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Altered cell metabolism enables tumours to sustain their increased energetic and biosynthetic needs. Although tumour
metabolism has long been considered a promising discipline in the development of cancer therapeutics, the majority of work has
focused on changes in glucose metabolism. However, the complexity of cellular metabolism means that very rarely is an individual
metabolite required for a single purpose, and thus understanding the overall metabolic requirements of tumours is vital. Over the
past 30 years, increasing evidence has shown that many tumours require glutamine as well as glucose for their proliferation and
survival. In this minireview, we explore the complexity of glutamine metabolism in tumour cells, discussing how the overall context
of the tumour dictates the requirement for glutamine and how this can affect the design of effective therapeutic strategies.

Altered metabolic pathways are commonly observed in almost all
tumour types, resulting in different dependencies for specific
nutrients or enzymes. Until recently, the majority of studies focused
on changes in glucose flux, specifically the increased conversion of
glucose to lactate (reviewed by Liberti and Locasale (2016)). The
observation that mammalian cells rely on both glucose and
glutamine (Reitzer et al, 1979; Moreadith and Lehninger, 1984;
Board et al, 1990; Yuneva et al, 2007) shifted the focus to a more
diverse range of pathways that are rewired in many tumours.
Although glutamine is required as an alternative fuel for the
tricarboxylic acid cycle (TCA) to produce ATP, it also contributes to
a wide range of pathways in cells, producing amino acids,
nucleotides and fatty acids as well as playing an important role in
reactive oxygen species (ROS) homeostasis, mTOR activation and
the hexosamine biosynthesis pathway (Figure 1). Current therapeu-
tic approaches targeting glutamine metabolism focus on the initial
stage of glutaminolysis by inhibiting glutaminase (Xiang et al, 2015).
However, a greater understanding of the different roles that
glutamine plays in tumours will aid the discovery of more specific
therapeutic strategies against tumorigenesis.

In order to gain a greater understanding regarding the
requirement for glutamine in different cancer settings, we need
to consider how closely the models we use reflect the physiological
situation in tumours. Much of the work done on glutamine
metabolism in cancer has focused on the different pathways
in vitro, whether in established cell lines or isolated tumour cells.
The growth of cells in vitro varies considerably from the growth of

cells in vivo, lacking the effects of the microenvironment and many
of the cell–cell interactions that would occur in the tumour. Recent
work has started to look at 3D cultures and growing cells in the
presence of cancer-associated fibroblasts (CAFs) in order to
recapitulate many of these features (Fiaschi et al, 2012; Asghar
et al, 2015; Yang et al, 2016). However, more work needs to be
done to study changes in tumour cell metabolism in vivo and
where possible in human patients.

GLUTAMINE ADDICTION IN CANCER: PATHWAYS AND
PRODUCTS

Glutamine belongs to a unique class of amino acids that are
thought of as ‘conditionally essential’. Glutamine can be synthe-
sised as a scavenger for ammonia through the metabolism of other
amino acids and so could be considered non-essential. However,
under certain catabolically stressed conditions, such as sepsis,
glutamine consumption increases markedly (Noguchi et al, 1997).
Similarly, cells that are especially dependant on glutamine, such as
those in the intestinal mucosa, rapidly undergo necrosis after
glutamine deprivation (Lacey and Wilmore, 1990).

Likewise, specific cancer and oncogene-transformed cells are
dependent on glutamine and undergo apoptosis during glutamine
deprivation (Petronini et al, 1996; Yuneva et al, 2007; Weinberg
et al, 2010). In these rapidly dividing cells, glutamine is avidly
consumed and can act as a source for energy production, nitrogen
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and carbon for biomass, as well as being important in wider cell
signalling.

Glutamine is an amido and amino group donor. Glutamine is
first converted to glutamate by a glutaminase enzyme. It can then
be converted to aKG in a number of ways, including using an
isoform of glutamate dehydrogenase, either GLUD1 or GLUD2, to
produce ammonia and aKG. In both human breast and lung
cancer samples, increasing GLUD1 is associated with increasing
malignant stage (Jin et al, 2015). Similarly, increased GLUD was
associated with increased proliferation and invasion in colorectal
carcinoma (Liu et al, 2015). However, glutamate can also produce
aKG without producing ammonia through aminotransferase
reactions.

Together with directing glutamine carbon into the TCA cycle
(discussed below), aminotransferases are responsible for the use of
glutamine’s amino group to produce amino acids, including
alanine, aspartate and serine. The alanine aminotransferase
enzymes (cytosolic GPT1 and mitochondrial GPT2) catalyse the
reversible reaction of the amino group transfer from glutamate to
pyruvate to produce aKG and alanine. This reaction plays an
important role in the glucose–alanine cycle that is required to
support gluconeogenesis in the liver. In cancer cells, GPT2 has
been shown to couple increased glycolytic flux to increased
glutamine catabolism in order to support the additional metabolic
needs of the cells (Smith et al, 2016). Glutamine also supports the
production of aspartate, using the cytosolic isoform of aspartate
aminotransferase, GOT1. Aspartate is required for purine and
pyrimidine synthesis as well as protein synthesis. Aspartate
production was recently shown to be required for cell proliferation
in the presence of electron transport chain (ETC) inhibition

(Birsoy et al, 2015). The mitochondrial isoform, GOT2, operates
with GOT1 as part of the Malate–Aspartate shuttle, which is
required to shuttle electrons into the mitochondria for use in the
ETC and to restore NADþ pools required for glycolytic flux (Son
et al, 2013).

Another aminotransferase that uses glutamate produced from
glutamine is phosphoserine aminotransferase (PSAT), which is
required for the de novo production of serine. Serine plays a vast
number of different roles, from protein and nucleotide synthesis to
acting as an allosteric activator to several different enzymes, such
as PKM2 (Chaneton et al, 2012). It is also a precursor for a number
of different metabolites, including glycine, sphingolipids and folate,
which are required for the growth and survival of proliferating
cells. In breast cancer cell lines, half of the aKG feeding into the
TCA cycle was derived from PSAT activity, showing that serine
biosynthesis can also supplement energy production in tumour
cells (Possemato et al, 2011).

A recent study comparing quiescent and proliferating mammary
epithelial cells demonstrated the important balance between
various glutamine-consuming pathways within cells. Increased
GLUD1 expression was associated with a quiescent state in these
cells, whereas increased aminotransferase activity was seen in
proliferating cells. Overexpression of GLUD1 simultaneously
reduced cell proliferation and aminotransferase activity without
altering aminotransferase expression levels (Coloff et al, 2016).
Interestingly, although increased GLUD1 expression decreased
mammary epithelial cell proliferation, the reverse occurred in
colorectal carcinoma cells, where increased GLUD expression
caused increased proliferation, migration and invasion (Liu et al,
2015). This highlights the changing importance of different
metabolic pathways at different stages of both normal cell
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Figure 1. Glutamine is required for multiple pathways in cells. Glutamine is converted to glutamate by glutaminase. Glutamate is then converted
to aKG, which can be performed by GLUD to produce ammonia, which can regulate autophagy. Alternatively, this conversion can be performed
through an aminotransferase reaction to produce an amino acid as well as aKG. This aKG can be used for both the forward and reverse fluxes of
the TCA cycle, and can be used to regulate TET proteins, which alter DNA methylation. Bidirectional transport of glutamine and essential amino
acids controls mTOR activation and autophagy regulation. Glutamine is used in the production of glutathione, which helps maintain the redox
balance. Glutamine is also required for hexosamine biosynthesis and nucleotide biosynthesis.
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development and tumour progression as well as the variation in
tumour metabolism between tissue types.

Glutamine does not just donate nitrogen to amino acids; it is
also required as a nitrogen donor in the de novo synthesis of
purines and pyrimidines, the nucleotide bases of DNA and RNA
(reviewed by Lane and Fan (2015)). The amino nitrogen of
glutamine is used to make nucleotide precursors, non-essential
amino acids such as aspartate and glycine. The amido group is used
to activate the ribose backbone, using PRPP amidotransferase, the
first committed step of de novo purine synthesis, as well as to
produce carbamoyl phosphate in the first step of pyrimidine
metabolism.

Recent studies demonstrated that increased levels of glutamine
synthetase (Stowell et al, 2015), an enzyme responsible for
glutamine synthesis from glutamate and ammonia, promoted the
enrichment of ammonia-derived nitrogen in de novo purine and
pyrimidine synthesis. This supported the proliferation of human-
transformed and cancer cell lines (Bott et al, 2015) as well as liver
tumorigenesis in zebra fish (Cox et al, 2016). Interestingly, ectopic
expression of the MYC oncogene has been shown to increase the
expression of both glutaminase and GS promoting either glutamine
catabolism or glutamine synthesis, respectively (Wise et al, 2008;
Yuneva et al, 2012; Bott et al, 2015). Although upregulation of
either of the activities can be context-specific and depend on cell
requirements in a specific system, their co-existence in a same cell
is also possible (Svenneby and Torgner, 1987). How the two
processes are co-regulated and why the newly synthesised
glutamine can be a preferred source for certain reactions with
ample of exogenous glutamine available remain open questions.

Both carbon and nitrogen from glutamine are also used to
produce proline. Proline is a non-essential amino acid required for
protein biosynthesis, especially the production of the extracellular
matrix protein collagen, which is known to provide protective
mechanisms against chemotherapy in ovarian cancer (Choi et al,
2006). Likewise, the amido group of glutamine is used to convert
aspartate to asparagine, which is essential in many tumour types
(Krall et al, 2016; Yu et al, 2016).

Glutamine as a carbon source. One of the most important
pathways glutamine supports is through the production of a-
ketoglutarate (aKG), which enters into the TCA cycle. As well as
being metabolised by oxidative decarboxylation, aKG produced
from glutamate can also be metabolised by reductive carboxylation.
Where the forward mode of the TCA cycle is required for energy
production, under certain conditions, such as hypoxia (Le et al,
2012; Sun and Denko, 2014), or when mitochondrial respiration is
impaired, the reductive carboxylation of glutamine-derived aKG
into citrate is promoted (Fendt et al, 2013) and supports
lipogenesis (Metallo et al, 2011; Mullen et al, 2011). This is
especially important in tumours to sustain their increased
requirement for cell membranes and cell signalling. These forward
and reverse TCA cycle fluxes are not necessarily exclusive, which is
frequently seen in cancer (Mcguirk et al, 2013), and although the
direction of these fluxes are determined by the ratio of aKG to
citrate (Fendt et al, 2013), the upstream determinants of this ratio
are yet to be fully described.

ROS homeostasis. Glutamine is also involved in maintaining the
redox balance. Reactive oxygen species can be both pro-
tumorigenic, through ROS-mediated cell signalling, and highly
damaging when in excess (reviewed by Liou and Storz (2010)).
Reactive oxygen species are produced from several sources,
including the mitochondrial ETC, which leaks electrons to oxygen
to generate superoxide. Thus, increased glutamine oxidation can
correlate with increased ROS production. However, a number of
pathways involved in glutamine metabolism produce products that
directly control ROS levels. For instance, glutamine is used to
synthesise glutathione, a tripeptide (glu–cys–gly) that neutralises

peroxide free radicals. Glutamine also regulates ROS homeostasis
through the production of NADPH via GLUD, as well as
producing NADPH using malic enzyme 1 (Son et al, 2013).

Glutamine regulates mTOR. The mTOR pathway, which can be
regulated by glutamine, coordinates a wide variety of environ-
mental cues to regulate cell growth and homeostasis, and is
frequently deregulated in cancer. The availability of amino acids,
including leucine, glutamine and arginine, stimulates mTOR
activity independently of the activating mTOR mutations observed
in cancer and so must be maintained regardless of mutation state
(Sancak et al, 2008). The concentration of amino acids is partly
regulated by obligatory amino-acid exchangers, including
SLC38A1 (SNAT1), SLC38A2 (SNAT2), SLC1A5 (ASCT2) and
SLC7A5 (LAT1), which co-ordinate the bidirectional transport of
glutamine and leucine to regulate their concentrations within the
cell (Broer et al, 2016), and thus partly regulate mTOR activity
(Nicklin et al, 2009). However, these amino acids do not have to
come from transporters, as macro-pinocytosis-derived amino acids
can also support mTOR activation (Commisso et al, 2013).

Glutamine and autophagy regulation. The role of autophagy in
cancer can be both tumour suppressive, by limiting oxidative stress
and chromosomal instability, and pro-tumorigenic, by providing
nutrients and supressing stress pathways. Many processes affected
by glutamine metabolism suppress autophagy. For instance,
glutamine concentrations regulate mTOR, which is known to
inhibit autophagy, though as yet this mechanism is not fully
understood (Dunlop and Tee, 2014). Similarly, ROS promote
autophagy as a stress response, which can be prevented by
glutamine, through the production of glutathione and NADPH.
However, in some contexts, glutamine promotes autophagy. For
instance, ammonia produced through the catabolism of glutamine
by GLUD promotes autophagy (Cheong et al, 2011). The exact role
of glutamine as an autophagy suppressor or activator appears to be
context-dependent. For instance, some tumours convert glutamate
to aKG via GLUD producing a second ammonium ion, whereas
other tumours preferentially use an aminotransferase for this
reaction, bypassing the production of this second ammonia, and
thus suppressing autophagy.

Glutamine and glycosylation. Glutamine is also required for the
hexosamine biosynthesis pathway, where it donates an amino
group to glucose-6-phosphate to produce glucoseamine-6-phos-
phate. Through this pathway, both glucose and glutamine are
required for O-linked and N-linked glycosylation, which is vital for
both protein stability and function. Deregulated glycosylation is
common in many tumour types (Stowell et al, 2015), occurring in
both early and late cancer progression, and can be a result of
changes in O- and N-glycan core structures or a result of changes
in glycotransferase expression. Aberrant glycosylation has been
observed to affect a number of oncogenes during tumorigenesis,
including EGFR, where increased glycan branching results in
increased residency time at the plasma membrane, thus increasing
its active period (Lajoie et al, 2007). The co-ordination of glucose
and glutamine metabolism, through the hexosamine biosynthesis
pathway, has been shown to regulate signal transduction, through
the glycosylation of the interleukin-3 receptor, which regulates cell
growth and proliferation (Wellen et al, 2010). The ready
availability of both nutrients is required for this pathway, ensuring
sufficient energy production and biosynthesis, before activating
signal transduction to promote cell growth.

Glutamine and epigenetic regulation. Epigenetic alterations are
known to drive tumour progression. Many of these changes are
regulated by pathways downstream of glutamine, for instance,
DNA methylation can be reversed through the removal of oxidised
methylated bases by TET proteins, which require aKG (Ito et al,
2011). A recent study found that areas of tumours with low
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glutamine concentrations have greater histone hypermethylation
due to the decrease in aKG. Significantly, this resulted in BRAF
inhibitor resistance in V600EBRAF melanoma cells (Pan et al, 2016),
demonstrating the important link between tumour metabolism and
epigenetic changes.

GLUTAMINE ADDICTION IN CANCER: THINKING ABOUT
THERAPEUTICS

Several glutamine metabolism-related therapeutic approaches are
currently being developed. An inhibitor of GLS1, the kidney-
specific isoform of glutaminase, CB-839, is currently in phase one
clinical trials. As this drug targets the initial stage of glutamine
catabolism, it should affect the functions downstream of glutamate.
Compounds targeting glutamine transporters should also be
effective against glutamine-dependent cancers, regardless of the
specific need for glutamine, as they will target all pathways that
require glutamine. However, targeting the precise step that the
tumour requires could reduce wider toxicity and off-target effects,
especially in healthy cells that also require glutamine for other
pathways.

Isoform specificity. One way in which therapeutics against
glutamine metabolism could be made more specific is by
developing drugs against the particular isoforms of metabolic
enzymes that are required in each tumour type, especially isoforms
that are not commonly expressed in normal tissues. For instance,
there are two isoforms of the glutaminase gene in mammals,
kidney-type glutaminase (GLS1) and liver-type glutaminase
(GLS2). GLS1 has two splice variants: KGA (the full-length
variant) and GAC (which is missing the C-terminal). Expression of
the more active isoform, GAC, is more frequently increased in
several cancer types (Erickson and Cerione, 2010). Despite
targeting both isoforms of GLS1, when CB-839 was tested against
a panel of breast cancer cells, its effectiveness was limited to triple-
negative breast cancer cells, which have elevated GAC expression
and activity compared to receptor-positive cells (Gross et al, 2014).

Similarly, the expression and requirement of cytosolic and
mitochondrial isoforms of aspartate and alanine aminotransferases
are tissue- and tumour- specific. For instance, two recent studies
have identified GPT2-mediated coupling of pyruvate production to
glutamine catabolism in two different tissue types: PIK3CA-
mutated colorectal cancer cells (Hao et al, 2016), and Ras- and
p53-transformed YMAC cells (Smith et al, 2016). Although loss of
GOT1, the cytosolic aspartate aminotransferase, kills leukaemia
cells upon ETC inhibition (Birsoy et al, 2015), pancreatic ductal
adenocarcinoma (PDAC) cells driven by mutant K-Ras rely on
both GOT2, for aspartate production, and GOT1, to convert this
aspartate into oxaloacetate. Oxaloacetate subsequently supports the
reactions driven by cytosolic malate dehydrogenase and malic
enzyme to produce NADPH and protect PDAC cells from
oxidative stress (Son et al, 2013).

Combinatorial approaches. Some liposarcoma and breast cancer
cells use asparagine as an exchange factor to import extracellular
amino acids, and regulate mTOR activity and protein synthesis
(Krall et al, 2016). Interestingly, these cells increase their
dependence on exogenous asparagine once they have developed
resistance to the GLS1 inhibitor, CB-839, suggesting that new
therapeutic combinations against glutamine metabolism and its
downstream effects may be effective.

Another example of a combinatorial approach targeting both
glutamine catabolism and one of its downstream pathways was
recently described. Here increased glutamine metabolism pro-
moted resistance against mTOR inhibition in glioblastoma multi-
forme cell lines, with glutaminase expression increasing after
mTOR kinase inhibition. However, combined mTOR and GLS1

inhibition resulted in massive synergistic tumour cell death and
tumour inhibition (Tanaka et al, 2015). Combination therapies
using multiple drugs: one targeting early-stage glutamine catabo-
lism and one targeting the resulting downstream pathway could be
an effective way to target glutamine-dependent tumours more
specifically by limiting the emergence of compensatory pathways.

Oncogene involvement. Many oncogenes alter the expression of
metabolic enzymes, including specific enzyme isoforms. For
instance, K-Ras mutations can induce glutamine dependency, with
different mutations determining the extent of glutamine depen-
dence (Brunelli et al, 2014). Similarly, the c-MYC proto-oncogene
is known to upregulate glutamine metabolism, specifically regulat-
ing GLS1, SLC1A5 and many of the genes involved in proline,
nucleotide and serine biosynthesis (Wise et al, 2008; Liu et al,
2012). Conversely, in other systems, the c-MYC oncogene has also
been shown to upregulate glutamine synthetase in order to
promote glutamine production (Yuneva et al, 2012; Bott et al,
2015), demonstrating how c-MYC may activate glutaminolysis or
glutamine synthesis in a context-dependent manner.

Tumour context and microenvironment. The requirement for
glutamine in a range of different pathways means that under-
standing its increased catabolism in tumour cells is more complex
than it first appears. Although glutamine is required for numerous
tumour types, whether glutamine deprivation causes decreased cell
proliferation or increased cell death varies between cell types
(Rubin, 1990; Yuneva et al, 2007; Van Den Heuvel et al, 2012; Son
et al, 2013). A greater understanding of the requirement for
glutamine in specific systems is needed to identify novel
therapeutic approaches and prognostic biomarkers.

The role of glutamine in supporting the various pathways
required for cell proliferation and survival has been extensively
studied in in vitro systems, which do not take into account a
complex tumour environment (Figure 2). A tumour’s metabolic
requirements and their regulation can be changed upon cell
adaptation to in vitro culture conditions, where the concentrations
of glucose and glutamine are significantly higher than physiolo-
gical, whereas other components are quite often missing. This
notion was recently underscored by Davidson and co-authors,
demonstrating that, although K-Ras-driven lung cancer cells
in vitro are sensitive to glutaminase inhibition, K-Ras-driven lung
tumours in vivo do not show the same dependency on glutamine
and glutaminase (Davidson et al, 2016). Thus, this reflects how the
tumour environment helps determine tumour metabolism, high-
lighting the importance of studying metabolic alterations in a
physiological context.

Many tumours are genetically unstable, accumulating multiple
mutations as they progress. These various mutations may arise in
individual cells within the tumours and may promote different
metabolic alterations. Thus, current studies that consider tumours
as a whole may lose these subtleties in metabolic heterogeneity by
averaging all changes across the whole tumour. Similarly, within
tumours there are regions where nutrient and oxygen levels vary
dependent on the proximity to blood vessels. This was recently
demonstrated by Pan et al (2016) who show that low glutamine
concentrations correlate with areas of low oxygen in xenograft
tumours, resulting in histone hypermethlyation in these specific
regions.

The effect of the microenvironment on tumours is well
recognised. For instance, it is believed that epithelial cells can
reprogram neighbouring stromal fibroblasts to increase the
fibroblasts’ secretion of pyruvate and lactate, so that the epithelial
cells may take up these energy-rich metabolites themselves
(Pavlides et al, 2009). Similarly, CAFs undergo metabolic
reprogramming to provide critical metabolites for their neighbour-
ing tumour cells (Fiaschi et al, 2012). A recent study demonstrated
that ovarian tumour cells reprogram their surrounding CAFs to
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produce more glutamine through glutamine synthetase than
normal ovarian fibroblasts, enabling the cancer cells to fulfil their
increased requirement for glutamine (Yang et al, 2016).

The tumour microenvironment is predominantly immunosup-
pressive. Immune cells in the tumour’s microenvironment are also
known to adapt their metabolic phenotypes. For instance, the
production of lactic acid by tumours, CAFs and macrophages
results in an immunosuppressive phenotype in macrophages,
aiding tumour progression (Ruan and Kazlauskas, 2013). Thus, it is
vital that we understand the complex interplay between tumour
cells and all the components of their environment, in order to truly
understand the regulation of tumour metabolism and how best to
combat tumour growth.

Concluding remarks. Metabolic alterations in tumour cells are
more complex than first believed, where the increased uptake of a
single amino acid could be required to support a wide range of
different pathways, effecting energy production, cell signalling and
ROS homeostasis. Similarly, the needs of one tumour vary greatly
from another dependent on tissue type, oncogenic driver or micro-
environmental support. Thus, the full context of tumour develop-
ment and progression needs to be understood to develop therapies
that will effectively treat tumours, with limited scope for resistance
and off-target effects.

The complexity of glutamine metabolism means that the
development of a ‘one-size fits all’ wonder drug against all
glutamine-dependent tumours is unlikely. However, as we increase
our understanding of the specific roles that glutamine plays in
tumours, we edge ever closer to developing effective targeted
therapies specific to each tumour.
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