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Cancer Cell Metabolism
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Although the generation of a distinctive metabolic profile is a well-known aspect of cancer, the significance of these adapta-
tions and their potential for exploitation for anticancer therapy has not been fully appreciated until recently. Many oncogenic
changes known to affect intracellular signaling pathways play an active role in mediating these metabolic changes, which, in
turn, function to support cancer cell growth and replication. In this chapter, we discuss the most current findings in cancer cell
metabolism in terms of their impact on tumor cell growth as well as their potential for identifying new targets for therapeutic

intervention.

With the exception of a few familial predisposition
mutations, cancers arise when somatic cells sustain gene-
tic aberrations that disrupt the normal pathways control-
ling DNA replication and cell growth. Recent advances
in genomic sequencing have indicated that tumors collec-
tively exhibit a broad landscape of these genetic changes,
but that any given malignancy contains one of a few
potent “driver” mutations as well as several less common
secondary mutations that combine to promote trans-
formation (Copeland and Jenkins 2009; Hudson et al.
2010). In spite of this genetic complexity, neoplastic cells
do exhibit a common phenotype that characterizes the
many diseases that we know as cancer (Hanahan and
Weinberg 2000, 2010). The most notable feature of this
phenotype is unbridled growth, which sustains the inva-
sive potential and lethality of a malignancy. To support
this relentless cell division, most cancer cells exhibit
shared metabolic adaptations that promote their survival
under conditions that kill normal cells; this adaptation
process has been termed “metabolic transformation.”
Consequently, although cellular transformation occurring
in different cell types arises from many different path-
ways, the metabolic requirements of the resulting tumor
cells are generally very similar (Fig. 1). Cancer cells
must (1) generate energy in the form of ATP, (2) produce
precursors for macromolecule biosynthesis to support cell
growth, and (3) manage the oxidizing effects of their jug-
gernaut metabolism by reducing the impact of reactive
oxygen species (ROS). Because these growth require-
ments are common to all malignancies, there is currently
tremendous research interest in dissecting the mecha-
nisms and impact of metabolic transformation. With
such knowledge, it is hoped that therapeutics can be
designed to block these adaptations and that these agents
may be widely effective at stemming cancer growth and
metastasis (Tennant et al. 2010).

In the limited space allowed, this chapter gives a
general overview of some well-established and newly

discovered mechanisms that cancer cells can employ to
satisfy their three growth requirements.

GENERATING ENERGY AND BUILDING
BLOCKS: THE WARBURG EFFECT
AND BEYOND

Aerobic Glycolysis

Metabolic adaptation in tumor cells was one of the first
aspects of cancer studied. In the 1920s, Warburg noted
that glycolysis, which normally increases under anaero-
bic conditions, was often enhanced in cancers in the pres-
ence of abundant oxygen, a phenomenon known as aer-
obic glycolysis or the “Warburg effect” (Warburg et al.
1927; Warburg 1956a; Vander Heiden et al. 2009). This
switch from oxidative phosphorylation to glycolysis,
with its concomitant accumulation of lactate by-products
in the tumor microenvironment, represents the best
known alteration of tumor cell metabolism (Gillies et al.
2008). It is thought that the resulting increased acidity in
the microenvironment promotes tumor cell adaptation
and may spur the evolution of the tumor niche (Warburg
1956b; Gatenby and Gillies 2004; Gillies et al. 2008).
The prevailing view of the function of the Warburg
effect in the past has been that it is a mechanism to produce
cellular energy in the form of ATP. Certainly, in the pres-
ence of extracellular glucose and robust glucose transport,
glycolysis drives ATP production that is more rapid (albeit
less efficient) than ATP production via mitochondrial
oxidative phosphorylation. Aerobic glycolysis is also ben-
eficial to cancer cells because it generates less ROS and
allows the cells to adapt to the intermittently hypoxic con-
ditions prevalent in a poorly vascularized tumor.

The high rates of glucose metabolism associated with
the Warburg effect have been effectively exploited to facil-
itate tumor imaging. Supplying cancers with radioactive
glucose derivatives allows them to be examined using
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Figure 1. Characteristics of cancer cell metabolism. The altered
metabolic profile of transformed cells arises from mutations in
genes controlling cellular signaling pathways as well as cellular
responses to the surrounding tumor microenvironment. The
signaling pathways in which these genetic aberrations occur
become oncogenic and drive uncontrolled growth. To meet the
metabolic demands of this increased proliferation, cancer cells
must produce large amounts of energy and biosynthetic precur-
sors, while managing the high levels of oxidative stress that
accompany rapid growth. The ensuing metabolic adaptations
also affect the tumor microenvironment, potentially resulting
in sporadic hypoxia, acidity, and/or nutrient starvation. Conse-
quently, the tumor microenvironment exerts additional selective
pressure on the cancer cells to adapt to the harsh conditions.

"®fluorodeoxyglucose—positron emission tomography
(FDG-PET). Indeed, the tools used to determine the nature
of the Warburg effect have demonstrated the clinical im-
portance of glycolysis in cancer cell metabolism (Gambhir
et al. 2001; Czernin and Phelps 2002; Gambhir 2002;
Jadvar et al. 2009). Consequently, several emerging thera-
peutic approaches have been designed to inhibit tumor
cell glycolysis, ranging from the use of nonmetabolizable
glucose analogs to blocking critical steps in the pathway,
such as those catalyzed by lactate dehydrogenase (LDH),
hexokinase-2 (HK2), or the monocarboxylate transporters
(MCT) that export lactate to the external microenviron-
ment (Fantin et al. 2006; Le et al. 2010; Wolf et al.
2011). However, these strategies have not had the hoped-
for impact. In addition, subsequent work has shown that
the amount of glucose taken up by a cancer cell greatly
exceeds its demand for ATP, indicating that the glucose
metabolism entails far more than just ATP generation.

Alternative Glucose Metabolism:
The Pentose Phosphate Pathway

Maintaining adequate levels of intracellular nicotina-
mide adenine dinucleotide phosphate (NADPH) during
rapid cell growth is critical for cell survival. Cells can
raise their intracellular NADPH by increasing flux
through an alternative route of glucose metabolism called
the pentose phosphate pathway (PPP). The PPP, which is
primarily anabolic, produces ribose sugars for nucleotide
biosynthesis and NADPH that serves as reducing poten-
tial for the synthesis of macromolecules. When glycoly-
tic precursors or intermediates accumulate, glucose-6-

phosphate (G6P) is oxidized by G6P dehydrogenase
(G6PDH), triggering commitment to the oxidative arm
of the PPP. This arm consists of a series of reactions that
catalyze the generation of NADPH by G6PDH and 6-
phosphoglucuronate dehydrogenase (6PGDH). The lead
substrate for the nonoxidative arm of the PPP is ribu-
lose-5-phosphate (R5P), which can be generated either
by the oxidative arm or by conversion from fructose-6-
phosphate. R5P is then processed to ribose sugars that
feed into nucleotide biosynthesis. In addition, PPP inter-
mediates generate precursors for amino acids, lipids, and
hexosamine sugars via a collection of secondary biosyn-
thetic pathways that support anabolic growth.

Pyruvate Kinase M2

The availability of biosynthetic precursors is enhanced
by regulation of the rate-limiting step of the glycolytic
pathway, which is catalyzed in normal cells by pyruvate
kinase M1 (PK or PKM1) (Fig. 2). PKM1 drives the con-
version of phosphoenolpyruvate (PEP) to pyruvate, with
concomitant phosphorylation of ADP to ATP. An alter-
natively spliced form of PK (PKM2) that has reduced
catalytic activity is expressed in cancer cells and can
be allosterically activated by fructose-1,6-bisphosphate
(FBP) (Christofk et al. 2008a,b; Vander Heiden et al.
2010). This activation can be countered by either phos-
photyrosine binding to PMK2 or by phosphorylation of
a specific tyrosine residue (Y105) in PMK2 by receptor
tyrosine kinases (Christofk et al. 2008b).

Reduced flux through glycolysis causes the accumula-
tion of pathway intermediates, particularly G6P, which
is shunted through the PPP. Moreover, PEP accumulation
promotes the use of an alternative glycolytic pathway that
is uncoupled from ATP synthesis. This alternative path-
way, which has not been fully characterized, involves the
phosphorylation of phosphoglycerate mutase (PGAM)
and maintains the availability of metabolic intermedi-
ates when ATP is in excess (Vander Heiden et al. 2010).
Moreover, the enzyme phosphoglycerate dehydrogenase
(PHGDH), which is frequently amplified in cancer,
diverts the glycolytic intermediate, phosphoglycerate, to
pathways for glycine and serine biosynthesis (Locasale
et al. 2011; Possemato et al. 2011). It is also interesting
to speculate that a mechanism observed in yeast, whereby
high levels of PEP inhibit triose phosphate isomerase
(TPI) and enhance PPP activity, would also benefit cancer
cell metabolism (Gruning et al. 2011). These results stress
the importance of glycolysis as a source of intermediates
to feed the tumor cell’s inexorable demand for substrates
for macromolecular biosynthesis and suggest that the syn-
thesis of ATP is of secondary importance. Indeed, mainte-
nance of an optimal, but not necessarily maximal, ATP to
AMP ratio is critical for preventing the inhibition of
upstream glycolytic enzymes such as phosphofructoki-
nase (PFK) (Lehninger et al. 1993). Thus, the Warburg
effect is not so much an energy-producing pathway as it
is a pipeline for generating reduced NADPH and biosyn-
thetic intermediates essential for cancer cell survival and
growth (Fig. 2) (Cairns et al. 2011).
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Figure 2. Oncogenic and tumor-suppressive pathways contributing to the Warburg effect. The accelerated rate of aerobic glycolysis
characteristic of the Warburg effect is driven by molecular activities that synergistically promote cellular transformation (shown in
red). These are countered by other molecular activities that suppress transformation (dark blue). The engagement of growth factor
receptors stimulates phosphatidylinositol-3-phosphate kinase (PI3K), which activates Aktl. Activated Aktl up-regulates glycolysis
and activates mTOR while inactivating forkhead box subfamily O (FOXO). In the absence of FOXOs, transcription of factors that
usually inhibit glycolysis and control reactive oxygen species (ROS) is blocked. mTOR activation stimulates translation of
growth-related proteins such as Myc and increases hypoxia-inducible factor (HIF) transcriptional activity. HIF1 associates with
PKM2 to drive proglycolytic gene expression. PKM2 is an alternatively spliced form of pyruvate kinase (PK or PKM1) and is
expressed at high levels in cancer cells. High Myc levels stimulate PKM2 generation, and PKM2 acts to slow glycolysis. Glycolytic
intermediates are diverted to the pentose phosphate pathway (PPP), which bolsters nucleotide synthesis and generates NADPH. HIF1
activation also drives the expression of glucose transporters, glycolytic enzymes, and pyruvate dehydrogenase kinase (PDK), which
inhibits the entry of pyruvate into the tricarboxylic acid (TCA) cycle via pyruvate dehydrogenase (PDH). PDK expression is also
increased by OCT1 transcriptional activity. The production of lactate by lactate dehydrogenase (LDH) is increased owing to increased
pyruvate production from glycolysis, and lactate export to the tumor microenvironment is mediated by the monocarboxylate transport-
ers (MCT). Tumor cell metabolic adaptations are countered by tumor suppressors such as p53, phosphatase and tensin homolog deleted
from chromosome 10 (PTEN), AMP-dependent kinase (AMPK), TP53-induced glycolysis and apoptosis regulator (TIGAR), FOXOs,
and synthesis of cytochrome ¢ oxidase 2 (SCO2). PTEN down-regulates the PI3K pathway, AMPK inhibits mTOR, TIGAR blocks
glycolysis, FOXOs control an antioxidative response, thereby increasing ROS scavenging, and the p53 target, SCO2, regulates cyto-
chrome c levels and enhances mitochondrial oxidative phosphorylation. The expression of all these regulators is driven by p53 and/or
FOXO. Loss of these tumor suppressors therefore results in constitutive activation of growth-promoting mechanisms and strongly pre-
disposes cells to transformation.

The alternative splicing event that generates PKM?2
is stimulated by the Myc oncoprotein, reinforcing the
selective preference for the M2 isoform that occurs under
conditions of rapid growth (David et al. 2010; Sun et al.
2011). PKM2 itself further promotes this anabolic pro-
gram via a positive feedback loop in which PKM2 is
hydroxylated by prolyl hydroxylase-3 (PHD3). Hydroxyl-
ated PKM2 then interacts with hypoxia-inducible factor 1
(HIF1) to promote the transactivation of HIF-responsive
genes (Luo etal. 2011). Because of its high rate of expres-
sion as well as its dramatic effect on rates of glycolysis and
cell growth, PKM2 has become an attractive candidate for
a metabolic biomarker for transformation.

The PI3K Pathway

The PI3K pathway (Fig. 2) coordinates cellular re-
sponses to many extracellular growth/survival signals
through a cascade of kinase reactions. Activation of the

PI3K pathway leads to stimulation of glucose uptake
and the poising of cellular metabolism toward anabolic
growth. These effects synergize to create the strong trans-
forming potential associated with PI3K activation (Plas
and Thompson 2005). This transforming activity is coun-
teracted by the tumor suppressor, PTEN, a lipid phosphatase
that degrades the second messenger molecule phosphatidy-
linositol triphosphate (PTDINS-3,4,5-P), which is pro-
duced by PI3K. In cancer cells, the PI3K pathway is
frequently constitutively activated owing to mutations in
the PTEN gene, activating mutations in the catalytic subunit
of PI3K itself or hyperactivation/overexpression of recep-
tor tyrosine kinases such as epidermal growth factor recep-
tor 1 (EGFR1) or the insulin-like growth factor 1 receptor
(IGF-1R) (Chitnis et al. 2008; Wong et al. 2010).

PI3K activation leads to the activation of the prosurvival
kinase Aktl, which in turn results in heightened glucose
metabolism through glycolysis and the PPP (Fig. 2)
(Elstrom et al. 2004; Fan et al. 2010). Aktl stimulates


http://symposium.cshlp.org/
http://www.cshlpress.com

Downloaded from symposium.cship.org on September 6, 2024 - Published by Cold Spring Harbor Laboratory Press

302 CAIRNS ET AL.

expression of glucose transporters, enhancing glucose up-
take, and directly phosphorylates enzymes such as HK2
and PFK, committing glucose to the glycolytic pathway
and driving the Warburg effect (Elstrom etal. 2004; Robey
and Hay 2009). Persistent Akt1 up-regulation results in the
translocation, ubiquitination, and degradation of the
FOXO transcription factors, as well as the up-regulation
of HIFs, resulting in an altered transcriptional program
that further enhances glycolytic activity (Khatri et al.
2010). FOXOs control the expression of genes important
for a variety of cellular processes, including apoptosis,
cell cycle progression, and the antioxidant response
(Lehtinen et al. 2006; Trachootham et al. 2006; Trotman
et al. 2000). Activated Aktl also increases the expression
of ectonucleoside triphosphate diphosphohydrolase 5
(ENTPDS) (Fang etal. 2010). ENTPDS catalyzes the con-
version of uridine 5’ diphosphate (UDP) to uridine 5’
monophosphate (UMP), which stimulates the N-glycosy-
lation of proteins in the endoplasmic reticulum (ER).
ENTPDS also works in concert with cytidine monophos-
phate (CMP) kinase-1 and adenylate kinase-1 to create
an ATP hydrolysis cycle that prevents the intracellular
energy charge from reaching an inhibitory level (Fang
et al. 2010). Interestingly, the increased expression of
ENTPDS serves to amplify the Warburg effect by increas-
ing the ratio of AMP to ATP, thereby maintaining PFK
activation. PFK in turn drives glycolysis and promotes
the glycosylation of receptors whose translation has been
specifically up-regulated. At the same time, the resulting
increased glucose influx is channeled into other glucose
utilization pathways, such as the generation of UDP-glu-
cose and hexosamine sugars that are used for posttransla-
tional modification of growth factor receptors.

The most dramatic effect of Aktl phosphorylation is
the activation of the downstream kinase mTOR (Fig. 2).
This kinase participates in two complexes, mTORCI
and mTORC2, whose equilibrium functions as a major
mechanism for nutrient sensing and metabolic transfor-
mation. The up-regulation of biosynthetic pathways in
response to mTORCI activation has been studied exten-
sively (Duvel et al. 2010; Zoncu et al. 2010; Yecies and
Manning 2011). Once activated, mTORCI drives protein
translation through phosphorylation of the ribosomal
small protein 6 (S6) kinase and the eukaryotic transla-
tion initiation factor 4E binding protein (eIF4E-BP),
enhancing cap-dependent translation of a subset of
growth-related proteins such as HIF1, cyclin D, and
Myc (Guertin and Sabatini 2007). mTORCI activation
also increases the translation of the serum response
element—binding protein and peroxisome proliferator—
activated receptor transcription factors (Guertin and
Sabatini 2007; Zhang et al. 2009), stimulating lipid bio-
synthesis. Lastly, mTORC]1 phosphorylates the unc-like
kinase 1 protein, inhibiting the formation of complexes
initiating autophagy (Chan 2009; Hosokawa et al. 2009).
Interestingly, the mTORC2 complex, which predominates
under nutrient starvation conditions, participates in a
feedback loop that phosphorylates Aktl, up-regulating
its activity and thereby controlling the entire mTOR-
centered network (Sarbassov et al. 2005; Facchinetti

et al. 2008; Garcia-Martinez and Alessi 2008; Ikenoue
et al. 2008). Dysregulation of the equilibrium between
mTORC1 and mTORC?2 is thought to be a major driver
of metabolic transformation (Duvel et al. 2010; Zoncu
et al. 2010; Yecies and Manning 2011).

Hypoxia-Induced Transcription Factors

The HIF transcription factors, whose expression is
up-regulated by the PI3K/Aktl /mTOR pathway, repre-
sent secondary mechanisms of adaptation that are driven
by external signaling (for review, see in Pouyssegur et al.
2006; Wouters and Koritzinsky 2008). HIF 1 and HIF2 are
the most significant transcriptional effectors of the cellu-
lar response to hypoxia, which is the best characterized
form of microenvironmental stress experienced by tumor
cells. The HIFla and HIF2« subunits bind to the consti-
tutively expressed HIF1f subunit (also called ARNT)
to form two separate dimeric complexes. The stability
and hence abundance of the HIFla and HIF2«a proteins
are tightly controlled by a posttranslational modification
process that involves proline hydroxylation, ubiquitination
by the von Hippel-Lindau protein (pVHL), and degrada-
tion by the 26S proteasome. A reduction in oxygen results
in stabilized HIF1/2a subunits and initiates a hypoxic
transcriptional response that maximizes glycolysis and
minimizes oxidative phosphorylation. Because HIF1 is
ubiquitously expressed, whereas HIF2 expression is more
restricted, and because the impact of HIF1 on cancer
metabolism has been more extensively studied (Bertout
etal.2008), the discussion that follows relates to HIF 1 only.

Constitutively active Aktl can activate HIF1 even un-
der normoxic conditions (Inoki et al. 2005; Plas and
Thompson 2005; Lu et al. 2008), as can a deficiency of
pVHL (Kaelin 2008; Kapitsinou and Haase 2008),
succinic dehydrogenase, or fumarate hydratase (Selak
et al. 2005; King et al. 2006). In the latter two cases,
the accumulation of the relevant substrates interferes
with HIF1 modification. HIF1 stabilization is central to
the ability of the PI3K pathway to drive the Warburg
effect, because HIF1 enhances cellular glycolytic poten-
tial by increasing the transcription of glucose transporters,
glycolytic enzymes, and PDK1 (Semenza 2010). Up-regu-
lated PDKI1 restricts the entry of pyruvate into the
mitochondrial TCA cycle by inhibitory phosphorylation
of PDH (Papandreou et al. 2006; Kim et al. 2007; Lu
etal. 2008). As a consequence, oxidative phosphorylation
and the ROS that it generates are reduced, complementing
the up-regulation of glycolysis mediated by HIF1. The
concomitant inhibition of FOXOs by Aktl suppresses
FOXO-dependent up-regulation of gluconeogenic en-
zymes such as glucose-6-phosphatase (G6Pase) and phos-
phoenolpyruvate carboxykinase (PEPCK), as well as that
of several ROS-reducing enzymes, including superoxide
dismutase (MnSOD), catalase, and PTEN-induced puta-
tive kinase (PINK1) (Lehtinen et al. 2006; Trotman et al.
2006; Zhang et al. 2006; Mei et al. 2009). The expressions
of many other factors involved in apoptosis and stress
responses are also blocked (Fig. 2) (Trachootham et al.
2006).
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Octamer transcription factor 1 (OCT1; also known as
POU domain class 2 transcription factor 1, POU2F1) is
another transcription factor that reportedly contributes
to the balance between oxidative phosphorylation and
glycolysis. OCT1 activates transcription of several genes
involved in glycolysis and in the down-regulation of
mitochondrial oxidative phosphorylation (Shakya et al.
2009). In particular, OCT1 increases transcription of
PDK4, an isozyme of PDK. Both PDK1 and PDK4 inhi-
bit the entry of pyruvate into the TCA cycle by inhibiting
PDH. OCTT1 is often highly expressed in cancers and
may reduce oxidative stress in tumor cells. Consequently,
overexpression of OCT1 in conjunction with loss of the
master tumor suppressor pS3 promotes cellular transfor-
mation (Jin et al. 1999; Almeida et al. 2005).

Metabolic Counterbalances to the Warburg Effect
and the PI3K Pathway: AMPK, p53, and FOXO

The PI3K pathway responds to external growth factors
and hormonal signals by promoting glucose transport,
aerobic glycolysis, and anabolic synthesis of macromole-
cules. However, in the absence of an abundant supply of
glucose, this pathway is ineffective and the cell must rely
on other sources of ATP generation. The levels of ATP
within a cell are closely monitored by the AMPK, which
is activated by increased levels of AMP and whose gene
expression is driven by p53. AMPK initiates suppression
of the PI3K pathway by inhibiting both tuberous sclerosis
2 (TSC2) (Inoki et al. 2003) and Raptor, a subunit of
mTORC1 (Gwinn et al. 2008). Consequently, AMPK
blocks both protein translation and fatty acid (FA) synthe-
sis (Jones et al. 2005; Kuhajda 2008; Shackelford and
Shaw 2009) and derepresses autophagy (Kim et al.
2011) by inhibition of mTORCI1. To generate energy
under these conditions, the cell increases FA oxidation
to generate acetyl-coenzyme A (CoA) as a substrate for
the TCA cycle and oxidative phosphorylation (Buzzai
et al. 2005). AMPK has also been reported to phosphor-
ylate and activate p53, which induces the transcription
of genes involved in an energy-dependent cell cycle
checkpoint (Jones et al. 2005) as well as inducing genes
that down-regulate glycolysis. Finally, AMPK physically
interacts with p53 on certain gene promoters to mediate
histone H2B phosphorylation, thereby increasing tran-
scription (Bungard et al. 2010).

In addition to p53’s important roles in the DNA dam-
age response, cell cycle control, and apoptosis, this tumor
suppressor also dampens the Warburg effect through its
effects on glycolysis and the PI3K pathway (Vousden
2009). In normal cells, p53 stimulates transcription of
PTEN, which reduces PTDINS-3,4,5-P levels and there-
by inactivates the PI3K pathway. Because p53 is also acti-
vated in response to stress and promotes the survival of
untransformed cells, some of the effects of p53 activation
on the regulation of glucose metabolism through glycol-
ysis and the PPP can seem contradictory to the well-
characterized role of p53 as a tumor suppressor. p53
increases transcription of the glycolytic enzyme HK2
(Mathupala et al. 1997), which then catalyzes the

synthesis of G6P that can enter either glycolysis or the
PPP. Simultaneously, p53 drives the expression of the
enzyme TIGAR, which dephosphorylates 2,6-FBP (Ben-
saad et al. 2006) and thus increases flux through the PPP
at the expense of glycolysis. In an untransformed cell,
these activities of p53 stimulate the production of
NADPH that can be used to scavenge ROS. In a cancer
cell, p53-mediated stimulation of the PPP would be pre-
dicted to promote anabolic cell growth. However, a recent
report has described the ability of p53 to bind directly to
G6PDH, specifically blocking the oxidative arm of the
PPP and thus inhibiting NADPH production (Jiang
et al. 2011). Consequently, the overall effect of p53 acti-
vation on cancer cell metabolism may be to permit the
production of ribose-5-phosphate sugars for nucleotide
biosynthesis but deprive the cell of NADPH. In addition,
p53 reduces glucose uptake by decreasing the expression
of Glutl and Glut4 (Schwartzenberg-Bar-Yoseph et al.
2004). One can hypothesize a network of HK2, TIGAR,
GO6PDH, and p53 activities that allows a cell to survive
but also to resist transformation. In this way, p53 activates
a variety of functions to downplay the changes that occur
in cancer cell metabolism and suppress adaptations sup-
porting tumorigenesis. Thus, loss of p53 in a cell removes
a major barrier to its transformation and subsequent dys-
regulated growth.

Like p53, FOXOs control the expression of several
metabolic genes. These genes include those encoding
G6Pase and PEPCK, which antagonize glycolysis; sestrin
3, which inhibits mMTORC1 in a TSC2-independent mech-
anism; and Rictor, which increases mTORC2 activity
(Chen et al. 2010). Inactivation of FOXO by Akt phos-
phorylation blocks these effects as well as apoptotic path-
ways induced by FOXO activation (Brunet et al. 1999;
Kops et al. 1999; Hay 2011).

Metabolic Flexibility

Although the Warburg effect is tremendously advanta-
geous for the growth of many cancer cells, it is important
to realize that some tumors are not strongly glycolytic
(Gambhir et al. 2001; Gambhir 2002). It has become clear
that, when necessary, cancer cells can use alternative
sources of energy such as the breakdown of FAs, amino
acids, and lactate to fuel their proliferation (DeBerardinis
et al. 2007; Sonveaux et al. 2008; Yang et al. 2009). One
very interesting example of this metabolic flexibility is
the abnormal expression in cancer cells of carnitine
palmitoyltransferase-1C (CPT1C).

CPT1 enzymes that regulate the (3 oxidation of FAs
may play an important part in determining a key aspect
of metabolic flexibility. Recent data suggest that
CPTI1C, in particular, facilitates the adaptation of tumor
cells to metabolic stress. CPT1C is normally a brain-
specific enzyme that bears significant homology with
the ubiquitous CPT1A and muscle-specific CPT1B iso-
zymes (Wolfgang et al. 2006; Wolfgang and Lane
2006). Whereas CPT1A and CPT1B both catalyze the
condensation of L-carnitine with acyl-CoA in the outer
mitochondrial membrane, CPT1C exhibits very low or
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negligible catalytic activity with conventional substrates,
and its subcellular localization is controversial (Wolf-
gang et al. 2006; Sierra et al. 2008). Nonetheless,
CPTIC is an important regulator of lipid metabolism,
because mice deficient for CPT1C become obese when
fed a high-fat diet, exhibit insulin resistance, and are
more prone to developing nonalcoholic fatty liver disease
(Wolfgang and Lane 2006, 2011; Wolfgang et al. 2006,
2008; Dai et al. 2007; Lane et al. 2008). In addition, con-
ditional transgenic mice overexpressing CPT1C exhibit
microencephaly and an altered profile of very-long-chain
FAs in the brain (Reamy and Wolfgang 2011).

With respect to cancer, CPT1C is overexpressed in
many human lung tumors, and up-regulated CPT1C ex-
pression correlates with rapamycin resistance in a mouse
model of HER2" mammary cancer (Zaugg et al. 2011).
The evidence to date suggests that CPT1C expression is
a mechanism that tumor cells can exploit to increase their
chances of survival under stress conditions. Knockdown
of CPT1C in cancer cells reduces growth and increases
sensitivity to hypoxia and nutrient starvation. Under
such conditions of metabolic stress, CPT1C is up-regu-
lated via AMPK activation and stimulates FA oxidation
to maintain adequate energy levels. Notably, AMPK
and p53 colocalize on the CPT1C promoter and mediate
histone H2B phosphorylation that stimulates the initiation
of CPT1C transcription (Bungard et al. 2010). In line with
its regulation by AMPK, the growth advantage conferred
by CPT1C expression can be blocked by metformin treat-
ment (Zaugg et al. 2011). The induction of CPTIC as a
metabolic response to hypoxia suggests that it functions
not only to stimulate FA oxidation but also possibly to
reduce hypoxia-induced ROS, perhaps through microso-
mal metabolism of very-long-chain or branched FAs.
Consistent with the emerging importance of FA metabo-
lism in tumorigenesis (Menendez and Lupu 2007; Hirsch
etal. 2010; Nomura et al. 2010), CPT1C may represent an
exciting new target for therapeutic intervention.

METABOLIC ALTERATIONS SUPPORTING
BALANCED REDOX STATUS

Reactive Oxygen Species

Reactive oxygen species are a heterogeneous collec-
tion of highly reactive oxygen compounds that contain
an unpaired valence shell electron. Because of their high
reactivity, their effects are relatively nonspecific and can
have beneficial or detrimental effects (Fig. 3). ROS arise
as a natural by-product of mitochondrial oxidative phos-
phorylation, oxygen metabolism, and NADPH/NADPH
oxidase functions. ROS-dependent posttranslational mod-
ifications of the kinase and phosphatase systems that reg-
ulate cell growth are important for proliferation and
intracellular signaling (Lee et al. 2002; Giannoni et al.
2005; Cao et al. 2009). Similarly, ROS-driven activation
of HIF1-responsive genes is an essential mechanism by
which normal cells manage their intracellular redox bal-
ance. HIF-mediated stimulation of glycolysis minimizes
further mitochondrial production of ROS and activates
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Figure 3. Reactive oxygen species levels in cancer cells. The
high metabolic rate of cancer cells drives their intracellular
ROS up to an intermediate level, resulting in a shift in redox bal-
ance. This oxidizing environment fosters mutations and meta-
bolic adaptations that promote an even higher growth rate and
cancer progression. As ROS rise to toxic levels, the cell begins
to experience severe oxidative stress, which normally would
trigger cell death or senescence. To survive, cancer cells must
up-regulate antioxidant mechanisms that can scavenge ROS.
In particular, the use of NADPH-mediated mechanisms to
reduce ROS, as well as the chaperone activity of DJ1 and meta-
bolic changes effected by carnitine palmitoyltransferase-1C
(CPTIC) can help to restore intermediate ROS levels. This
maintenance of elevated but nontoxic ROS permits the cell to
survive but enables a rapid mutation rate that eventually leads
to transformation.

reducing systems that can scavenge these species to pre-
vent collateral damage to cellular structures (Bell et al.
2005; Gao et al. 2007). However, extremely rapid cell
growth produces sufficient ROS to inflict serious damage
on DNA and to subsequently induce cellular senescence
(Ramsey and Sharpless 2006; Takahashi et al. 2006).
Alternatively, the apoptosis of cells containing high
ROS levels may be triggered through the action of protein
kinase C-d or through cytochrome c release from mito-
chondria (Han et al. 2003; Garrido et al. 2006).

To control excessive ROS levels, cells use scavenging
mechanisms involving antioxidants such as reduced glu-
tathione (GSH) and thioredoxin (TRX) (Fruehauf and
Meyskens 2007). The oxidation of these reducing mole-
cules consumes excessive ROS, and the reduced forms
of these molecules can be regenerated using reducing
equivalents derived from NADPH (Fig. 4). In cancer
cells, the toll of uncontrolled growth is extremely toxic
levels of ROS that must be managed by concomitant
up-regulation of ROS scavenging mechanisms. Conse-
quently, although cancer cells do exhibit excessive
ROS, these levels would be even higher without the
compensatory mechanisms that these cells have evolved
(Sundaresan et al. 1995; Bae et al. 1997; Vaughn and
Deshmukh 2008; Schafer et al. 2009; Reuter et al.
2010). Moreover, additional inhibition or loss of tumor-
suppressing antioxidant systems may tip the redox bal-
ance further toward highly toxic and mutagenic levels
of ROS. For example, activation of mTORCI results in
an increased rate of protein translation that elevates intra-
cellular ROS (Ozcan et al. 2008). Loss of the tumor-
suppressor retinoblastoma protein, which plays a critical
role in the antioxidant response, can also lead to toxic
ROS levels and apoptosis (Li et al. 2010). Similarly,
PTEN inactivation results in elevated Akt1 activity, which
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Figure 4. Cellular mechanisms controlling oxidative stress. NADPH is an essential source of reducing power for the recycling of fac-
tors such as glutathione and thioredoxin that can scavenge excessive ROS. NADPH is generated both via the PPP and by the cytoplas-
mic aneuplurotic reactions catalyzed by isocitrate dehydrogenase 1/2 (IDH1/2) and malic enzyme (ME) that also replenish TCA cycle
intermediates. Mutations in IDH1 /2 may contribute to transformation by reducing NADPH. Glutathione is the end result of a pathway
that begins with glutamine uptake and glutaminolysis, and is enhanced by Myc. Myc also increases the expression of PKM2, which
slows glycolysis and diverts glucose into the PPP. This diversion is an important counterbalance to the Warburg effect because
increased production of NADPH allows cancer cells to neutralize their high ROS levels. Molecules that promote cellular transforma-
tion once mutated are shown in red, whereas molecular activities that normally suppress transformation are shown in dark blue.

inhibits FOXOs and further compromises the capacity of
the cell to manage ROS (Nogueira et al. 2008).

The role of p53 in controlling oxidative stress is com-
plex. At moderate levels of oxidative stress, p5S3 induces
the expression of genes that promote cell survival and
ROS management (Budanov et al. 2004; Yoon et al.
2004). For example, p53 increases expression of SCO2,
which regulates oxidative phosphorylation by controlling
cytochrome ¢ oxidase levels, and glutaminase 2, which
stimulates glutathione synthesis (Matoba et al. 2006;
Suzuki et al. 2010). In addition, p53 activates the tran-
scription of the cyclin-dependent kinase inhibitor p21.
p21 associates with nuclear factor (erythroid-derived
2)-like (NRF2, also known as NFE2L2), which is the
key regulator of the antioxidant response, to stabilize
this transcription factor and thus increase the expression
of a broad panel of antioxidant genes (Chen et al. 2009).
At low levels of oxidative stress, NRF2 associates with
kelch-like ECH-associated protein (KEAP1), which tar-
gets NRF2 for ubiquitination and proteolytic degradation.
As ROS accumulate, p53-driven expression of p2l
increases, preventing NRF2—KEAP interaction and pro-
moting the antioxidant response (Chen et al. 2009).

At extremely high levels of ROS, p53 initiates a failsafe
program of apoptosis, maximizing ROS levels through
the mitochondrial apoptosis pathway to ensure cell death
(Liu et al. 2005, 2008, 2009). In the absence of functional
p53, this defense mechanism is lost and ROS inexorably
rise, fostering mutagenesis and transformation. Although
the extreme oxidative stress that occurs in p53-deficient
cells suggests that using oxidative agents to induce lethal
ROS levels might be an effective therapy (Trachootham
et al. 2006, 2008, 2009), it seems that cancer cells have
been selected for the evolution of alternative measures

that allow them to adapt to and circumvent the effects
of very high ROS, as discussed below.

FOXOs also mediate a major antioxidative response by
increasing the expression of MnSOD and catalase, which
scavenge superoxide and hydrogen peroxide, respec-
tively, as well as PINK1 and periredoxin3, which manage
mitochondrial oxidative stress (Kops et al. 2002; Nemoto
and Finkel 2002; Tothova etal. 2007). In addition, FOXOs
induce expression the sterol carrier proteins SCPx/SCP2,
which stimulate peroxisomal metabolism of branched-
chain FAs, protect FAs against peroxidation, and function
to mitigate the toxicity of oxidized lipids such as choles-
terol hydroperoxide (Weinhouse 1976; Dansen et al.
2004; Samuel et al. 2006; Zhang et al. 2006; Weidinger
et al. 2008; Kriska et al. 2010).

DJ1

Recent work has demonstrated that neurons and cancer
cells use similar pathways to deal with ROS. DJ1 (also
known as Park7) is a molecular chaperone that, like
p21, can bind to NRF2 such that it is stabilized and drives
the antioxidant response (Clements et al. 2006). In neuro-
degenerative diseases where DJ1 is deficient, neuronal
cells die owing to an inability to reduce oxidative stress
(Gasser et al. 1997; Kim et al. 2005a). DJ1 was first
identified as an oncogene because of its capacity to
synergize with Ras to transform cells (Nagakubo et al.
1997) and was subsequently demonstrated to suppress
the effects of PTEN overexpression in a Drosophila
genetic screen (Kim et al. 2005b). High levels of DJ1
reduce PTEN stability, resulting in elevated Akt activity
(Kim et al. 2005a; Aleyasin et al. 2010). Increased DJ1
expression correlates with a poor prognosis for patients
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with lung, ovarian, or esophageal cancers, particularly
when p53 is absent (Kim et al. 2005b; Davidson et al.
2008; Yuen et al. 2008). Consistent with these observa-
tions, DJ1 deficiency correlates with a reduced risk of
developing a wide range of cancers, excluding melanoma
(Bajaj et al. 2010).

Glutamine Metabolism in Cancer Cells

Cancer cell lines require high levels of the amino acid
glutamine in culture medium to survive (Eagle 1955;
Coles and Johnstone 1962; Reitzer et al. 1979). Although
this requirement was originally ascribed to glutamine
instability, in fact transformation truly incurs an increased
requirement for glutamine (Wise et al. 2008; Gao et al.
2009). The cellular uptake of glucose and glutamine are
closely coregulated by the hexosamine biosynthetic path-
way, which supports glycosylation of the interleukin-3
receptor  (IL-3Ra) subunit as well as growth factor—
dependent glutamine uptake (Wellen et al. 2011). Al-
though this coregulation has been demonstrated only for
IL-3Ra to date, other cytokine receptors are likely to be
controlled in the same way, so that the balance of these
two essential nutrients is maintained during rapid growth.

Cytoplasmic glutamine is readily metabolized by glu-
taminase to generate glutamate that can be used directly
for the synthesis of GSH by the enzyme glutathione cys-
teine ligase, bolstering the antioxidant response (Vaughn
and Deshmukh 2008). Alternatively, glutamine can be
deaminated to produce a-ketoglutarate (a«KG) to restore
optimal levels of TCA intermediates in a process termed
anapleurosis (Fig. 4).

Utilization of glutamine by transformed cells is tightly
regulated by Myc, consistent with the increased demand
for energy, biosynthetic precursors, and redox manage-
ment. Myc stimulates glutamine transport (Wise et al.
2008; Gao et al. 2009; Tong et al. 2009) and also
represses the expression of miR23a/b, a microRNA that
down-regulates expression of glutaminase (Gao et al.
2009). These events occur in addition to the Myc-
mediated increase in PKM2 alternative splicing and
expression described above. The overall effect is the
up-regulation of GSH synthesis to scavenge ROS, as
well as the stimulation of the PPP to produce NADPH
that can be used to regenerate GSH (Fig. 4). Of relevance,
it has been demonstrated that cells containing an activat-
ing Ras mutation also require high levels of glutamine
uptake and processing into GSH to manage oxidative
stress (Trachootham et al. 2006; Weinberg et al. 2011).

NADPH

NADPH is a cofactor that is used to transfer and store
reducing potential acquired from cytoplasmic oxidative
reactions such as those in the PPP. Approximately 60%
of intracellular NADPH is generated via the PPP, with
the remaining 40% arising from the activities of cytoplas-
mic isocitrate dehydrogenase (IDH1) and malic enzyme
(ME). NADPH is required for anabolic biosynthetic
reactions important for cell growth but is also critical

for mitigating ROS-related cellular damage. In this
capacity, NADPH is used to regenerate both GSH and
TRX, which act to reduce ROS toxicity and repair ROS-
inflicted damage (Nathan and Ding 2010). Consequently,
cancer cells maintain high levels of NADPH not only to
sustain their rapid growth but also to protect them from
excessive ROS.

Isocitrate Dehydrogenases

Isocitrate dehydrogenases also serve to generate
NADPH within a cell. These proteins catalyze the con-
version of isocitrate to aKG with the concomitant pro-
duction of NADPH (Fig. 4). Cytoplasmic IDH1 and
mitochondrial IDH2 are homodimeric enzymes that are
highly homologous to each other and use NADP as a
cofactor. In contrast, IDH3 functions in the TCA cycle
and uses NAD as a cofactor. Several genomic analyses
of cancer patients have implicated specific mutations of
IDH1 and IDH2 as tumorigenic drivers in a high propor-
tion of low-grade gliomas, astrocytomas, and cytogeneti-
cally stable forms of acute myelogenous leukemia (AML)
(Parsons et al. 2008; Mardis et al. 2009; Yan et al. 2009;
Gross et al. 2010). These studies have demonstrated that
the IDH1 R132H mutation is most common in gliomas,
whereas the homologous IDH2 R172K or R140Q muta-
tions occurs at similar frequency in AML (Parsons et al.
2008; Mardis et al. 2009; Gross et al. 2010; Ward et al.
2010). The observation that these IDH1/2 mutations are
unfailingly heterozygous suggests that they are gain-
of-function mutations; that is, the mutated genes encode
an enzyme that acquires a new function promoting trans-
formation in specific tissues. It is unknown why IDH1/2
mutations are uncommon in other types of cancers
(Bleeker et al. 2009; Kang et al. 2009; Yan et al. 2009).

Mutant IDH1/2 enzymes catalyze the normal IDH
reaction very inefficiently, leading to reduced intracellu-
lar «KG concentrations. The mutated residues in IDH1
and IDH2 are located at the isocitrate binding site and
thus alter the catalytic activity of these proteins. Instead
of producing «KG and NADPH, the mutant IDHs convert
oKG to the rare metabolite 2-hydroxyglutarate (2-HG)
while oxidizing NADPH to NADP (Fig. 5) (Dang et al.
2009; Gross et al. 2010; Ward et al. 2010). However, nei-
ther cell lines nor tissues expressing mutant IDH proteins
show significant changes to other important metabolites
such as isocitrate (Dang et al. 2009; Gross et al. 2010). It
is currently unclear which effect(s) of IDH mutations are
required to achieve cellular transformation: the consump-
tion (rather than the generation) of reducing NADPH
equivalents and/or the accumulation of massive intracel-
lular levels of 2-HG (Dang et al. 2009; Gross et al. 2010;
Ward et al. 2010). It had been previously hypothesized
that a decrease in «KG would inhibit the «KG-dependent
prolyl hydroxylases (PHD) that stabilize HIFs (Zhao et al.
2009). However, itis now believed that the 2-HG produced
by mutant IDHI1/2 inhibits multiple classes of aKG-
dependent dioxygenases (Xu et al. 2011), including not
only PHDs but also methylcytosine dioxygenase (TET2)
enzymes that regulate the methylation state of DNA and
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Figure 5. Effects of IDH1 /2 mutations on cancer cell metabolism. In normal cells (blue), IDH1 /2 catalyze the conversion of isocitrate
to a-ketoglutarate (a¢KG) with concomitant production of NADPH. aKG generates glutamine and glutamate for the TCA cycle,
whereas NADPH provides reducing power for the generation of FAs by FA synthase (FAS). When IDH1/2 are mutated (IDH1/2
mt, shown in red), their altered catalytic activity converts «KG to 2-HG and consumes NADPH. 2-HG promotes transformation
because it inhibits aKG-dependent enzymes such as methylcytosine dioxygenase (TET2), histone lysine demethylases (KDM),
and prolyl hydroxylases (PHD), thereby altering DNA methylation and preventing HIF1 degradation. In the presence of metabolic
stress such as hypoxia, high ROS levels, or nutrient starvation, this HIF stabilization increases FA oxidation dependent on carnitine
palmitoyltransferase 1C (CPT1C), affording cancer cells an alternative energy source. Molecular activities that promote cellular trans-
formation are shown in red, whereas activities that normally suppress transformation are represented in dark blue.

histone lysine demethylases (KDM) that control gene
expression epigenetically (Figueroa et al. 2010; Chowd-
hury et al. 2011). These findings are consistent with the
clinical observation that mutations of TET2 and IDH1/2
are mutually exclusive in AML patients (Figueroa et al.
2010). On the basis of these observations, 2-HG has been
dubbed an “oncometabolite” whose accumulation is asso-
ciated with gene silencing and transformation (Dang et al.
2009).

CONCLUSION

Oncogenic mutations in intracellular signaling path-
ways produce metabolic adaptations that facilitate tumor
growth, a process that is driven in large part by the
selective pressure exerted by the surrounding tumor mi-
croenvironment. These adaptations must support the
energy and biosynthetic requirements of rapidly growing
cells while maintaining a balanced redox potential within
the cell. Because many of these metabolic changes are
common to a broad range of cancer cell types, they are
attractive potential targets for anticancer therapy. The
ongoing characterization of cancer cell metabolism
should yield much useful information that can be trans-
lated into therapeutic tools to stem tumor growth and
metastasis.
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