 
than nitrogen donation is the primary meta-
bolic role [81]. The major route for conversion 
of glutamine to a-KG is via GLUD1 (FiguRe 3). 
Some glutamate can also be formed as a result 
of amido-group transfer from glutamine during 
hexosamine and nucleotide biosynthesis, and 
some a-KG can be generated by trans aminases. 
Once glutamine-derived carbon enters the TCA 
cycle in the form of a-KG, it has several possible 
fates (FiguRe 3). In SF188 glioblastoma cells, up 
to 90% of anaplerotic oxaloacetate is derived 
from glutamine, and furthermore, the conver-
sion of glutamine to lactate generates sufficient 
NADPH to support fatty acid synthesis [92]. 
Secretion of alanine and ammonia accompa-
nies this rapid glutamine catabolism, such that 
most of the amino groups from glutamine are 
lost from the cell rather than incorporated into 
biomolecules [92].

Consistent with the critical role of TCA 
cycle anaplerosis in cancer cell proliferation, a 
range of glutamine-dependent cancer cell lines 
are sensitive to silencing or inhibition of GLS 
[23,93]. Although loss of GLS suppresses prolif-
eration, in some cases the induction of a com-
pensatory anaplerotic mechanism mediated by 
pyruvate carboxylase (PC) allows the use of 
glucose- rather than glutamine-derived carbon 
for anaplerosis [93]. Low glutamine conditions 
render glioblastoma cells completely dependent 
on PC for proliferation; reciprocally, glucose 
deprivation causes them to become dependent 
on GLUD1, presumably as a mediator of gluta-
mine-dependent anaplerosis [94]. These studies 
provide insight into the possibility of inhibiting 
glutamine-dependent TCA cycle anaplerosis 
(e.g., with 968 or BPTES) and indicate that 
high expression of PC could represent a means 
of resistance to GLS inhibitors.

In c-Myc-induced human Burkitt lymphoma 
P493 cells, entry of glucose-derived carbon into 
the TCA cycle is attenuated under hypoxia, 
whereas glutamine oxidation via the TCA cycle 
persists [95]. Upon complete withdrawal of glu-
cose, the TCA cycle continues to function and is 
driven by glutamine. The proportions of viable 

and proliferating cell populations are almost 
identical in glucose-replete and -deplete condi-
tions so long as glutamine is present. Inhibition 
of GLS by BPTES causes a decrease in ATP and 
glutathione levels, with a simultaneous increase 
in reactive oxygen species production. Strikingly, 
whereas BPTES treatment under aerobic con-
ditions suppresses proliferation, under hypoxic 
conditions it results in cell death, an effect 
ascribed to glutamine’s critical roles in allevi-
ating oxidative stress in addition to supporting 
bioenergetics.

In addition to deamidation, glutamine-
derived carbon can also reach the TCA cycle 
through transamination [96], and recent studies 
indicate that inhibition of this process could be a 
promising strategy for cancer treatment [30,97,98]. 
The transaminase inhibitor amino-oxyacetate 
selectively suppresses proliferation of the aggres-
sive breast cancer cell line MDA-MB-231 rela-
tive to normal human mammary epithelial cells, 
and similar effects were observed with siRNA 
knockdown of aspartate transaminase [97]. Treat-
ment with amino-oxyacetate killed glutamine-
dependent glioblastoma cells, in a manner that 
could be rescued by a-KG and was dependent on 
c-Myc expression [13]. Transaminase inhibitors 
have also been found to suppress both anchorage-
dependent and anchorage-independent growth 
of lung carcinoma cells [98].

�� Reductive carboxylation
The central metabolic precursor for fatty acid 
biosynthesis is acetyl-CoA, which can be gener-
ated from pyruvate in the mitochondria by pyru-
vate dehydrogenase. Since acetyl-CoA cannot 
cross the inner mitochondrial membrane, it is 
exported to the cytosol via the citrate shuttle 
following its condensation with oxaloacetate in 
the TCA cycle (FiguRe 3). In the cytosol, citrate 
is converted back to acetyl-CoA and oxalo-
acetate in a reaction catalyzed by ATP citrate 
lyase. In addition to its synthesis from glyco-
lytic pyruvate, citrate can also be generated by 
reductive carboxylation of a-KG [99]. Across a 
range of cancer cell lines, 10–25% of lipogenic 
acetyl-CoA is generated from glutamine via this 
reductive pathway; indeed, reductive metabo-
lism is the primary route for incorporation of 
glutamine, glutamate and a-KG carbon into 
lipids [32]. Some of the reductive carboxylation 
of a-KG is catalyzed by cytosolic IDH1, as well 
as by mitochondrial IDH2 and/or IDH3. 

In A549 lung carcinoma cells, glutamine 
dependence and reductive carboxylation f lux 
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increases under hypoxic conditions [32,34], 
such that glutamine-derived a-KG accounts 
for approximately 80% of the carbon used for 
de novo lipogenesis. Similarly, in melanoma cells, 
the major source of carbon for acetyl-CoA, citrate 
and fatty acids switches from glucose under nor-
moxia to glutamine (via reductive carboxylation) 
under hypoxia [31]. The hypoxic switch to reduc-
tive glutamine metabolism is dependent on HIF, 
and constitutive activation of HIF is sufficient 
to induce the preferential reductive metabolism 
of a-KG even under normoxic conditions [32]. 
Tumor cells with mitochondrial defects, such as 
electron-transport chain mutations/inhibition, 
also use glutamine-dependent reductive carbox-
ylation as the major pathway for citrate genera-
tion, and loss of electron-transport chain activity 
is sufficient to induce a switch from glucose to 
glutamine as the primary source of lipogenic 
carbon [33].

Together these studies indicate that mito-
chondrial defects/inhibition, and/or hypoxia, 
might sensitize cancer cells to inhibition of 
GLS. The fact that P493 cells are more sensitive 
to BPTES under hypoxic conditions could in 
part be explained by an increased reliance on 
glutamine-dependent reductive carboxylation 
for lipogenesis [95]. Intriguingly, cancer cells har-
boring neoenzymatic mutations in IDH1, which 
results in production of the oncometabolite 
2-hydroxyglutarate, are also sensitized to GLS 
inhibition [100]. 2-hydroxyglutarate is generated 
primarily from glutamine-derived a-KG [100,101], 
and therefore tumors expressing mutant IDH 
might be especially susceptible to alterations in 
a-KG levels.

Effects on redox homeostasis
One of the key endogenous antioxidants is glu-
tathione (GSH), a tripeptide of glutamate, cys-
teine and glycine. Not only is glutamine-derived 
glutamate directly incorporated into GSH 
molecules, but it is also required for uptake 
of cystine through the x

c
- cystine/glutamate 

antiporter to generate intracellular cysteine 
[90,102]. In addition to contributing to GSH 
synthesis, in some contexts glutamine could be 
important for the reduction of oxidized gluta-
thione to GSH by NADPH, since oxidation of 
glutamine-derived malate by the malic enzyme 
is an important means of NADPH generation 
(FiguRe 3) [92]. A robust supply of GSH protects 
tumor cells from the oxidative stress associated 
with rapid metabolism and is critical for tumor 
cell survival [103,104]. Within cancer cells, higher 

GSH levels have been associated with increased 
resistance to chemotherapy and selective GSH 
depletion has been proposed as a potential 
cancer therapy [103].

Potential adverse consequences of 
targeting glutamine metabolism
As with all therapies, the potential side effects of 
strategies impacting glutamine metabolism must 
be seriously considered. The widespread use of 
l-asparaginase to lower plasma asparagine and 
glutamine concentrations in ALL patients dem-
onstrates the potential for glutamine metabo-
lism to be safely targeted, and also sheds light on 
potential toxicological consequences. For exam-
ple, glutamine is known to be essential for the 
proliferation of lymphocytes, macrophages and 
neutrophils, and immunosuppression is a known 
side effect of l-asparaginase treatment, requir-
ing close monitoring [11,105]. Evidence from early 
trials using glutamine-mimetic anti-metabolites, 
such as l-DON, indicates that these unselective 
molecules can cause excessive gastrointestinal 
toxicity and neurotoxicity. Within the brain, 
GLS converts glutamine into the neurotransmit-
ter glutamate in neurons; astrocytes then take 
up synaptically released glutamate and convert 
it back to glutamine, which is subsequently 
transported back to neurons [106,107].

Studies of Gls-null and Gls-heterozygous 
mice highlight the importance of GLS within 
the CNS, and indicate that an inability to 
cross the blood–brain barrier is likely to be an 
advantageous property of drugs that target glu-
tamine catabolism [107–111]. Although no gross 
or microscopic defects are detected in periph-
eral organs or in the CNS of Gls-null mice, the 
animals die during the first postnatal day [108]. 
Glutamate levels in the brains of neonatal Gls-
null mice are approximately 50% lower than 
in wild type mice, and glutamatergic synaptic 
transmission is rapidly exhausted in cultured 
Gls-null neurons [108]. A possible cause of the 
observed neonatal demise is a hypoventilation 
phenotype, consistent with a glutamate-release 
deficit in neurons regulating respiration [108]. 
Additionally, renal GLS expression normally 
increases dramatically during acidosis, leading 
to excretion of NH

4
+ [112]; without this compen-

satory mechanism, Gls-null mice could develop 
respiratory acidosis [108]. Heterozygous mice, in 
contrast, survive and are remarkably normal in 
a wide-ranging battery of behavioral tests, in 
spite of a 50% global reduction of glutaminase 
activity [107].
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Conclusion
It has become clear during the past decade that 
altered metabolism plays a critical, in some cases 
even causal, role in the development and main-
tenance of cancers. It is now accepted that virtu-
ally all oncogenes and tumor suppressors impact 
metabolic pathways [5]. Furthermore, mutations 
in certain metabolic enzymes (e.g., isocitrate 
dehydrogenase, succinate dehydrogenase and 
fumarate hydratase) are associated with both 
familial and sporadic human cancers [113]. 
With this realization has come a renewed inter-
est in the possibility of selectively targeting 
the metabolism of cancer cells as a therapeutic 
strategy. The use of l-asparaginase to treat ALL 
by depleting plasma asparagine and glutamine 
levels and the promising outcome of the first use 
of dichloroacetate (which acts, at least in part, 
through its inhibition of the metabolic enzyme 
pyruvate dehydrogenase kinase) in glioblastoma 
patients [114,115], support the notion that cancer 
metabolism can be safely and effectively tar-
geted in the clinic. The metabolic adaptations 
of cancer cells must balance the requirements 
for modestly increased ATP synthesis, dramati-
cally upregulated macromolecular biosynthesis 
and maintenance of redox balance. By serving 
as a carbon source for energy generation, a car-
bon and nitrogen source for biosynthesis and a 
precursor of the cellular antioxidant glutathione, 
glutamine is able to contribute to each of these 
requirements.

The countless combinations of genetic 
alterations that are found in human neo-
plasias mean that there is not a single rigid 
metabolic program that is characteristic of all 
transformed cells. This perhaps explains why 
some current anti-metabolite chemotherapies 
(e.g., those targeting nucleotide synthesis) 
are effective only for certain malignancies. A 
deeper understanding of the metabolic altera-
tions within specific genetic contexts will allow 
for better-targeted therapeutic interventions. 
Furthermore, it seems highly likely that com-
bination therapies based on drug synergisms 
will be especially important for exploiting 
therapeutic windows within which cancer 
cells, but not normal cells, are impacted [37]. 
Glucose and glutamine metabolic pathways, 
for example, might be able to compensate 
for one another under some circumstances. 
When glucose metabolism is impaired in glio-
blastoma cells, glutamine catabolism becomes 
essential for survival [94]; reciprocally, suppres-
sion of GLS expression causes cells to become 

fully dependent on glucose-driven TCA cycle 
anaplerosis via PC [93]. The implication is 
that PC inhibition could synergize with GLS 
inhibition.

A topic warranting further investigation is 
the role that GLS2 plays in cellular metabo-
lism. GLS, in particular the GAC isoform, is 
upregulated downstream of oncogenes and 
downregulated by tumor suppressors, and is 
essential for growth of many cancer cells. In con-
trast, GLS2 is activated by the ‘universal’ tumor 
suppressor p53, and furthermore is significantly 
downregulated in liver tumors and can block 
transformed characteristics of some cancer cells 
when overexpressed [116–118]. Emphasizing the 
importance of genetic context, it was recently 
reported that GLS2 is significantly upregulated 
in neuroblastomas overexpressing N-Myc [119]. 
There are various possible explanations for the 
apparently different roles of two enzymes that 
catalyze the same reaction. Because the regula-
tion of GLS and GLS2 is distinct, they will be 
called up under different conditions. The two 
enzymes have different kinetic characteristics, 
and therefore might influence energy metabo-
lism and antioxidant defense in different man-
ners [20]. There is also evidence that GLS2 may 
act, directly or indirectly, as a transcription 
factor [118]. Finally, it is possible that the differ-
ent interactions of GLS and GLS2 with other 
proteins are responsible for their apparently 
different roles.

As our understanding deepens of the poten-
tial benefits and risks of targeting cancer cell 
metabolism as a therapeutic strategy, the devel-
opment of new technologies to study tumor 
metabolism in vivo will be of great value. 
18F-f luorodeoxyglucose positron emission 
tomography is routinely used to image tumors 
and relies on an enhanced rate of glucose uptake 
by cancer cells relative to their non-transformed 
neighbors. Analogs of amino acids (including 
glutamine) labeled with 18F or 11C have also 
been successfully used for positron emission 
tomography studies [120–124], and the ability 
to image glutamine uptake and metabolism 
could indicate specific tumor characteristics, 
and be used to monitor response to targeted 
therapeutic agents. Certain cancers, includ-
ing lymphomas and prostatic carcinomas, 
lack the high rates of glucose uptake necessary 
for 18F-f luoro deoxyglucose positron emission 
tomography, and glutamine-based positron 
emission tomography could be particularly 
useful for imaging these diseases [120].
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Future perspective
The recent identification of novel inhibitors of 
GLS, which can selectively block characteristics 
of the transformed state, represents an exciting 
advance from the toxicity associated with anti-
metabolite glutamine mimetics. As the field 
develops, it will become increasingly important 
to elucidate details of the regulation of glutamine 
metabolism within cancer cells and its integra-
tion with other metabolic adaptations. This will 
not only highlight the potential strengths and 
weaknesses of glutamine-targeted therapies, but 
will also reveal ‘loopholes’ for the development 
of drug resistance, along with opportunities for 
drug synergism.
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Executive summary

Cancer cell metabolism & glutamine addiction

�� Along with the Warburg effect, upregulated glutamine metabolism is a metabolic hallmark of cell proliferation and the transformed state.
Oncogenic alterations affecting glutamine metabolism

�� Many oncogenic signals induce cellular glutamine dependence and regulate multiple metabolic pathways for glutamine.
Strategies impacting glutamine metabolism

�� Early strategies for targeting cancer cell glutamine metabolism involved the use of glutamine mimetic anti-metabolites, such as l-DON. 
These molecules yielded promising preclinical data, but failed in clinical trials due to excessive toxicity, especially in the GI tract and the 
nervous system.

�� More recently, inhibitors have been identified that target specific aspects of glutamine metabolism. The small molecules 968 and BPTES 
represent two classes of allosteric inhibitors of the glutaminase isoenzyme GLS.

�� Inhibition of GLS can selectively suppress characteristics of cellular transformation, and 968 and BPTES both slow tumor growth in 
xenograft models.

Metabolic fates of glutamine & consequences of targeting cancer cell glutamine metabolism

�� Important roles played by glutamine in cancer cells include TCA cycle anaplerosis, nitrogen donation for nucleotide and hexosamine 
biosynthesis, precursor provision for glutathione production, and stimulation of mitogenic signaling.

�� Inhibiting aspects of cellular glutamine metabolism has the potential to impact numerous processes important for oncogenic growth. 
Possible side effects of targeting cancer cell glutamine metabolism include immunosuppression and neurotoxicity. Inability to cross the 
blood–brain barrier could be an advantageous property of any drug molecules that are developed.
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