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Summary
Tumor cells display increased metabolic autonomy in comparison to non-transformed cells, taking
up nutrients and metabolizing them in pathways that support growth and proliferation. Classical work
in tumor cell metabolism focused on bioenergetics, particularly enhanced glycolysis and suppressed
oxidative phosphorylation (the ‘Warburg effect’). But the biosynthetic activities required to create
daughter cells are equally important for tumor growth, and recent studies are now bringing these
pathways into focus. In this review, we discuss how tumor cells achieve high rates of nucleotide and
fatty acid synthesis, how oncogenes and tumor suppressors influence these activities, and how
glutamine metabolism enables macromolecular synthesis in proliferating cells.

Introduction
Otto Warburg's demonstration that tumor cells rapidly use glucose and convert the majority of
it to lactate is still the most fundamental and enduring observation in tumor metabolism [1,2].
His work, which ushered in an era of study on tumor metabolism focused on the relationship
between glycolysis and cellular bioenergetics, has been revisited and expanded by generations
of tumor biologists. It is now accepted that a high rate of glucose metabolism, exploited
clinically by 18FDG-PET scanning, is a metabolic hallmark of rapidly dividing cells, correlates
closely with transformation, and accounts for a significant percentage of ATP generated during
cell proliferation [3-5,6•,7]. Appreciation of the generality of the Warburg effect stimulated
the broader concept that a ‘metabolic transformation’ is required for tumorigenesis. Research
over the last few years has reinforced this idea, revealing the conservation of metabolic
activities among diverse tumor types, and proving that oncogenic mutations can promote
metabolic autonomy by driving nutrient uptake to levels that often exceed those required for
cell growth and proliferation [8].

Aerobic glycolysis is just one component of the metabolic transformation. In order to engage
in replicative division, a cell must duplicate its genome, proteins and lipids and assemble the
components into daughter cells; in short, it must become a factory for macromolecular
biosynthesis. These activities require that cells take up extracellular nutrients like glucose and
glutamine and allocate them into metabolic pathways that convert them into biosynthetic
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precursors (Figure 1). Tumor cells can achieve this phenotype through changes in the
expression of enzymes that determine metabolic flux rates, including nutrient transporters and
enzymes [8-10]. Current studies in tumor metabolism are revealing novel mechanisms for
metabolic control, establishing which enzyme isoforms facilitate the tumor metabolic
phenotype, and suggesting new targets for cancer therapy.

The ongoing challenge in tumor cell metabolism is to understand how individual pathways fit
together into the global metabolic phenotype of cell growth. Here we discuss two biosynthetic
activities required by proliferating tumor cells: production of ribose-5-phosphate for nucleotide
biosynthesis and production of fatty acids for lipid biosynthesis. Nucleotide and lipid
biosynthesis share three important characteristics. First, both use glucose as a carbon source.
Second, both consume TCA cycle intermediates, imposing the need for a mechanism to
replenish the cycle. Third, both require reductive power in the form of NADPH. In this review,
we discuss emerging concepts in how proliferating tumor cells achieve high rates of nucleotide
and lipid synthesis and propose a model in which glutamine metabolism satisfies crucial aspects
of the metabolic transformation, allowing cells to use glucose carbon to build nucleic acid and
lipid.

How do tumor cells divert glycolytic carbon towards ribose-5-phosphate
synthesis?

To generate ribose 5-phosphate (R5P) for nucleotide biosynthesis, cells divert carbon from
glycolysis into either the oxidative or non-oxidative arm of the pentose phosphate pathway.
Oncogenes and tumor suppressors influence both pathways. The p53 target TP53-induced
glycolysis and apoptosis regulator (TIGAR) suppresses glycolysis by decreasing levels of the
phosphofructokinase-1 activator fructose-2,6-bisphosphate, increasing substrate delivery to
the oxidative pathway [11••] (Figure 2A). Enhanced p53-dependent TIGAR expression during
genotoxic stress is proposed to increase production of NADPH and R5P to repair DNA damage
[12]. p53 also suppresses expression of phosphoglycerate mutase, augmenting diversion of
carbon towards R5P [13]. Tumor cells lacking p53 are predicted to lose these effects on the
pentose phosphate pathway, causing a relative increase in glycolytic flux. The resulting
pyruvate is preferentially converted to lactate due to impaired p53-regulated expression of
SCO2, an assembly factor for cytochrome-c oxidase that is required for optimal pyruvate
oxidation [14••].

How, then, do p53-/- tumor cells achieve high rates of R5P synthesis? Recent data suggest that
the distal glycolytic enzyme pyruvate kinase (PK) influences this process [15] (Figure 2B).
Humans contain two PK genes (PKLR and PKM2) and four PK isozymes (L, R, M1 and M2).
PK-L and PK-R are expressed from alternative PKLR promoters in gluconeogenic tissues and
erythrocytes, respectively. PK-M1 and -M2 are coded by alternatively spliced PKM2
transcripts. PK-M1 is confined to the muscle and brain, whereas PK-M2 is found in
proliferating cells, including tumor cells of various histological types [16,17] (Figure 2B). PK-
M2's effect on glycolysis depends on whether it exists as a highly active tetramer favoring
formation of pyruvate and ATP, or a less active dimer, which predominates in tumor cells. In
the face of rapid glycolysis, impairment of pyruvate formation by dimeric PK-M2 causes
upstream intermediates to accumulate, increasing substrate availability for the non-oxidative
pentose phosphate pathway. Accumulation of fructose 1,6-bisphosphate suppresses G6PD,
further enhancing non-oxidative flux. Thus, tumor PK-M2 expression predicts a substantial
contribution of the non-oxidative pathway to R5P synthesis, and this has been confirmed in
several studies [18,19••,20].

Two other issues emphasize the importance of the non-oxidative pathway in tumor cells. First,
several studies have shown that G6PD deficiency, an X-linked condition affecting hundreds
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of millions of men, does not reduce cancer risk despite a 90% reduction of enzyme activity in
many individuals [21,22]. Second, transketolase activity is highly correlated with the rate of
tumor growth, and expression of the transketolase isoform TKTL1 in colon, urothelial and
ovarian cancers correlates with invasiveness and poor patient outcome [23,24••,25••]. Thus,
the widespread expression of PK-M2 and TKTL1 in tumors and the large contribution of the
non-oxidative pathway to total nucleotide biosynthesis suggest a state in which the cell's need
for R5P outweighs its need for glucose-derived NADPH [26]. This strongly implies that tumor
cells engaged in this form of metabolism have a G6PD-independent NADPH supply.

How do tumor cells synthesize fatty acids and lipids?
It has been more than 50 years since the first demonstration that tumors synthesize fatty acids
from glucose (Figure 3), and subsequent studies have proven that interrupting fatty acid
synthesis can be used as a chemotherapeutic strategy [27]. Tumor cells use fatty acids to modify
membrane-targeted proteins and for bulk membrane synthesis, and therefore fatty acid
synthesis influences cell signaling and growth. The latter may be critical for tumorigenesis
because most acyl groups in tumor lipids appear to result from de novo synthesis rather than
import of fatty acids from the extracellular milieu [28,29]. Consistent with a need for robust
lipid synthesis, tumor cells express high levels of the lipogenic enzymes ATP-citrate lyase
(ACL), acetyl-CoA carboxylase (ACC) and fatty acid synthase (FAS). All of these have been
inhibited in vitro and/or in vivo, resulting in diminished cell proliferation, loss of cell viability,
or decreased tumor size [30-34]. In addition to its role in fatty acid synthesis, ACL reinforces
the Warburg effect by preventing cytoplasmic accumulation of citrate, which would otherwise
suppress glycolysis.

Tumors achieve rapid fatty acid synthesis through multiple effects of oncogenic mutations,
particularly those involving the phosphatidylinositol 3′kinase (PI3K)/Akt/mTOR pathway
(Figure 3). Augmentation of this pathway by mutations activating PI3K or eliminating negative
regulators like PTEN comprise a prevalent category of mutation in human cancer [35,36]. The
PI3K/Akt/mTOR system stimulates expression of lipogenic genes by increasing nuclear
localization of sterol response element binding protein-1 (SREBP-1), a transcription factor
whose targets include ACL, ACC and FAS [37,38]. mTOR increases surface expression of
glucose transporters, allowing cells to boost import of the major lipogenic precursor [39,40].
Furthermore, PI3K/Akt suppresses β-oxidation, decreasing simultaneous fatty acid synthesis/
degradation and maximizing lipid synthesis during proliferation [41,42•].

However, these effects are not sufficient to sustain lipogenesis, because fatty acid synthesis
requires two supporting pathways: anaplerosis and NADPH production. The export of
mitochondrial citrate must be compensated by replacement of oxaloacetate (OAA) molecules
(anaplerosis), or citrate synthesis cannot continue and cells cannot use TCA cycle intermediates
in biosynthetic pathways. This important property implies a vital role for anaplerosis in cell
growth and tumorigenesis. Aerobic glycolysis, in contrast, does not always reflect cell growth
because conditions such as the normoxic stabilization of hypoxia inducible factor-1α
(HIF-1α) stimulate aerobic glycolysis while suppressing biosynthetic pathways [43•]. The
mechanisms used by tumors to supply anaplerosis are poorly understood. The simplest uses
the mitochondrial enzyme pyruvate carboxylase (PC) to generate OAA from pyruvate.
However, PC is suppressed in breast carcinoma cells [19••], hepatomas [44,45] and gliomas
[46]. An appealing alternative is through glutamine metabolism, as discussed below.

Production of the saturated, 16-carbon fatty acid palmitate requires 14 molecules of NADPH
(Figure 3). Two sources of NADPH could contribute to this process: G6PD and cytoplasmic
malic enzyme (encoded by the gene ME1). Although the relative importance of these two
enzymes has not been extensively studied in tumors, recent reports suggest that malic enzyme
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flux can be at least as high as G6PD flux [19••,47••]. ME1 is an SREBP-1 target, so tumors
with enhanced SREBP-1 activity are likely to have increased ME1 expression [48].

How does glutamine metabolism support biosynthetic activities in tumor
cells?

Glutamine metabolism can allow cells to meet both the anaplerotic and NADPH demands of
growth. Since the 1950s, it has been clear that tumors consume large amounts of glutamine.
The rate of consumption is not explained by protein synthesis because it exceeds the need for
essential amino acids by 10-fold [49]. Later studies revealed rapid but partial glutamine
oxidation and secretion of glutamine-derived carbon as lactate (Figure 3), establishing
glutamine as an energy source in tumor cells [50]. ‘Glutaminolysis,’ the metabolism of
glutamine to lactate, is considered a hallmark of tumor cell metabolism [15].

The proximal reactions of glutaminolysis occur in the mitochondria. The first step is catalyzed
by phosphate-dependent glutaminases, which deamidate glutamine to form glutamate and
ammonia. Interconversion of glutamine and glutamate is typically bidirectional, with
glutamine formation catalyzed by glutamine synthetase. In tumors, however, the forward
(towards glutamate) reaction is favored by overexpression of glutaminases and/or suppression
of glutamine synthetase [51-54]. Thus deamidation is a control point for glutamine metabolism
in tumor cells. In xenografts, glutaminase expression is temporally correlated with maximal
growth rate, and suppression of glutaminase activity limits tumor growth [55-57].

Little is known about how tumor cells regulate glutaminase expression. Mammals have two
major glutaminase activities, K-type (low Km for glutamine, inhibited by glutamate) and L-
type (high Km, glutamate resistant). The human K-type enzyme is encoded by the GLS gene,
which yields several mRNAs due to alternative polyadenylation and splicing [58,59], and the
L-type enzyme is encoded by GLS2. In general, tumor cells have K-type activity, although
most cell lines express transcripts from both genes [52]. This suggests that tumors can modulate
glutaminase kinetics through relative levels of GLS and GLS2 gene products, resulting in the
ability to optimize glutaminase activity despite local fluctuations in glutamine and glutamate
concentrations.

In some cells, glutamine-derived α-ketoglutarate (α-KG) is the major source of OAA. A large
glutamine-based anaplerotic flux was suggested in rat glioma cells studied with 13C NMR
spectroscopy, when adding unlabeled glutamine to cultures containing 13C-glucose suppressed
labeling in TCA cycle intermediates [60]. More recently, glutamine deprivation from
fibroblasts was shown to reduce cellular pools of TCA cycle intermediates [61]. Finally, NMR
spectroscopy in human glioblastoma cells cultured with 13C-labeled glutamine showed
conclusively that glutamine contributed the bulk of anaplerotic carbon to the TCA cycle
[47••]. The co-existence of robust glucose and glutamine metabolism in these cells resulted in
production of citrate molecules containing two glucose-derived carbons (from acetyl-CoA)
and four glutamine-derived carbons (from OAA). Further utilization of citrate allowed the
glucose-derived carbons to be transferred to fatty acids. Thus, glutamine-based anaplerosis is
required in the way some tumor cells use TCA cycle intermediates for growth (Figure 3).

Export of glutamine-derived malate to the cytoplasm short-circuits the TCA cycle but delivers
substrate to malic enzyme for NADPH production. Evidence suggests that this can be the major
source of NADPH in tumor cells. In human glioblastoma cells, glutaminolysis was predicted
to produce more than enough NADPH for fatty acid synthesis; the surplus could presumably
be used for nucleotide biosynthesis and maintenance of the glutathione pool [47••]. This was
true even though these same cells used glutamine as the major source of anaplerotic carbon.
Overall, more than half of the glutamine-derived carbon was secreted as lactate and alanine.
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The high rate of lactate and alanine secretion per mole of glutamine, similar to the apparent
‘wastefulness’ of the Warburg effect, has been observed in other proliferating cells [7,50]. In
contrast to the common perception that cells use glutamine primarily as a nitrogen source,
glutamine metabolism in cancer cells results in excess intracellular nitrogen that must be
secreted as alanine or ammonia. Glutaminase removes glutamine's amido group as ammonia.
Surprisingly, in glioblastoma cells, the majority of glutamine's amino groups were also lost in
α-KG-generating reactions (glutamate dehydrogenase and alanine aminotransferase) [47••].
Therefore, utilization of glutamine as an anaplerotic precursor and source of NADPH results
in the secretion of a large fraction of glutamine-derived carbon and nitrogen. Some of the
secreted molecules (lactate, alanine) may subsequently be used as precursors for hepatic
gluconeogenesis, ultimately providing more fuel for tumor metabolism. At first glance, these
appear to be symptoms of metabolic inefficiency, but they may actually reflect a logical and
specialized form of metabolism that enables cell growth and proliferation.

Conclusions
An enhanced biosynthetic capacity is a key feature of the metabolic transformation of tumor
cells. The activities discussed here (synthesis of nucleotides and fatty acids, consumption of
glucose and glutamine) are pervasive among tumors and tumor cell lines. It seems likely that
these activities, particularly the use of glutamine as a source of both reductive power and
anaplerosis, are general characteristics of cell growth and proliferation. Many questions remain
as to how these activities are regulated in tumor cells, including whether they fluctuate
according to the stage of the cell cycle. It will be important to determine whether individual
oncogenes can regulate all aspects of the metabolic transformation, or if multiple oncogenic
mutations exert synergistic effects over tumor cell metabolism.
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Figure 1. Tumor cells obtain biosynthetic precursors from glucose and glutamine metabolism
Glucose and glutamine, the two most abundant extracellular nutrients, contribute carbon for
the synthesis of the three major classes of macromolecules (nucleic acids, lipids and proteins)
in proliferating tumor cells. Biosynthesis of purines and pyrimidines utilizes ribose 5-
phosphate (R5P) produced from diversion of glycolytic intermediates into the oxidative and
non-oxidative arms of the pentose phosphate pathway, and nonessential amino acids derived
from glucose and glutamine. Fatty acid synthesis, used to produce cellular lipids, requires
acetyl-CoA (Ac-CoA), most of which is generated from glucose and transferred from the
mitochondria to the cytoplasm via citrate. Protein synthesis requires amino acids, tRNAs and
ribosomes (proteins and rRNAs). Both glucose and glutamine are used to generate these
molecules. In addition to its role as a carbon source, glutamine also donates nitrogen to
nucleotide and amino acid synthesis. Abbreviations: P, phosphate; GA3P, glyceraldehyde 3-
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phosphate; 3-PG, 3-phosphoglycerate; PRPP, phosphoribosyl pyrophosphate; Mal-CoA,
malonyl-CoA.
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Figure 2. A model for control of oxidative and non-oxidative pentose phosphate flux
A, Activation of p53 by DNA damage enhances oxidative pentose phosphate flux via effects
on TIGAR and PGM. As a result, cells generate NADPH and R5P for nucleotide synthesis and
DNA repair. B, Tumors and tumor cell lines, perhaps through the effects of oncogenic
mutations, generally express PK-M2 and TKTL1. Dimeric PK-M2 enzyme has sub-maximal
activity and allows glycolytic intermediates to accumulate, facilitating TKTL1-catalyzed non-
oxidative pentose phosphate flux and suppressing oxidative flux. As a result, there is a
mismatch between the amount of R5P and NADPH generated by total pentose phosphate
activity. Abbreviations: Glc, glucose; G6P, glucose 6-phosphate; F6P, fructose 6-phosphate;
F1,6biP, fructose 1,6-bisphosphate; F2,6biP, fructose 2,6-bisphosphate; DHAP,
dihydroxyacetone phosphate; GA3P, glyceraldehyde 3-phosphate; PEP,
phosphoenolpyruvate; R5P, ribose 5-phosphate; G6PD, glucose 6-phosphate dehydrogenase;
PFK1, phosphofructokinase-1; PGM, phosphoglucomutase; TIGAR, TP53-induced glycolysis
and apoptosis regulator; PK-M2, pyruvate kinase M2; TKTL1, transketolase-like 1.
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Figure 3. Glutamine metabolism allows tumor cells to sustain TCA cycle activity and produce
NADPH during proliferation
Glucose provides cells with a source of Ac-CoA for fatty acid synthesis (blue arrows), which
is enhanced in tumors due to oncogene-driven expression of the lipogenic enzymes ATP-citrate
lyase (ACL), acetyl-CoA carboxylase-1 (ACC) and fatty acid synthase (FAS). However,
continuous citrate export introduces a deficit to the TCA cycle, and this must be replaced by
an anaplerotic flux in order for fatty acid synthesis and cell growth to continue. Metabolism
of glutamine (red arrows) provides a mitochondrial oxaloacetate pool for continued citrate
synthesis. After citrate cleavage by ACL in the cytoplasm, the resulting oxaloacetate can be
converted to malate and ultimately lactate by the low NAD+/NADH ratio created by rapid
glycolysis. Glutamine may also be converted to lactate if mitochondrial malate is exported to
the cytoplasm and decarboxylated by malic enzyme (ME). This pathway appears to be a major
source of NADPH for fatty acid synthesis and other activities in tumor cells. Abbreviations:
Ac-CoA, acetyl-CoA; Mal-CoA, malonyl-CoA; MDH, malate dehydrogenase; LDH-A, lactate
dehydrogenase-A; GLS, glutaminase; SREBP-1, sterol response element binding protein-1.
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