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Abstract During the past decade, a heightened understanding
of metabolic pathways in cancer has significantly increased. It
is recognized that many tumor cells are genetically pro-
grammed and have involved an abnormal metabolic state.
Interestingly, this increased metabolic autonomy generates de-
pendence on various nutrients such as glucose and glutamine.
Both of these components participate in various facets of met-
abolic activity that allow for energy production, synthesis of
biomass, antioxidant defense, and the regulation of cell sig-
naling. Here, we outline the emerging data on glutamine me-
tabolism and address the molecular mechanisms underlying
glutamine-induced cell survival. We also discuss novel thera-
peutic strategies to exploit glutamine addiction of certain can-
cer cell lines.
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PHD Prolyl hydroxylase

PHGDH  Phosphoglycerate dehydrogenase
PK Pyruvate kinase

PSATI Phosphoserine aminotransferase
ROS Reactive oxygen species

SCs Surviving cells

SCO2 Cytochrome ¢ oxidase
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Sirt4 Mitochondrial ADP-ribosyltransferase
SLC1AS  Solute linked carrier family 1 member A5

TA Aminotransferase

TCA Tricarboxylic acid

TDG Thymine DNA glycosylase
TNF-x Tumor necrosis factor o«
Introduction

Early observations put forward the idea that mouse tumor cells
were different from differentiated tissues in that they metabo-
lize glucose by reprogramming their fermentative energy me-
tabolism pathway even when oxygen is abundant [1, 2]. Al-
though this term is coined “the Warburg effect,” it is a misin-
terpretation of damage in mitochondrial respiration instead of
damage to the regulation of glycolysis. It has governed basic
research and clinical implications over decades, leading, for
instance, to the development of the clinical procedure known
as '*fluoro-2-deoxyglucose imaging by positron emission to-
mography (PET), which has been used as a diagnostic test [3,
4]. The metabolic state of tumor cells have recently re-
emerged and are more complicated than previously thought.
The metabolic state is primarily based on nutrients available to
the tumors which have rewired their metabolic pathways,
thereby contributing to this metabolic autonomy [5—8]. The
discoveries of oncogenes and tumor suppressors that regulate
nutrient uptake and its utilization have provided insights that
nutrients per se play a pivotal role in cell growth and prolifer-
ation through a wide array of cell signaling pathways [9-15].
It is important to note that several lines of evidence suggest
that glutamine is an essential requirement to support anabolic
metabolism in tumor cells. This sheds new light on the impor-
tance of this nutrient to cell growth, proliferation, malignancy,
and stress resistance [16]. For instance, extracellular gluta-
mine can donate carbon and nitrogen to supply anabolic path-
ways and energy production. It has the ability to replenish
TCA cycle intermediaries (anaplerosis) and promote synthesis
of nucleotides, proteins, and lipids [17]. Although glutamine
contributes to anaplerosis in many tumor cells, in glioblasto-
mas, it has been recently described as a cataplerotic mecha-
nism, where glutamine-derived glutamate is secreted and does
not enter the TCA cycle. This mechanism relies on glutamine
synthetase (GS) activity, the enzyme that catalyzes, using
ATP, the synthesis of glutamine from glutamate and ammonia
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(NH*"), leading to nucleotide biosynthesis and support glio-
blastoma growth [18]. Moreover, glutamine might be robustly
correlated, rather than glucose, to maintain cancer invasion in
ovarian tumor growth and in overall patient survival [19].
Conversely, an elegant observation has shown that other nu-
trients such as aspartate and asparagine can prevent cancer cell
death during glutamine withdrawal [20]. Together, these find-
ings are paving the way to understand glutamine metabolism
and to exploit the metabolic nutrient state of susceptible pop-
ulations of tumor cells for cancer therapy.

In line with this notion, a substantial understanding of how
and which nutrients are important for proliferating tumor cells,
why some metabolic pathways are more important than others
to accompany tumorigenesis, and how the intricate glutamine
metabolism may be exploited for new therapeutic approaches
are also highlighted in this review.

Glutamine metabolism

Previous studies in cell culture and mouse models have sug-
gested the importance of glutamine for proliferating tumor
cells [21, 22]. In various physiological conditions, glutamine
is considered a nonessential amino acid (NEAA). In plasma, it
is found at a concentration of 0.6-0.9 mmol/L (most abun-
dant), and many tissues can synthesize this amino acid [23].
However, in pathophysiology, glutamine might turn essential,
reflecting the avid glutamine consumption by certain cancer
cell lines [24].

Glutamine metabolism begins with the uptake of glutamine,
which can be performed by four different families of amino
acid transporters. In fact, differential expression of each trans-
porter relies on cell type and the tissue that requires glutamine.
Interestingly, early observations have identified as
overexpressed the neutral amino acid transporter (ASCT2) in
human colorectal adenocarcinoma [25]. The main member of
the ASC family of transporters, also known as solute linked
carrier family 1 member A5 (SLC1AS), acts as a high affinity
transporter of glutamine, and it has been shown to be upregu-
lated in a diverse panel of cultured human cancer cell lines
[26-28]. Further analysis showed that the inhibition of
SLCI1AS decreased uptake of L-glutamine, inhibited the mam-
malian target of rapamycin (mTOR), triggered autophagy, and
cell death [29, 30]. After its uptake, glutamine catabolism be-
gins with an initial deamination converting glutamine to gluta-
mate, in a reaction catalyzed by a phosphate-dependent gluta-
minase (GLS1 and GLS2). This reaction also generates NH*,
a metabolic by-product that stimulates autophagy (see “Depot
for ammonia and autophagy”) [31]. Recently, GLS1 has been
described as an enzyme induced by the oncogene c-Myc (here-
after cited as Myc), which enhances GLS1 expression and
glutamine catabolism to support cell survival and proliferation
[11]. The role of GLSs and NH*' is addressed below (see
“Glutamine: paradoxical roles in cancer metabolism”).
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Moreover, glutamine can also supply amino groups for the
hexosamine biosynthetic pathway (HBP) [32]. The enzyme,
fructose-6-phosphate amidotransferase receives glutamine’s
amino group to generate fructose-6-phosphate, and then glu-
cosamine-6-phosphate, a key metabolite for posttranslational
modification, including N-linked and O-linked glycosylation
reactions [33]. In addition, L-glutamine serves in exchange
with the import of other amino acids such as arginine, cystine,
leucine, and others [29, 34, 35]. Finally, glutamine can directly
donate carbon and nitrogen for the synthesis of nucleotides
(e.g., purine and pyrimidines). Aspartate and glycine can par-
ticipate in the de novo synthesis of nucleotides, as glutamine
supports their production [33].

Glutamate can remain in the cytoplasm to be used for glu-
tathione synthesis and favor the intracellular redox homeosta-
sis. When the cytoplasmic environment is rich in glutamate,
cysteine, glycine, and ATP, the enzyme glutathione synthetase
generates reduced glutathione (GSH). A study using a panel of
human cancer cell lines has shown that the intracellular redox
balance between reduced and oxidized glutathione (GSSG)
represents one of the most important antioxidant systems in
cells [13]. Glutamate serves as a source of amino groups for
NEAA production, particularly aspartate and alanine. This set
of reactions transfers amino groups between glutamate and -
ketoacid which is used to synthesize proteins [16]. Moreover,
glutamate can enter into mitochondria and be oxidized to -
ketoglutarate (0-KG), reducing NADP" to NADPH or NAD"
to NADH and produces a second molecule of NH*". This
reaction is catalyzed by the glutamate dehydrogenase (GDH)
which also plays a pivotal role in cancer survival [36]. GDH is
the unique enzyme that can use NADP" or NAD" as cofactor.
During mitochondrial metabolism, «-KG can support TCA
cycle intermediaries through oxidation of succinly-CoA and
by reducing NAD" to NADH to maintain mitochondrial in-
tegrity and activity. In general, mitochondrial glutamine ca-
tabolism donates carbon skeletons to replenish TCA cycle
intermediaries, as malate is converted to pyruvate, and finally
transformed to lactate or alanine (glutaminolysis). Yet, the
production of malate plus the activity of a particular amino-
transferase enzyme (TA), known as aspartate-aminotransfer-
ase, represents a central cellular redox balance route between
mitochondria and the cytoplasm. The malate-aspartate shuttle
is able to transfer electrons to mitochondrial complex I, gen-
erating ATP, and resupplying NAD" that drives glycolysis.
Moreover, oxalacetate (OAA), another TCA cycle intermedi-
ary, in the presence of acetyl-CoA, can generate citrate, pro-
viding de novo fatty acid biosynthesis [17].

Intriguingly, it has been described that glutamine acts as a
compensatory metabolic route to maintain cancer progression.
For instance, recent findings showed an unknown role of glu-
tamine in a panel of human tumor cell lines with defective
mitochondria or under a hypoxia condition. In particular, these
cell lines produce citrate by reductively carboxylating &-KG

via NADPH-dependent isocitrate dehydrogenase (IDH),
supporting lipogenesis [37, 38]. In agreement with this study,
some somatic mutations in the IDH-1 and IDH-2 genes have
been found in gliomas and acute myelogenous leukemia
(AML). The mutations permit the ability to convert «-KG to
the metabolite 2-hydroxyglutarate (2-HG) [39]. The accumula-
tion of this oncometabolite (a small molecule of normal metab-
olism whose accumulation causes metabolic dysregulation) has
been linked with this metabolic switch and an altered epigenetic
state (e.g., histone and DNA dimethylation) which is advanta-
geous to promote cellular transformation [40]. Moreover, in
certain K-ras-mutant cell lines, macropinocytosis can support
uptake of extracellular protein to provide amino acid supplies
(e.g., glutamine) for cell growth [41]. Conversely, some evi-
dence suggests that the role of glutamine in anaplerosis is not
the direct mechanism to avoid apoptosis, and that enhanced
oxidation of branched chain amino acid (BCAA), as valine,
leucine, and isoleucine, can also fuel tumor cells’ bioenergetic
demand [20]. This metabolic state of malignant cells challenges
the current model and opens up interest to get a deeper under-
standing of this profound and intricate interplay between glu-
tamine and cancer metabolic reprogramming. The entire role of
glutamine metabolism has been summarized in a schematic
diagram, in Fig. 1.

Glutamine: paradoxical roles in cancer metabolism
Oncogenic and tumor suppressor signaling pathways

C. Shih et al. were the first to attribute that cancer was a
disease of altered genes [42]. However, the study carried out
by H. Varmus and J. M. Bishop boosted our knowledge of
cancer, leading them to win a Nobel Prize in 1989. The au-
thors showed that oncogenes were not actually viral genes and
might arise from genes normally present in cells [43]. As a
consequence of this seminal discovery, various oncogenes and
tumor suppressor genes have long been described to alter cell
physiology, including Myc, Ras, p53, PI3K, Akt, Her-2,
PTEN, and others [44].

Traditionally, oncogenes and tumor suppressor genes were
first indentified as regulators of the cell cycle and proliferative
signaling pathways. They were later found to regulate growth
suppression and cell death. Conversely, recent findings have
showed that oncogenes and tumor suppressor genes orches-
trate metabolic needs of cells while proliferating. These in-
sights brought renewed attention to the study of metabolic
pathways involved in tumor growth. Medina and colleagues
were the first to discuss the role of glutamine metabolism in
cancer [45], but only recently, DeBerardinis et al. have ob-
served that transformed cells rely on glutamine metabolism
to support the synthesis of protein and nucleotides, despite
aerobic glycolysis. By using a '>CNMR spectroscopy tech-
nique to study gliomas, the authors showed the catabolic fate
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Fig. 1 Certain tumor cell lines rely on glutamine utilization to support
growth, proliferation, and survival. The import and export of glutamine is
performed through surface transporters, like SLC1AS and SLC7AS, and
in the exchange for the uptake of extracellular EAAs, respectively.
Moreover, in certain K-ras-mutant cell lines, macropinocytosis can sup-
port uptake of extracellular protein to provide amino acids such as gluta-
mine. In the cytoplasm, glutamine serves as primary source of nitrogen,
which supports biosynthetic production, including de novo nucleotide
and amino acid synthesis, hexosamine biosynthetic pathway
(glusosamide), and glutathione synthesis (GSSG/GSH). In mitochondria,
glutamine anaplerosis replenishes TCA cycle intermediates as precursors

of glutamine, which supports the synthesis of macromolecules
and the intracellular redox balance. They showed that gluta-
mine seems to maintain cell survival by providing anaplerotic
precursors to maintain TCA cycle intermediates,
glutaminolysis, and high levels of NADPH [17]. In this cur-
rent section, we highlight the versatile role of glutamine and
the intricate interplay between this amino acid and the most
notorious oncogenes and tumor suppressor gene signaling
pathways.

Myc

The first to appreciate that glutamine withdrawal induces
Myc-dependent apoptosis were Yuneva et al. They demon-
strated that apoptosis precedes TCA cycle intermediary de-
pletion and might be reverted when cells were incubate in the
presence of pyruvate and OAA [15]. Mechanistically, Myc
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for macromolecule production such as citrate, which is used to fuel lipo-
genesis. In addition, mitochondrial glutamine can generate energy
through ATP production via OXPHOS. During glutaminolysis, both en-
zymes GLS and GDH produce NH*", which plays a central role in au-
tophagy and cancer progression. Glucose metabolism represents a source
of ATP as well as a source of biosynthetic precursors for tumor growth.
EAA essential amino acids, Glu glutamate, Cys cysteine, Lac lactate, xC
exchange amino acid transport, MCT4 lactate transporter, a-KG «-keto-
glutarate, NEAA nonessential amino acid, Gly glycine, OAA oxalacetate,
Pry pyruvate, AcCoA acetyl coenzyme A

regulates glutamine uptake and glutaminolysis due in part by
increasing the transcriptional expression of glutamine trans-
porters, GLS1, and lactate dehydrogenase (LDH). According-
ly, despite glucose being present, Myc can induce a metabolic
switch leading to glutamine addiction. This is required to
maintain anaplerosis and mitochondrial activity. Subsequent
experiments showed that Myc-transformed cells, when chal-
lenged with an inhibitor of glutamate-dependent transami-
nases [known as aminooxyacetate (AOA)], activated the in-
trinsic apoptotic pathway as the mechanism of cell death.
Interestingly, when Myc-transformed cells were supplement-
ed with cell-permeable «-KG, these cells increased sensitivity
to resist apoptosis [14]. Other studies have shown that Myc
regulates glutamine metabolism in human cancer cells by
transcriptionally repressing microRNAs: known as miR-
23a/b. This results in increased mitochondrial GLS1 expres-
sion. The authors found that Myc-induced glutamine
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catabolism seems to provide energy through mitochondrial ac-
tivity and to maintain a reducing equivalent avoiding oxidative
stress [11].

In fact, some studies have shown unquestionable evi-
dence that targeting glutamine metabolism, like blocking
mitochondrial GLS1 activity, could be used to suppress
tumor cell growth and transformation [36, 46]. However,
recent findings have suggested that even silencing GLS1
could suppress, but not eliminate, glioblastoma cell growth
in vitro and in vivo. By using a metabolic flux technique,
the authors found a compensatory anaplerotic mechanism
pyruvate-carboxlyase-dependent (PC) that provides OAA
and pyruvate, resulting in resistance to apoptosis in a
glutamine-depleted state [47]. In line with this notion, to
investigate how glutamine catabolism can suppress apo-
ptosis, Zhang et al. screened by RNAi-based techniques
factors what could protect Myc-transformed cells from ap-
optosis during glutamine withdrawal. The authors found
that knockdown of citrate synthase (CS) resulted in redi-
rection of OAA into aspartate and asparagines biosynthe-
sis, blocking cell death [20].

Remarkably, in neuroblastomas with high N-Myc ex-
pression, a particular apoptosis cell death pathway
(ATF4-dependent), but p53-independent (during glutamine
depletion) was indentified. The authors showed that apo-
ptosis could be prevented by restoring TCA cycle interme-
diaries such as «-KG and OAA [48]. Nonetheless, other
recent findings also showed that breast cancer cells with a
Myc signature accumulated 2-HG in the presence of gluta-
mine [49].

Glutamine anaplerosis is transcriptionally regulated by
Myec. Surprisingly, it has only recently been proposed that
a number of human and murine cells undergoing aerobic
glycolysis, and upon glutamine limitation, can upregulate
the expression of GS. The mechanism by which Myc reg-
ulates GS activity is directly associated with thymine DNA
glycosylase (TDG). TDG promotes active demethylation
of the GS promoter and its increased expression [50].
Therefore, de novo glutamine synthesis serves as a meta-
bolic route used for cancer cells rather than glutamine
anaplerosis through the TCA cycle. Thus, it is reasonable
to speculate that in tumor tissue, under glutamine shortage,
there is a mechanism that supports de novo glutamine syn-
thesis. In fact, Kung et al. showed that basal-type, but not
luminal-type, breast cells rely on glutamine utilization,
while luminal cells can also rescue basal cells in coculture
during glutamine limitation. There is due to luminal-
specific expression of GS, which is directly induced by
GATA3, which represses the glutaminase expression [51].

Thus, the complex mechanism by which Myc-induced glu-
tamine catabolism and anabolism has heightened our compre-
hension of tumor biology of certain cancer cells and may
prove to be more useful in cancer therapies.

K-ras

The Ras family of proteins is involved in signal transduction
from tyrosine kinase receptor and plays a key role in cell
growth and survival [52]. Early evidence has showed that cells
harboring constitutive K-ras expression increased glucose up-
take and lactate production [53—-56]. Subsequent reports have
also demonstrated that human colon cancer cell lines and K-ras
transformed NIH3T3 fibroblast could also rely upon glutamine
metabolism through functional mitochondrial activity [10, 57].
A comprehensive analysis of metabolic reprogramming in K-
ras transformed NIH3T3 fibroblast and human breast cell lines
(K-ras-mutant) was performed later by Gaglio et al. The au-
thors showed that K-ras transformed fibroblast decoupled glu-
cose and glutamine metabolism leading to an increase utiliza-
tion of carbon skeleton and amino-nitrogen glutamine-derivate
through the TCA cycle or transamination activities to sustain
macromolecule biosynthesis [58].

Recently, a noncanonical pathway of glutamine metabolism
in human pancreatic ductal adenocarcinoma (PDAC) cells that
regulates cellular redox homeostasis has been indentified, and it
is required for these tumors to grow. The authors found an
unusual route where glutamine is converted into aspartate,
and it can be transported to the cytoplasm through the malate-
aspartate shuttle. In the cytoplasm, aspartate can be converted
into OAA by the activity of aspartate transaminase (GOT1).
Subsequently, OAA is converted to malate and pyruvate, which
are used by malic enzyme (ME1) to sustain the NADPH/
NADP™ ratio, which maintains cellular redox homeostasis
[13]. Since the oncogenic K-ras-mutation is present in more
than 95 % of PDAC, this oncogene has been considered as a
master regulator pathway that uses glutamine metabolism to
decrease intracellular ROS levels, contributing significantly to
cell proliferation and tumorigenesis [59]. In this regard, it was
reasonable to speculate that the tumor microenvironment of
PDAC usually contains depleted levels of glutamine. Remark-
ably, it has been reported that Ras-transformed cell lines utilize
the macropinocytosis process to uptake extracellular protein
into the cell. This mechanism of internalization and proteolytic
degradation of protein restores the intracellular amino acid pool
including glutamine. The authors suggested that it appears to
support Ras-transformed cell metabolism when glutamine is
scarce [41].

Related to tumor cell survival, recent observations have
indicated that a population of dormant tumor cells remained,
which are resistant after K-ras oncogene ablation (hereafter
cited as surviving cells (SCs)) rely on OXPHOS activity for
survival. After oncogene ablation, SCs rely less on glucose
and glutamine and more on pyruvate and palmitate to restore
TCA cycle intermediates [60]. However, the genetic or phar-
macological inhibition of glutamine metabolism sensitizes tu-
mors to B-lapachone. This compound is an NADPH:quinone
oxidoreductase that leads to NADPH and NAD" depletion
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through the enhancement of ROS levels and hyperactivation
of poly(ADP ribose) polymerase (PARP), respectively. As a
consequence, combination therapy leads to cell death in on-
cogenic K-ras-expressing cells but not wild-type K-ras-
expressing cells [61]. Together, these finding suggest that K-
ras-mutant cell line-mediated activation of glutamine catabo-
lism can provide rational targets to be novel anticancer
therapies.

p33

Tumor suppressor genes have also been correlated with met-
abolic reprogramming in cancer. The most important tumor
suppressor gene, known as p53 gene, encodes the transcrip-
tion factor (p53). Expression is related to a wide array of stress
stimuli through a complex cell signaling network. The role
that p53 exerts on metabolic rewiring has been extensively
investigated, but how p53 directly controls tumor cell metab-
olism remains to be elucidated [62]. Early studies found that
p53-deficient cells increase glycolysis and decrease OXPHOS
through the direct control of p53-inducible regulator of gly-
colysis and apoptosis (TIGAR) and cytochrome ¢ oxidase
(SCO2), respectively [63, 64]. Most recently, other observa-
tions have characterized a direct role of p53 by regulating the
enzymes involved in glutamine metabolism such as GLS2 and
malic enzymes (ME1 and ME2). Accordingly, activation of
p53 seems to support tumor growth suppression and mainte-
nance of senescence [65, 66]. The activation of p53 augment-
ed GLS2 expression, resulting in enhanced levels of glutamate
and «-KG, increased mitochondrial respiration/ATP produc-
tion, and decreased ROS levels [65]. Moreover, p53 increased
GLS2 expression in response to oxidative stress and accumu-
lation of genome damage, reducing tumor formation [67]. p53
activation represses ME1 and ME2, decreasing glutamine me-
tabolism, rather than glucose metabolism, leading to senes-
cence [66]. Taken together, these findings demonstrate that
the activation of p53 drives glutamine metabolism to restore
cell homeostasis and tumor suppression through increased
levels of GSH and decreased levels of ROS. Consistent with
these observations, GLS2 expression was almost absent or
significantly decreased in glioblastomas and overexpression
of GLS2 was sufficient to strongly inhibit tumor progression
[68]. Likewise, the correlation between p53 (that regulates
GLS2), but not GLS1, and Myc that regulates GLS1 (but
not GLS2) is tempting data to support the hypothesis that
glutamine metabolism may be exploited for the discovery of
therapeutic targets in different tumor cell lines which are ge-
netically reprogrammed.

Surprisingly, recent reports have now highlighted a p53
signaling pathway that senses glutamine levels and mediates
cell survival. The authors have found a serine/threonine pro-
tein phosphatase 2A-associated protein (PP2A) containing a
regulatory subunit known as B55« that activates p53 through
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dephosphorylation of the domain-containing E3 ubiquitin li-
gase (EDD). Accordingly, the B55a-EDD-p53 pathway acti-
vation is mediated by ROS accumulation as a consequence of
glutamine deprivation and is required for tumor growth [69].
Thus, although p53-mutant confers a selective growth advan-
tage to cancer cells, loss of p53 impairs the ability of cancer
cells to respond to nutrient deprivation. These features can be
exploited to form therapeutic benefits to treat different human
cancer cell lines, which harbor genetic alterations of TP53-
encoding gene [70].

Sirt4 and Hacel

Others tumor suppressor genes have been reported to regulate
glutamine metabolism, including Sirt4 and Hacel. Sirtuin is a
family of NAD+-dependent deacetylases, deacylases, and
ADP-ribosyltransferases proteins. Sirt4 is a mitochondrial
ADP-ribosyltransferase protein involved in cell metabolism
and aging [71]. Early evidence has connected the role of Sirt4
on glutamine metabolism as a potent inhibitor of GDH in
pancreatic {3 cells [71]. More recently, GDH has been reported
to be linked to DNA damage, glutamine metabolism, and
SIRT4 in cancer [72]. After exposure of various cell lines to
UV irradiation, the authors performed a time-course tracer
study of [U-'">C5]glutamine. They found a mechanism of
DNA damage that drives Sirt4-mediated inhibition of gluta-
mine anaplerosis necessary for cell cycle control. In addition,
Sirt4-deficient fibroblasts have the ability to grow faster than
their normal counterparts and developed lung tumors. Consis-
tently, Sirt4 is a tumor suppressor acting as a repressor of the
enzyme GDH, thereby blocking glutamine catabolism and
cancer progression [73]. Remarkably, documenting a relation-
ship between mTORCI and Sirt4 has provided insights into
tumor biology. Csibi et al. have showed that mTOR1 regulates
GDH heightening glutamine catabolism (anaplerosis) through
destabilization of the cAMP response element binding-2
(CREB2), which decreases Sirt4 expression [74].

Another tumor suppressor gene, known as Hacel E3 li-
gase, is inactivated in a diverse range of human cancer cell
lines. Hacel E3 ligase was recently been identified to play an
important role in glutamine metabolism. Hacel is involved in
decreasing the levels of superoxide and ROS level in vitro and
in vivo. The interplay between glutamine and antioxidant
mechanisms, such as NADPH and GSH, made it reasonable
to test whether Hacel mutantion alters glutamine metabolism.
The authors showed that Hacel-mutant mouse embryonic fi-
broblasts (MEFs) were more sensitivity to glutamine with-
drawal and exogenous inhibitors of glutamine metabolism as
compared to normal counterparts. Hacel-mutant MEFs in-
creased cellular sensitivity to ROS-associated apoptosis. Inter-
estingly, treatment with the antioxidant N-acetylcysteine
(NAC) or the TCA cycle intermediate OAA rescued cell sur-
vival. Accordingly, Hacel-mutant MEFs relied on glutamine
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uptake and NH*" secretion to cope with the stress responses,
including ROS production and microenvironment acidifica-
tion [75].

Energy addiction, growth, and proliferation

The commitment of proliferating cells to drive anabolic needs
(to support production of macromolecules) is consistent with
the steady demand for increased energy addiction. To fine tune
the high energy demands, tumor cells increase nutrients up-
take like glucose and glutamine.

The most important energy signaling pathway is the PI3K/
Akt/mTOR and is a common lesion in human cancer [76]. It is
evident from many reports that the PI3K/Akt/mTOR pathway
regulates glucose metabolism. Improved mitochondrial activ-
ity through the downstream control of mTORC1 [77-80] re-
quires amino acids to promote protein synthesis, cell growth,
and proliferation [8, 81]. Early evidence has suggested that the
uptake of exogenous L-glutamine and its efflux out cells
serves to maintain intracellular levels of essential amino acids
(EAA) such as leucine, leading to the activation of the mTOR-
S6K1 pathway. These findings provide further evidence that
L-glutamine directly impacts on upstream mTORC]1, leading
to EAA exchange to regulate cell growth and proliferation
[29]. Interestingly, intracellular levels of glutamine and leu-
cine support glutaminolysis, promoting lysosomal transloca-
tion and mTOR activation [82]. Likewise, another report has
demonstrated that mTORCI1 activation regulates positively,
GDH; this launches a robustly anabolic response through glu-
tamine catabolism. Mechanistically, it has been shown to in-
volve Sirt4/CREB2 repression/degradation (see “Sirt4 and
Hacel”) [74]. Another study has demonstrated a key insight
into the role of mMTORC1 and Myc as central regulators of
glutaminolysis. The authors have shown that mTORC1 regu-
lates GLS1 expression, but not GLS2, through S6K1/elF4B
substrates via Myc-dependent activation. They also suggested
the rationale of targeting glutamine metabolism as a cancer
therapy [9]. Thus, glutamine catabolism is directly controlled
by mTOR activation.

In addition, recent work has demonstrated that glutamine
seems to act coordinately to control mTOR activation and
inflammation. Accordingly, when glutamine was scarce in
the cell culture medium, it induced an endoplasmic reticulum
(ER) stress-response consistent with the induction of expres-
sion and secretion of chemokines (e.g., interleukin-8 (IL-8)).
As a result, short-term glutamine restriction activated the
mTOR-IRE1-JNK pathway and strongly enhanced the au-
tophagy response. Interestingly, IL-8 secretion was
autophagy-independent and it has successfully correlated with
deficient glutamine-anaplerosis precursors, since dimethyl
alpha-KG (DM--KG) supplementation was sufficient to ab-
rogate IL-8 secretion. The authors have also suggested that the
decrease of TCA intermediaries after glutamine deprivation

may be consistent with increased ROS levels, whereas the
treatment with NAC reduced IL-8 secretion [83]. These find-
ings are consistent with our observations, in which tumor cell
lines when subjected to high exposure of nitric oxide (NO) or
hydrogen peroxide (H,O,) activated their transcriptional pro-
file, favoring pro-inflammatory signaling. As a result, these
cell lines became radioresistance, as well as resistance to many
anticancer agents when compared with their corresponding
parent cell lines [84, 85]. Shanware et al. further developed
the idea that potential inhibitors of glutamine metabolism,
including compound 968, bis-2-(5-phenylacetamido-1,2,4-
thiadiazol-2-yl)ethyl sulfide (BPTES), and glutamine analo-
gous (see “Targeting glutamine metabolism” for therapy)
might also be combined with antagonists of chemokines for
therapeutic purposes to treat radioresistance cancer cells [83].

Current models describe how non amino acid availability
inhibits mTOR activity and how autophagy is directly activat-
ed. In this regard, autophagy is activated to recycle macromol-
ecules through the lysosome for subsequent fuel bioenergetic
programs [86]. Remarkably, Palm et al. showed that the
mTORCI1 pathway has opposing effects on cell proliferation
depending on the amino acid source available. For example,
during nutrient-depleted conditions, the inhibition of
mTORCI results in increased catabolism of endocytosed pro-
teins and autophagy, enhancing cell proliferation [87]. There-
fore, taken in consideration of the contribution of
glutaminolysis to autophagy, which was not consistent with
nutrient deprivation and mTOR inhibition, it was dependent
on ammonia production. These data may provide key insights
in the current mechanism of interplay between glutamine and
cell signaling in cancer that needs to be further investigated
[31, 83]. We address this specific topic below (see “Depot for
ammonia and autophagy”).

Another important pathway extensively studied in cancer is
the AMP-activated Ser/Thr protein kinase pathway (AMPK).
It is evident from many reports that AMPK serves as a cellular
energy sensor, which regulates metabolism to maintain cellu-
lar energy homeostasis. In low-energy states, AMPK coordi-
nates many metabolic pathways by favoring catabolism to
produce energy while it shuts down key anabolic bioenerget-
ics programs such as the synthesis of simple molecules and
macromolecules [88]. To efficiently preserve energy, AMPK
is capable to activate autophagy, to inhibit lipogenesis, and to
block mTORCI1 activation and subsequent protein biosynthe-
sis [89-91]. Emerging observations argue for a more profound
metabolic function of AMPK. AMPK activation is sufficient
to repress aerobic glycolysis in tumor cell lines and inhibits
tumor growth in vivo. Clearly, the authors showed the reallo-
cation of glucose into the biomass (e.g., amino acids and
lipids) when AMPK was inactivated, suggesting that AMPK
plays a role in preventing cancer progression [92]. However,
AMPK activation under nutrient deprivation or in tumor cell
lines genetically programmed by oncogenes can maintain
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metabolic homeostasis and survive [93, 94]. It explains in part
the interplay between glutamine metabolism and AMPK, de-
spite the fact that the full mechanism is not currently under-
stood. Observations like these have showed that human and
murine cell lines with Myc-derangement expression are de-
pendent on AMPK-related kinase 5 (ARKS), enabling AMPK
activation, and mTORCI inhibition. The ARKS signaling was
required to enhance energy production via glutaminolysis,
providing intermediates for the TCA cycle. As a result, tumor
cells are able to maintain mitochondrial integrity and respira-
tory capacity [93].

Another important pathway involved in adaptive response
to nutrient stress is the protein kinase C. It has been reported
that an unexpected metabolic reprogramming of protein ki-
nase C (PKC({)-deficient human cancer cells that increase
the glutamine metabolism, during glucose starvation, through
the serine biosynthetic pathway, leading to a rise in the anti-
oxidant defense. PKC( represses the expression of either
PHGDH and PSAT1 enzymes, diminishing or abolishing the
flux of 3-phospoglycerate to serine formation, and it could be
the reason of why PKC( acts as a tumor suppressor. These
findings suggest that malignant cells exhibit metabolic flexi-
bility to sustain growth and survival [94].

Although the role of glutamine in cancer progression has
been extensively studied over recent years, more findings may
be meaningful to understand the interplay between glutamine
and the cell signaling response (e.g., mTORC1, AMPK, and
other protein kinases) in a wide range of stimuli and in a
specific cellular context.

Oncometabolites for synthesis of biomass and malignancy

As previously detailed, tumor cells rely on glucose and gluta-
mine metabolism to grow. It is likely that glutamine metabo-
lism along with aerobic glycolysis can also support building
block synthesis (e.g., amino acids, lipids, and nucleotides),
redox balance, energy production, and cell signaling in cancer.
In tumor cells, the glycolytic flux is tightly coordinated by
HIFI-«, which regulates the expression of a variety of en-
zymes involved in glucose metabolism, including Glutl,
HKs, PFK2, aldolase, PGM, PKM2, LDHA, PDK1, and
MCT4 [44]. The excess consumption of glucose is due in part
to generate ATP via glycolysis, although this process is an
important source of biosynthetic precursors rather than a
source of ATP [95]. Intriguingly, to optimize bioenergetics
demand, hematopoietic cells coupled glutamine consumption
to glucose availability, while K-ras transformed NIH3T3 fi-
broblast decoupled glucose and glutamine metabolism to sus-
tain cell growth [32, 58]. Here, we highlight the role of the
most important glycolytic and glutaminolytic enzymes in-
volved in cancer progression and how these enzymes might
coordinate cell metabolism during the transformation process.
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It is reasonable to think that the “TCA cycle clockwise”
happens when cancer cells need a high demand of ATP, to
coordinate a preparation phase for proliferation, as well as
the production of GSH, since the DNA will be exposed to
ROS and RNS, which are linked with DNA mutations in
cancer [96-98]. Tu et al. showed an interesting pattern of
metabolite accumulation during periodic phases of Saccharo-
myces cerevisiae [99]. They observed that numerous amino
acid precursors and amino acids, nucleotide precursors (e.g.,
IMP), and TCA cycle intermediates (e.g., isocitrate, succinate,
and pyruvate) increased significantly during the oxidative
phase, confirming the anaplerotic role of the TCA cycle clock-
wise, in which NADH production is exacerbated to be used
into the electron transport system. On the other hand, during
the reductive/building phase, a high abundance of metabolites
like pyruvate and glucose-6-phosphate indicated the transition
from oxidative to glycolitic metabolism, reducing the risk of
DNA damage through oxidative stress. Notably, it happens if
cancer cells have dynamic TCA cycle operating and a func-
tional complex I [100]. However, many tumor cells have been
discovered with mutations in genes that encode TCA cycle
metabolic enzymes, including succinate dehydrogenase
(SDHB, SDHC, and SDHD), fumarate hydratase (FH), and
mitochondrial isocitrate dehydrogenase (IDH1 and IDH2)
[40]. How can mutations in metabolic enzymes favor the cell
transformation process? Techniques have improved in isoto-
pic labeling of metabolites. Thus, it is becoming possible to
analyze in detail the metabolic rewiring of tumor cells. For
instance, both SDH and FH are key enzymes of the TCA cycle
that convert succinate to fumarate and fumarate to malate,
respectively. Early studies have described mutations in sub-
units B, C, and D of SDH and mutations in FH, which are
associated with the development of paraganglioma and renal
cell carcinoma [101]. These mutations contribute with the
accumulation of oncometabolites (such as succinate and fu-
marate which are released into the cytosol), where they con-
tribute to the inhibition of the prolyl hydroxylase enzymes
(PHDs) [102]. Of note, the inhibition of PHDs leads to stabi-
lization of HIF1, causing a tumorigenic pseudo-hypoxia
state. Recently, it was proposed that the accumulations of both
succinate and fumarate drive oncogenesis through the inhibi-
tion of a-KG-dependent histone and DNA demethylases,
leading to subsequent alterations of genome-wide histone
and DNA methylation [103]. Intriguingly, it has been demon-
strated that modified mouse kidney Fhl-deficient cells in-
crease in the glutamine uptake. These Fhl-deficient cells use
significantly more glutamine than Fh-normal cells through the
accumulated TCA cycle metabolites, leading to partial mito-
chondrial NADH production [104].

The massive elevation of 2-HG in tumors with mutated
IDHI1 (cytosolic) or IDH2 (mitochondrial) has shown a reduc-
tive pathway of glutamine metabolism dependence to surviv-
al. Moreover, genetically suppressed expression of the
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pyruvate dehydrogenase A1 (PDHA1) relies on the reductive
carboxylation branch of glutamine metabolism through IDH1
to generate lipogenic acetyl-CoA [105]. In this context, gluta-
mine is the major lipogenic precursor for cancer cell growth. It
plays a key role to restore the intracellular redox homeostasis,
rendering an oxidative function [37]. Moreover, the accumu-
lation of 2-HG has been linked to modulate gene expression in
cancer cells through epigenetic modifications, including inhi-
bition of DNA and histone demethylases, and activation of
prolyl hydroxylases, which are consistent with cell transfor-
mation [39, 106—-108].

This noncanonical mechanism facilitates the reductive car-
boxylation from «-KG to isocitrate by mediation of IDH2 and
IDH3, and then, by the activity of aconitase, it can be trans-
formed to citrate. It is interesting to note that IDH2 uses
NADPH as cofactor and IDH3 uses NADH. Thus, reductive
carboxylation can act as a regulator of the redox balance, by
maintaining the NADH/NADPH ratio. When citrate accumu-
lates, it is exported from mitochondria to the cytoplasm, where
it could be converted into OAA and AcCoA by the activity of
ATP citrate lyase (ACLY). ACLY activity relies on ATP as a
rate-limiting cofactor; therefore, when cancer cells have a high
concentration of ATP and NADPH, this enzyme favor lipid
biosynthesis and cell proliferation [109]. Interestingly, the in-
hibition of ACLY can decrease tumor growth [110]. Further-
more, OAA can be transformed to aspartate for protein syn-
thesis, or can be fueled to generate lactate. This set of reactions
are consistent with the conversion of OAA to malate by the
cytosplasmatic malate dehydrogenase, then to pyruvate by
MEL, and finally to lactate by LDHA. Lactate is considered
another important oncometabolite that plays a key role in can-
cer. It is known that lactate can be produced from glucose
metabolism, glutamine metabolism, and serine metabolism,
but the understanding of the intermediary metabolism reper-
toire used for tumor cells to produce the same metabolite re-
mains under strong investigation in cancer biology. The vast
literature on cancer biology has pointed out the role of lactate
as an oncometabolite generated by “the Warburg effect.” More
recently, using advanced labeling techniques, it has been dem-
onstrated in glioblastoma cells that the lactate produced by
glutaminolysis was necessary to increase NADPH, supporting
fatty acid synthesis [17]. Intriguingly, cancer cells responded
to serine deprivation by decreasing lactate production, where
serine takes place as an allosteric activator of PKM2 [111]. For
example, glucose limitation elicits an increased metabolic flux
from glutamine metabolism into the serine and glycine bio-
synthetic pathway [112]. In this context, some studies have
addressed the key role of some metabolic enzymes that partic-
ipated directly or not, on the gluconeogenesis; for example,
phosphoenol pyruvate carboxylase kinase (PEPCK) activation
or PFKFB3 inhibition. These enzymes are important steps
required to control metabolism of tumor cells during nutrient
deprivation [113, 114]. Overall, these data suggest that tumor

cells have much more complex metabolic repertoire than pre-
vious appreciated, and that some tumor cells are reliant on
glutamine toward anabolic metabolism. As we have men-
tioned, the glutamine catabolism drives the ATP production
by the TCA cycle clockwise, and proliferation by reductive
carboxylation. An important by-product of this process is cit-
rate, which has a pivotal role in glycolysis. When ATP accu-
mulates, it inhibits a phosphofructokinase (PFK), a rate-
limiting enzyme of the glycolytic pathway. PFK inhibition is
enhanced by citrate, which diminishes the glycolytic flux
[115], and sustains the uptake and utilization of glutamine.
Many studies have focused on nutrient deprivation to un-
derstand the metabolic flexibility displayed by cancer cells.
For example, when glucose is scarce, cells adapt by switching
to glutamine as a carbon source, but when cells growing dur-
ing glutamine shortage, glucose becomes the major nutrient
source. As previously mentioned, it has been proposed that
phosphoenolpyruvate carboxykinase (PEPCK), the rate-
limiting enzyme of gluconeogenesis (that catalyzes the con-
version of OAA into phosphoenolpyruvate) increases glucose
and glutamine utilization toward anabolic metabolism, lead-
ing to cancer cell proliferation. There are two isoforms,
PEPCK1 or PCK1 (cytosolic) and PEPCK2 or PCK2 (mito-
chondrial). Interestingly, it has been shown that PCK2 regu-
lates gluconeogenic process in nonsmall cell lung cancer
(NSCLC), using carbons derived from glutamine to produce
biosynthetic intermediates. They demonstrated that
glutaminolysis can support citrate production and serine bio-
synthetic pathway during glucose restriction. Montal et al.
studying the PCK expression in colon cancer samples, found
PCKI increased, but not PCK2. After silencing PCK1, they
found a decrease of intermediary TCA’s metabolites and the
regression of the tumor volume. Unexpectedly, they found the
carbons derived from glutamine in pentose phosphate path-
way (PPP), and the production of ribose from glutamine, elu-
cidating a new anabolic pathway [113]. Taken together,
PEPCK is a central enzyme that connects carbon metabolism.
Coordinating metabolism of glucose, glutamine, and other
amino acids, as well as PEPCK directly regulates the TCA
cycle flux and cell proliferation. As such, PEPCK’s role can
be exploited for cancer therapy. Most recently, the role of
serine and glycine has been appreciated in cancer [116]. Can-
cer cells uptake glucose and glutamine to produce serine and
glycine, using intermediate metabolites of glycolysis and
glutaminolysis. For instance, 3PG, a glycolytic metabolite, is
converted to 3-phosphopyruvate by PHGDH, and it is
transaminated with glutamate (mainly produced by the
glutaminolytic pathway) to produce 3-phosphoserine, and
consequently, serine and glycine. The PHGDH expression is
frequently upregulated in melanoma and triple negative breast
cancers [117]. The serine biosynthetic pathway is a crucial
point in glucose metabolism [118]. Cancer cells can consume
glycine through the one carbon metabolism, producing
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nucleotides, lipids, proteins, and other cofactors, or using it as
an anaplerotic fuel of the TCA cycle and antioxidant defense.
These nutrients can be used for the biosysnthesis of proteins,
contributing to cancer cell metabolic autonomy [117, 119]. In
2013, Maddocks et al. showed that p53 is related to serine
starvation and oxidative stress, preserving the cellular antiox-
idant capacity. Cancer cells lacking p53 reduced their viability
and proliferation [120]. Recently, the p53-family member p73
has been linked to play an important role in the serine biosyn-
thesis, under metabolic stress [121]. The glycine generated by
the serine metabolism is related to maintain DNA stability and
normal methylation patterns [122, 123]. Related effects of
folate metabolism were reported by Farber and Diamond in
1948, after treatment of children with AML by the treatment
with 4-aminopteroylglutamic acid, leading to a temporary re-
mission of leukemia [124]. In this regard, it is important to
understand why serine metabolism is important to connect
glucose and glutamine metabolism with survival, growth,
and energetic processes.

Cellular redox balance and stress resistance

The etiology of breast, prostate, pancreatic, and colon cancer
has been correlated with oxidative stress, mainly by the inter-
actions with the complex tumor environment [125]. Oxidative
stress is a result from the imbalance between ROS levels and
antioxidant mechanisms. In cell physiology, there are various
endogenous sources of ROS, including mitochondria, the
NADPH oxidase, the cytochrome P450 system, the xanthine
oxidase, and the nitric oxide synthase [126]. The presence of
diverse antioxidant defenses, the so-called phase II detoxifi-
cation enzymes, such as the glutathione reductase (GR), the
glutathione-S-transferase (GST), the glutathione peroxidases
(GPx), and many others, are there to counteract the ROS pro-
duced both in and outside the cells. The loss-of-function of
antioxidant enzymes coupled with the excess of ROS are suf-
ficient to promote DNA, lipid, protein, and membrane damage
leading to tumor transformation [127-129]. Here, we address
the main role of glutamine in redox homeostasis.

It is interesting to delineate that “the Warburg phenotype”
offers an alternative defense mechanism, since it can repro-
gram the metabolism to citrate formation used for biomass
synthesis, resulting in less metabolites to replenish the TCA
cycle and, consequently, OXPHOS [4]. However, cancer cells
that incorporate higher amounts of glucose and glutamine rely
on GSH biosynthesis, the major antioxidant defense, to resist
against oxidative stress. As illustrated in Fig. 1, GSH is pro-
duced when the cytosol is fueled by glutamate, cysteine, and
glycine. Glutamine is converted to glutamate, and the gluta-
mate pool is necessary to acquire cysteine through a mecha-
nism which exports glutamate and imports cystine. In this
regard, glutamine increases GSH metabolism for maintaining
the cellular GSH/GSSG ratio by a wide range of stress stimuli
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[130, 131]. It has been demonstrated that malignant tumor
cells maintain a supply of GSH when compared with their
normal counterparts to resist the oxidative stress generated
through metabolic abnormalities [132].

Another example, nuclear factor-erythroid 2 related factor
2 (Nrf2) has been related to support cancer chemoresistance
[133—-135]. Nrf2 is a redox-sensitive factor that binds to anti-
oxidant response element (ARE), regulating the expression of
SOD, catalase, and HO-1 [136]. Overexpression and hyperac-
tivation of Nrf2 may play an important role in tumorigenesis,
enabling Fh-mutant cells to tolerate high levels of oxidants
[104]. One explanation is that Nrf2 activates the expression
of genes involved in glucose metabolism and glutamine me-
tabolism, including intermediates of the PPP and
glutaminolysis [137]. Correlated with the ability of tumor cells
to coordinate the most important nutrient pathways to support
proliferation, inhibiting antioxidant capacity of these cells
may be a useful therapeutic approach. Recently, DeNicola et
al. showed that Nrf2 regulates serine and glycine biosynthetic
pathway in NSCLC. Using '*C labeled glucose, they found an
accumulation of serine M3 '°C labeled and glycine M2 '*C in
cells with high expression of Nrf2. Genetic inhibition of Nrf2
decreased the mRNA expression of the serine biosynthesis
pathway’s enzymes, showing the role of Nrf2 as a regulator
of'this pathway, via activating transcription factor 4 (ATF4), a
direct transcriptional target of Nrf2 [138] and/or
heterodimerization partner of Nrf2 [139]. This pathway regu-
lates glutathione formation through the cysteine and glycine
labeled from glucose [140], demonstrating the role of Nrf2 on
the interplay between glutamine consumption and glucose
utilization through the serine biosynthetic pathway.

With the increasing efforts to understand the glutamine
metabolism in cancer cell culture, there is an increasing need
to address the role of the redox homeostasis. Aberrant onco-
genic or tumor suppressor signaling (see “Oncogenic and tu-
mor suppressor signaling pathways” section), hypoxia, meta-
bolic defects, and ER-stress induce ROS and increases the
demand for robust systems to establish the cellular redox sta-
tus. Conversely, levels of ROS are eliminated by the produc-
tion of glutathione and NADPH as well as ROS scavengers
through Nrf2 [141, 142]. As well described here, glutamine
metabolism has been shown to be crucial to regulate cellular
redox status, contributing to tumor development. A number of
studies have shown that glutaminase enzymes play an impor-
tant role in regulating intracellular levels of ROS. For in-
stance, genetic downregulation of either GLS2 or p53 com-
promises the GSH-dependent antioxidant system and in-
creases intracellular ROS levels [67]; however, their activation
increase GSH levels and decreases ROS levels, leading to
cancer survival [65]. On the other hand, glutamine-fueled mi-
tochondrial metabolism generates ROS by OXPHOS activity,
leading to cell proliferation and tumorigenesis [57, 143].
These conflicting effects of ROS have important implications
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for novel anticancer therapy. In fact, the dual function of ROS
including both the physiological and pathological remains as a
challenge to target cancer therapy. Thus, more studies would
be needed to define whether to use pro-oxidant therapy to
favor physiological ROS responses or antioxidant therapy to
avoid ROS pathologies, which would help to solve this central
question in redox biology [142].

Depot for ammonia and autophagy

Glutamine per se plays a pivotal role in supporting anaplerosis
and redox balance through an anabolic response that supports
energy production and cell biomass in proliferating cells [17,
144]. Not surprisingly, however, proliferating cells that rely on
glutaminolysis might become a depot for NH*". The role of
ammoniagenesis in cancer has recently been investigated, al-
though the exact mechanism remains unknown. Traditionally,
ammonia was considered to be a potentially cytotoxic by-
product. Most recently, Yang et al. have demonstrated that
GLS and GDH generate NH*" from both - and «-nitrogens
of glutamine, respectively. Studying glioblastoma cells with
enhanced Myc activity through GC/MS techniques, the author
reported that after 8 h, more than 90 % of the ammonia secret-
ed in the medium was derived from both nitrogens [36]. But,
later studies on tumor cells revealed that glutamine
consumption/ammonia secretion ratio is about 75 % [33].
Early observations showed that ammonia has been linked
to the regulation of metabolic processes, such as long-term
survival and proliferation of hepatic 3B when glutamine is
depleted [145]. However, the idea that ammonia generated
during glutaminolysis could presumably modulate macromol-
ecule turnover by autophagy activity boosted the interest in
studying ammoniagenesis and cancer metabolic rewiring. The
authors have previously showed that after 2 days of cell cul-
ture, there is substantially enhanced autophagy activity. Sur-
prisingly, this process was nutrient deprivation-independent
and independent of mTOR inhibition. As a result, the content
medium from these cells was analyzed and the authors
indentified ammonia as a direct factor that triggered autopha-
gy in secondary cell cultures. Furthermore, ammonia
protected these cells from tumor necrosis factor o« (TNF-«)
[31]. One explanation for this remarkable result is that in a
stressful tumor microenvironment, when glutamine is an es-
sential nutrient for tumor growth, ammonia triggers autophagy
activity as a master signal. This allows tumor cells increase
survival by effectively recycling macromolecules [146].
Nonetheless, as ammonia is a diffusible by-product of
glutaminolysis, it can trigger autophagy in tumor areas not
well vascularized [147]. Interestingly, recent work demon-
strated that ammonia induce autophagy using the common
autophagic program (e.g., Atg8 and Atg5), but was indepen-
dently of ULK1/ULK2 kinases; a downstream signal of the
mTOR pathway. Studies of MEFs deficient for ULK1 and

ULK?2 have shown that this canonical autophagy-axis was
not required to activate autophagy during prolonged glucose
starvation or when cells were challenged with ammonia. This
suggesting that ammonia must be considered as a key metab-
olite to adapt cells to meet there nitrogen demands [47]. To-
gether, these finding showed an unknown ammonia-
dependent pathway involved in autophagy. Although the ex-
act molecular mechanism is not fully understood, if ammonia-
induced autophagy has a cellular-protective role in cancer,
then the inhibition of autophagy may be a therapeutic ap-
proach to treat cancer patients [148].

Glutamine metabolism as a target for cancer therapy
Targeting glutamine metabolism

Several studies, using tumor cell lines, have demonstrated that
mitochondria operate as a major player in regulating cellular
bioenergetics to respond to the metabolic demands of the cell.
In this regard, mitochondria can determine the cell fate be-
tween life and death via apoptosis. Thus, it is becoming more
feasible that mitochondria can be exploited for cancer thera-
peutic approaches. However, there are still some misconcep-
tions to be elucidated, such as the relation between cell death
regulation and mitochondrial metabolism [149]. Currently,
three different manners have been described to target mito-
chondria: (i) targeting mitochondrial bioenergetics, (ii) mito-
chondrial biosynthetic production, and (iii) mitochondrial re-
dox balance [150]. As mentioned above, mitochondrial gluta-
mine metabolism could exert its effect to benefit cell biomass
(e.g., nucleotides, proteins, and lipids), redox balance (e.g.,
NADPH), and bioenergetics to energy production. Herein,
we will now focus on glutamine metabolism in order to review
how there can be so many ways to exploit the mitochondrial
biosynthetic production and its promise to target cancer.
Certain cancer cell lines rely on glutamine metabolism for
growth and survival, including pancreatic cancer, glioblastoma
multiforme, leukemia, lung cancer, and breast cancer. Gluta-
mine analogues, such as 6-diazo-5-oxo-L-norleucine (L-DON)
and azaserine, have been found to decrease tumor cell prolifer-
ation, both in vitro and in vivo [151]. Subsequent experiments
using the SLCIAS transporter inhibitor y-L-glutamylp-
nitroanilide (GPNA) have suggested that the suppression of
glutamine uptake also reduces tumor growth and mTOR acti-
vation [26, 29]. As previously mentioned, glutaminolysis plays
an important role in cancer. Numerous reports have recently
explored both rate-limiting glutaminolysis-enzymes: GLS1
and GDH. For instance, using the GLS1 enzyme inhibitor,
compound 968, it was demonstrated to be a strong inhibitor
of tumor growth [46]. Other reports using another specific
GLSI inhibitor (BPTES) showed great efficacy to slow growth
of glioblastoma-associated IDH1 mutant, as well as inhibited
the proliferation of many glutamine-addicted cancer cell types
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[13, 152, 153]. In addition, other reports have revealed the
effect of innumerous glutamine metabolism inhibitors. For ex-
ample, aminooxyacetate (OAA), the nonspecific inhibitor of
aminotransferase (TA) enzymes showed a cytostatic effect on
proliferating breast cancer cell lines [154]. Furthermore, epi-
gallocatechin gallate (EGCG), the inhibitor of GDH, demon-
strated great efficacy to kill glutamine-addicted tumor cells
when glucose was scarce [36]. In general, inhibitors that block
glutaminolysis were sufficient to delayed tumor growth in a
number of models, both in vitro and in vivo [36, 48]. Most
recently, a class of allosteric inhibitors of glutaminase C (iso-
form GAC) has been documented to interfere specifically with
the GLS isoform GAC activity, providing insight into the glu-
tamine metabolism and tumor progression [155].

Another promising approach, is the possibility to disrupt
glutamine metabolism with L-asparaginase; a wide spread
pharmacologic compound used to treat pediatric acute
lymphoblastic leukemia (ALL) [156]. The effect of L-
asparaginase has been associated with glutamine depletion,

and it appears to be an efficient strategy to exploit
glutamine-addicted tumor cells. It is important to note that
targeting glutamine metabolism in cancer may lead to new
therapeutic approaches (see Fig. 2). The challenge is to
exploit glutamine metabolism and combine it with other
potential drugs already registered with the Food and Drug
Administration (FDA), including mitochondrial complex I
inhibitors (e.g., metformin and phenformin), modulators of
autophagy (e.g., chloroquine and hydroxychloroquine),
and inflammatory agents (e.g., verinostat) [157]. In fact,
the increased glutamine “addiction” of some cancers has
been exploited in the clinic as a way to disrupt the tumor
growth. For example, CB-839 that is a derivative com-
pound of BPTES has been developed and is currently be-
ing administered to humans in phase I clinical trials for
solid tumors, lymphoid, and myeloid malignancies
(NCT02071862, NCT02071888, and NCT02071927, re-
spectively) [158]. Another compound known as fenretinide
is currently in clinical trials to treat neuroblastoma

HzN 0
o
NH) H ?
.—| | ‘:"I
s MCT4
; SLC7A5 SLC1A5 Ketoacid :
iz L 7 : i
HIG)

’% EAA G-»¢ Glutamine > Glu a-KG :
L3 A\ A X i
k %'o Nucleotides Glucosamide £ Cys-Cys HERA i

[
. & : 1
1
Growth and v 1
Y Proliferation Cys -
Y, & 1
TR A : H
% Gyl 'v\’ Survival H
Autophagy ., "y 1
Lysosome
A GSSGIGSH Lac
v NADP* NADPH /i
GIn __--------;.\-Z--.._> 3 Pyr
Cd
GLS \t:.. NH4* ,,’, ?
5 J ' i
Glu 7y aKG o o
GDH 3 : NADH
. S
CcO2 a 1

Growth and NADPH Citrate :

Proliferation napes [ IDH : !
Lipogenesis €=====——Semmmmemmme—————— J Glucose

Fig.2 The potential targets for cancer therapy. Many types of cancer rely
on glutamine and glucose to support survival and growth. Myc and K-ras
activate the expression of genes involved in glutamine metabolism, in-
cluding SLC1AS, GLS1, and GDH. SIRT4 is a potent inhibitor of
glutaminolysis by repressing the expression of GDH. Evidence also sug-
gests a role for targeting glutamine metabolism by (a) using a glutamine
competitor (e.g., L-asparaginase), (b) glutamine analogues (e.g., L-
DON), (c) exogenous inhibitors of glutaminolysis (e.g., C968, BPTES,
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and EGCQG), (d) specific inhibitor of glutamine transporter (e.g.,
SLC1AS), (e) nonspecific inhibitor of transaminases (e.g., AOA), or (f)
oncometabolite analogs (e.g., 2HG-DH). Targeting glutamine metabo-
lism has demonstrated therapeutic efficacy in a number of models of
glutamine-addicted cancer cell types. Innumerous reports have used
'®F-labeled analogs of glutamine that serves as a metabolic marker for
the localization of tumor tissue (see below)
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(NCT00646230), B cell lymphoma (NCT00288067), and
ovarian cancer (NCT01535157). This compound has been
shown efficacy in Myc-amplified lymphoma and neuro-
blastoma during glutamine limitation, triggering apoptosis
via the activation of the ATF4-PUMA/NOXA/TRB3 axis
[159]. To note, the inhibitor of GDH enzyme (EGCQG) has
been used in combination with other drugs to treat squa-
mous cell carcinoma of the head and neck (SCCHN) and
has shown remarkable potential as chemopreventive agent
[160]. Phenylbutyrate (AZ 85258-2463) is another agent
that has been used in combination with fluorouracil in
phase I-II studies of patients with advanced ovarian can-
cer. Phenylbutyrate depletes plasma glutamine and has
shown low toxicity but also low efficacy. Clinical trials
involving CB-839, phenylbutyrate, and EGCG-mediated
glutamine metabolism inhibition for cancer therapy are on-
going and listed at http://www.clinicaltrial.gov.

Measuring glutamine in cancer

As mentioned above, the clinical procedure of glucose-
based imaging by '*F-FDG PET has been extensively ap-
plied for cancer diagnostic purposes [4]. Since emerging
data has pointed out the dependence of certain tumor cell
types to glutamine consumption, there is renewed attention
to measure glutamine in cancer. In this regard, innumerous
studies have identified some analogs of glutamine as po-
tential tracer to identify and characterize tumor cell types
that rely on glutamine metabolism. For example, the new
tracer L-[5-''C]-glutamine was developed to serve as a
metabolic marker for probing glutamine-addicted tumors
not detected by '®F-FDG PET [161]. Studies with glioblas-
toma cells with enhanced Myc activity identified another
analog of glutamine (8F-(2S,4R)4-fluoroglutamine). Sub-
sequent in vitro and in vivo experiments have suggested
that the monitoring of glutaminolysis could be exploited to
generate imaging tracer diagnostics to benefit cancer pa-
tients [162, 163]. Currently, there have been a number of
clinical trials in patients using different radioisotopes, like
¢, PN, or '*F to image glutamine [16].

Moreover, detailed metabolic maps have been exten-
sively studied in many cancer cell types [164]. Probing
metabolic pathways using stable isotopes to trace single
labeled [1-'3C]glutamine or [5-'*C]glutamine combined
with uniformly labeled [U-'3Cs] glutamine, have allowed
precise nutrient uptake and metabolite secretion of gluta-
mine. From these studies, it was found that glutamine can
contribute into numerous pathways [17]. For instance, la-
beling on all five carbons of glutamine is sufficient to rec-
ognize how cells allocate glutamine into the oxidative or
reductive TCA metabolism. Furthermore, when glutamine
is labeled with one radioactive carbon, it can be used to

measure and quantify single intermediates metabolites
downstream glutamine catabolism, including aspartate, cit-
rate, malate, fumarate, and others [37, 38, 165]. In addi-
tion, uniformly labeled [U-'*Cs]glutamine has been ap-
plied to study tumor metabolism in mouse xenograft
models [166]. Stable isotope analysis has been applied in
a wide spread manner to quantify metabolites within cells,
tissues, and plasma samples [164].

Conclusion, remaining questions, and perspectives

This review has highlighted the emerging insights regard-
ing glutamine metabolism in cancer. Glutamine is one of
the most abundant amino acid present in the plasma that
serves to sustain bioenergetics, cell biomass, redox bal-
ance, and nitrogen balance. Moreover, as mentioned
above, several oncogenes and/or tumor suppressor genes
have been described to rely directly on, or at least in part,
on glutamine metabolism. Cell lines with increased Myc-
expression rely on glutaminolysis and NH*" release, while
K-ras-driven cancer cells rely on glutamine through trans-
amination to fuel their energy needs [167]. Targeting glu-
tamine catabolism and anabolism for cancer therapy is
emerging as a feasible idea to study and treat cancer. One
substantial consideration is that not all cancer cell types
depend on exogenous glutamine. In some circumstances,
such as in glutamine-free media, it has also been shown
that certain cancer cell types can also display a plasticity to
take up different amino acids, including serine, glutamate,
asparagine, proline, and aspartate or recycling extracellular
protein to support their energy supply and macromolecules
needs. There remain three major challenges to fully under-
stand cancer metabolism: (i) urge a standardization of cell
culture media with complete protocols defining media, such
that mechanism as macropinocytosis can scavenge extracellu-
lar protein to support K-ras-driven cell proliferation in gluta-
mine depletion condition [168]; (ii) point out how and which
nutrients are intertwined in maintain cell survival, and in
which specific cellular context, regarding ambiguous results
that have been generated when studying heterogeneous cancer
cell populations and cell compartmentalization; and (iii) link
how mitochondrial bioenergetics and metabolism can be re-
programmable in various cellular contexts—for instance in
immune cells, stem cells, neuronal cells, and proliferative
cells. Furthermore, targeting mitochondria to induce cell death
via apoptosis should be linked with other types of cell death
programs, including mitotic catastrophe, autophagy, and ne-
crosis. Understanding glutamine metabolism will allow the
development of novel therapies based on the peculiar features
of mitochondrial bioenergetics in cancer.

@ Springer
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