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Is cancer a disease of abnormal cellular metabolism?:

New angles on an old idea
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Texas — Southwestern Medical Center

Abstract

In the 1920s, Otto Warburg observed that tumor cells consume a large amount of glucose, much
more than normal cells, and convert most of it to lactic acid. This phenomenon, now known as the
‘Warburg effect,” is the foundation of one of the earliest general concepts of cancer: that a
fundamental disturbance of cellular metabolic activity is at the root of tumor formation and growth.
In the ensuing decades, as it became apparent that abnormalities in chromosomes and eventually
individual genes caused cancer, the ‘metabolic’ model of cancer lost a good deal of its appeal, even
as emerging technologies were exploiting the Warburg effect clinically to detect tumors in vivo. We
now know that tumor suppressors and proto-oncogenes influence metabolism, and that mutations in
these genes can promote a metabolic phenotype supporting cell growth and proliferation. Thus, these
advances have unified aspects of the metabolic and genetic models of cancer, and have stimulated a
renewed interest in the role of cellular metabolism in tumorigenesis. This review reappraises the
notion that dysregulated cellular metabolism is a key feature of cancer, and discusses some metabolic
issues that have escaped scrutiny over the years and now deserve closer attention.
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INTRODUCTION

The Warburg effect, also known as aerobic glycolysis, is defined as a high rate of glucose
utilization and lactate production despite the presence of sufficient oxygen to oxidize glucose
carbon in the mitochondria. Recognition of this unusual metabolic phenomenon stems from
experiments performed by the German physiologist Otto Warburg, starting in the 1920s1: 2. In
those experiments, Warburg compared the metabolism of rapidly proliferating mouse ascites
tumor cells to that of differentiated, quiescent cells from organs of the adult animal. He
proposed that a fundamental impairment of cellular respiratory capacity was the root cause of
all cancer, a bold and controversial claim that was ultimately rejected despite his continued
writing and lecturing on the subject for some 40 years. Nevertheless, appreciation of the
Warburg effect as a feature of tumor cell metabolism has survived its namesake by a long
stretch. Today, the glycolytic activity of tumors is not only accepted, but exploited clinically
by 18F-deoxyglucose positron emission tomography (FDG-PET), which detects tumors
precisely by virtue of their enhanced ability to take up and metabolize glucose compared to
normal tissue. The Warburg effect remains the most frequently cited evidence that tumors
display dysfunctional metabolism.
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Recently, interest in tumor metabolism has enjoyed a renaissance as an ever-growing number
of reports uncovers the molecular connections between transformation and cell metabolism,
and as technological improvements increase the feasibility of studying tumor metabolism in
vivo. The field seems poised to offer significant insights into tumor biology over the next
decade. As such, it is worth re-examining the evidence for a bona fide connection between
altered cellular metabolic state and tumorigenesis: does the notion of such a connection stand
up to our current understanding of tumor biology and cancer genetics? If there is such a link,
then the following should be true:

1. Tumor cells should have metabolic activities that differ from non-transformed,
quiescent cells, and these activities should be required for tumor growth;

2. The mutations in tumor suppressors and proto-oncogenes that promote cancer should
regulate the metabolic activities observed in tumors; and

3. Mutations in metabolic enzymes should, in at least some cases, promote
tumorigenesis.

This review addresses how well these criteria are met and discusses some other issues relevant
to tumor metabolism that may feature prominently in future research.

DO TUMOR CELLS HAVE METABOLIC ACTIVITIES THAT ARE DIFFERENT
FROM QUIESCENT CELLS AND ARE REQUIRED FOR TUMOR GROWTH?

Most studies on tumor metabolism have been motivated by one of two general concepts about
the way cell metabolism is regulated. The first is that tumor metabolism is primarily a response
to stresses imposed upon cells during tumor growth. There is abundant evidence that some
stresses, particularly hypoxia, exist in the tumor microenvironment and exert effects on
metabolism3~5. But the high glycolytic flux in tumors can appear even when oxygen is
abundant, and the metabolic consequences of hypoxia include specific impairments of protein
and lipid synthesis that are counterproductive to cell growth and proliferation—8. These
observations suggest that the cellular responses to tumor hypoxia, including enhanced
glycolysis, serve to facilitate tumor cell survival, not growth. This is also true in non-
transformed cells, which rely on glycolysis to survive periods of hypoxia®. When oxygen
delivery improves and rapid cell growth resumes, the persistence of glycolysis is likely due to
other factors.

Alternatively, one can presume that tumor cell metabolic activities function primarily to
support the unusually high rates of cell growth and proliferation found in tumors. Since each
round of replicative cell division requires a doubling of protein, lipids and nucleic acids, it
stands to reason that tumor cell metabolism must provide the energy and biosynthesis needed
to meet this challenge (Fig. 1). Rapid tumor growth requires the ability to capture nutrients and
process them in the appropriate metabolic pathways to convert their carbon and nitrogen into
macromolecules. All of the activities discussed in this section (the Warburg effect, fatty acid
synthesis and mitochondrial glutamine metabolism) occur during cell growth, and evidence
suggests that the three pathways cooperate in such a way as to maximize the production of
macromolecules in proliferating cells (Fig. 2)10.

The Warburg effect is the most widely documented metabolic activity in tumors and tumor
cell lines!: 12, Gene expression analysis has demonstrated the nearly ubiquitous over-
expression of numerous glycolytic genes across a wide spectrum of human tumor types?3, and
imaging techniques like 18FDG-PET and 1H NMR spectroscopy have confirmed that the
Warburg effect occurs in tumors in vivo. It is surprising, then, that there is still no clear
consensus as to the function of the Warburg effect. It has been particularly difficult to explain
why tumor cells with access to oxygen would deprive themselves of the majority of the ATP
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that can be produced from glucose metabolism by instead converting pyruvate into lactate.
However, three points should be emphasized regarding the role of the Warburg effect in tumor
cell metabolism. First, given that the Warburg effect is also observed during rapid proliferation
of primary cells, it is more accurately viewed as a general feature of cell proliferation than as
a symptom of transformation, and therefore can be assumed to contribute to anabolic
metabolism14+ 15. Second, rapid glucose metabolism also supplies intermediates for
biosynthetic pathways that arise from glycolysis proximal to pyruvate, including ribose-5-
phosphate and glycine for nucleotide biosynthesis, and glycerol for lipid synthesis. It has been
suggested that one of the functions of the Warburg effect is to maintain adequate sizes of these
precursor pools to maximize cell growth1®. Third, cells engaged in aerobic glycolysis do not
convert 100% of their pyruvate into lactate. Rather, a measurable fraction of the pyruvate is
metabolized in the tricarboxylic acid (TCA) cycle, providing energy and precursors for
biosynthetic pathways that consume TCA cycle intermediates!®> 17 18. Therefore, the
Warburg effect serves both bioenergetic and biosynthetic roles in proliferating cells.

It may be that the Warburg effect is essentially a consequence of an imbalance between
maximum rates of glycolysis and pyruvate oxidation. The rate of pyruvate oxidation is
controlled by the highly regulated pyruvate dehydrogenase (PDH) complex, which converts
pyruvate to acetyl-CoA (Fig. 2). During rapid cell proliferation, the glycolytic rate may exceed
the Vmax 0f PDH by more than 10-fold°. If the PDH flux cannot match the glycolytic flux,
cells must use other high-capacity systems to avoid pyruvate accumulation. Chief among these
is lactate dehydrogenase-A (LDHA), which by converting pyruvate to lactate also oxidizes
NADH to NAD+. Since lactate can be secreted and NAD+ is required for glycolysis, expression
of LDHA allows proliferating cells to continue to reap the benefits of a high glycolytic rate
even in the face of a ‘maxed-out’ PDH flux. This model is supported by studies performed in
interleukin-3 (IL-3)-dependent hematopoietic cells?C. In those cells, the rates of cell
proliferation, glucose consumption and lactate production are directly proportional to the
concentration of IL-3 in the medium. Strikingly, the ratio of lactate produced to glucose
consumed was positively regulated by IL-3, but the ratio of oxygen consumed to glycolysis
declined with increasing IL-3. Thus, with progressive stimulation, cells continue to metabolize
glucose beyond the point of maximal pyruvate oxidation, eventually reaching a state at which
a higher and higher fraction of glucose carbon is converted to lactate and the fraction of cellular
ATP generated by glycolysis approaches or even exceeds that from oxidative phosphorylation,
as in Warburg’s experiments21.

These data imply that factors influencing the V¢ of PDH and the balance between lactate
production and pyruvate oxidation can impact the Warburg effect. Recent studies have
demonstrated that this balance is regulated by hypoxia inducible factor-1a (HIF-1a), a
transcription factor with multiple targets involved in glucose metabolism. HIF-1a regulates
expression of pyruvate dehydrogenase kinase-1 (PDK-1), a kinase which limits PDH
activity?2 23. Therefore, under hypoxic conditions, stabilization and transcriptional activity
of HIF-1a results in the enhancement of glycolysis and the suppression of pyruvate oxidation
by PDH. This mechanism can also contribute to the Warburg effect in well-perfused tumor
cells, which may have aberrant/normoxic stabilization of HIF-1a due to a variety of genetic
mechanisms24. In these cells, the resulting glycolysis is truly ‘aerobic.’

Even under conditions of HIF-1a stabilization, however, cell growth requires at least a small
amount of PDH flux in order to maintain TCA cycle activity, which supplies precursors for
the synthesis of fatty acids and other anabolic pathways (Fig. 2). Tumor cells often display
rapid synthesis of fatty acids, cholesterol and isoprenoids, presumably because a large fraction
of their membrane lipids are synthesized de novo rather than scavenged from extracellular
sources25. In a metabolic flux study on human glioblastoma cells, fatty acid synthesis
accounted for some 15% of cellular glucose consumption after excluding the fraction of glucose
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metabolized through the Warburg effect8. Thus a significant fraction of the glucose carbon
that enters biosynthetic pathways is used to produce fatty acids. Consistent with that
observation, the three enzymes required for fatty acid synthesis, ATP citrate lyase (ACL),
acetyl-CoA carboxylase-a (ACC-a), and fatty acid synthase (FAS), are highly expressed in
many human cancers and tumor cell lines26,

Fatty acid synthesis is a paradigm of tumor biosynthetic pathways because it requires the use
of a TCA cycle intermediate (citrate) that might otherwise be oxidized in the mitochondria
(Fig. 2). The shunting of metabolites from the TCA cycle into other pathways (cataplerosis) is
part of the fundamental biochemistry of cell growth, and it emphasizes the versatility of the
TCA cycle: rather than serving a purely oxidative function as a source of reducing equivalents
for the electron transport chain (ETC), it can also be used as a continuous source of precursor
molecules for biosynthetic pathways. Early characterization of cataplerosis in highly lipogenic
hepatoma cells led to the concept of a ‘broken’ or ‘truncated’ TCA cycle because of an apparent
impairment in citrate oxidation and the demonstration that the rate of citrate export was directly
proportional to the rate of cell proliferation?’+ 28. These observations underscore the
importance of cataplerosis in tumor cell growth. In addition to lipid synthesis, cataplerotic
fluxes feed the synthesis of nucleotides and nonessential amino acids, and are therefore used
in the synthesis of all classes of macromolecules.

Glutamine metabolism is second only to the Warburg effect in terms of historical significance
to the study of tumor cell metabolism. Glutamine is the most abundant amino acid in human
plasma and participates in many metabolic pathways required for normal cell function. In
addition to its role in protein synthesis, it provides nitrogen for the synthesis of honessential
amino acids, purines, pyrimidines and hexosamines, and is the major source of glutamate used
for glutathione synthesis. Tumor cells have long been known to consume glutamine at high
rates in vivo and to require high concentrations of glutamine to survive and proliferate in
vitro?9: 30, Classical studies on tumor cell metabolism in culture demonstrated that glutamine
is an important carbon source since most of the glutamine consumed is used as a respiratory
substrate in the mitochondria rather than for protein synthesis3L. More recent experiments have
demonstrated that suppressing mitochondrial glutamine metabolism can alter gene expression,
accelerate apoptosis and stimulate cellular differentiation32: 33, Therefore, glutamine
metabolism has the potential to integrate a large number of cellular activities that support
tumorigenesis.

A closer look at glutamine metabolism has revealed other vital roles in proliferating cells (Fig.
2). First, partial oxidation of glutamine to lactate (glutaminolysis) uses the cytosolic malic
enzyme and therefore provides cells with NADPH for the reductive reactions of fatty acid and
nucleotide biosynthesis. In some cases, the rate of glutaminolysis can match or exceed the rate
of NADPH production by glucose-6-phosphate dehydrogenase (G6PD) in the pentose
phosphate pathway17: 18. Second, glutamine’s conversion to a-ketoglutarate and entry into
the TCA cycle can generate oxaolacetate (OAA), effectively replacing the metabolites that are
removed from the cycle in cataplerotic reactions (Fig. 2). This process, termed anaplerosis, is
a critical component of growth metabolism because it allows cells to maintain TCA cycle
function while withdrawing intermediates for biosynthetic reactions. In some cells, glutamine
metabolism is by far the most important source of anaplerosis, and depriving cells of glutamine
rapidly depletes cellular pools of TCA cycle intermediates18: 34: 35, In cells simultaneously
consuming both glucose and glutamine, citrate production involves the condensation of two
glucose-derived carbons (as acetyl-CoA) and four glutamine-derived carbons (as OAA).
Although it is the glucose carbons that are ultimately transferred to fatty acids, the process
could not occur without the contribution of glutamine-based anaplerosisO.
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But how strong is the evidence that any of the enzymes participating in these three pathways
arerequired for tumor growth? A number of studies using chemical inhibitors and more recently
RNA interference have addressed this question in animal models of cancer (Fig. 2). The
glycolysis inhibitor 2-deoxyglucose, when given at doses that did not affect body weight or
growth of the animal, significantly decreased carcinogen-induced mammary tumorigenesis in
rats36. RNA interference against glycolytic enzymes or enzymes in de novo fatty acid synthesis
also curtailed tumor growth in animal models37-39, Suppression of glutaminase, the first
enzyme in mitochondrial glutamine metabolism, using the chemical inhibitor 6-diazo-5-oxo-
L-norleucine (DON) or expression of an antisense mMRNA limited tumor growth in mice*0:
41. These studies are the best evidence that the metabolic activities observed in tumor cells in
vitro are not simply artifacts of culture conditions, but are fundamental properties that
contribute to tumor growth.

It is interesting that in addition to the enhanced metabolic rates described above, tumor cells
can also display chronic suppression of the pathways that normally allow cells to utilize
alternative fuels in order to survive periods of starvation. As a result, the cells have an increased
reliance on specific fuels and a limited ability to compensate for fluctuations in nutrient
availability. For example, constitutive activity of the oncogenic kinase Akt impairs the
activation of fatty acid oxidation, resulting in abrupt glioma cell death in low-glucose
conditions*2. Loss of the tumor suppressor p53 diminishes the ability of colon cancer cells to
engage catabolic, energy-generating pathways like autophagy and fatty acid oxidation?3.
Glutamine depletion selectively kills fibroblasts with enhanced c-Myc activity3°. Step-wise
transformation of fibroblasts with multiple oncogenes progressively increases the toxicity of
a glycolysis inhibitor*4. These observations add credibility to the hope that inhibiting specific
metabolic pathways will be selectively toxic to tumor cells in vivo. Indeed, exploiting
phenotypes of impaired metabolic flexibility may prove to be more useful in cancer therapy
than inhibiting growth-promoting activities like fatty acid synthesis, since these tend to be
shared with normal proliferating cells.

DO MUTATIONS IN PROTO-ONCOGENES AND TUMOR SUPPRESSORS
IMPACT CELL METABOLISM?

Mutations that promote tumorigenesis often reduce or eliminate cellular dependence on
extrinsic signals to maintain survival, growth and proliferation. These processes are usually
under control of growth factors and other signals that originate outside of the cell and are
transmitted inwards through signal transduction pathways. In cancer, this ‘outside-in’
regulation is diminished or lost, allowing cells to achieve self-sufficiency in growth and
proliferation45. Cellular metabolism is also subject to external control, because lineage-
specific growth factors and the signaling pathways they stimulate are required for cells to
activate anabolic pathways and suppress catabolic ones46~48. Since cell proliferation cannot
occur without these metabolic activities, it is not surprising that tumor cells have increased
autonomy in maintaining an anabolic phenotype. A large amount of evidence now supports
the idea that tumor suppressors and proto-oncogenes exert regulatory effects on metabolism
in normal cells, and that tumorigenic mutations in these genes contribute to the metabolic
autonomy observed in tumor cells*®. Most of the regulatory mechanisms that have been
described to date are focused on glucose metabolism and involve mutations in p53,
phophatidylinositol 3-kinase (P13K) signaling, Ras and Myc, the most prevalent classes of
tumorigenic mutations in humans (Fig. 3).

Mutations in the tumor suppressor gene TP53 occur in approximately 50% of all human

cancers. Recent studies have uncovered multiple roles for p53 in glucose metabolism, revealing
an inverse correlation between p53 activity and the Warburg effect. First, loss of p53 in primary
fibroblasts enhances glucose transport and metabolism through IKK and NF-«xB%0. Second, the
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p53 transcriptional target TIGAR (TP53-induced glycolysis and apoptosis regulator) decreases
the abundance of the glycolytic activator fructose-2,6-bisphosphate (F2,6biP), enabling cells
with p53 activation after DNA damage to divert glucose-6-phosphate into the oxidative pentose
phosphate pathway, bolstering production of NADPH and ribose-5-phosphate for DNA
repair®. p53 also suppresses expression of the glycolytic enzyme phosphoglycerate mutase
and enhances expression of the ETC assembly factor SCO2, effects that curtail glycolysis and
maximize pyruvate oxidation®2: 93, Therefore, loss of p53 function has multiple positive effects
on aerobic glycolysis.

The phosphatidylinositol 3-kinase (P13K) signaling pathway is a widely-expressed
component of growth factor signaling in diverse organisms and cell types®*. Mutations that
enhance PI3K signaling are common in cancer, and include mutations in the p110a catalytic
subunit of the PI3K complex, encoded by PIK3CA, loss of function of the negative regulator
PTEN; gain of function mutations in growth factor receptors such as c-Kit and Her2/neu; and
amplification of the downstream effector Akt55759. PI3K signaling, largely through its effects
on Akt and mammalian target of rapamycin (mTOR), regulates many of the normal metabolic
consequences of growth factor stimulation*9. These include glucose uptake and
phosphorylation, activation of phosphofructokinase-1 (PFK-1), stimulation of the Warburg
effect and enhanced synthesis of lipids and proteins60~64, all of which support cell growth
and proliferation (Fig. 3). Thus, mutations that enhance PI3K signaling alleviate the
dependence of the cell on extrinsic signals to activate anabolic metabolism.

The RAS proto-oncogenes (NRAS, HRAS and KRAS) encode small GTP-binding proteins that
normally function in cell signaling, proliferation, differentiation and motility. Activating
mutations in RAS genes, usually missense mutations that cause constitutive GTP binding, are
found in approximately 30% of human tumors® and Ras activation has a number of positive
effects on glucose metabolism. Transfecting fibroblasts with oncogenic RAS alleles results in
enhanced glucose transport, while Ras inhibition in glioblastoma cells suppresses the
expression of LDHA and other glycolytic genes®®: 67, Overexpression of mutant KRAS alleles
associated with resistance to apoptosis can induce the Warburg effect in fibroblasts®®. The
effects of Ras on glycolysis require expression of the gene for 6-phosphofructo-2-kinase/
fructose 2,6-biphosphatase (PFKFB3), which regulates abundance of the PFK-1 activator F2,6-
biP, suggesting that the effects are mediated at the level of PFK-1 activity (Fig. 3)8 70,
Interestingly, Ras may also enhance mitochondrial metabolism, as transformation of bronchial
epithelial cells with an oncogenic HRAS allele increases the entry of glucose carbon into the
TCA cycle and various cataplerotic pathways’L.

The myc family of proto-oncogenes, especially c-myc, encode regulators of gene expression
and are commonly amplified in human tumor cells. As with the P13K signaling pathway, c-
Myc is required for the proliferation of normal, non-transformed cells, but enhancement of its
activity in tumor cells can drive transcriptional effects independently of external stimulation.
Among c-Myc’s veritable host of transcriptional targets are genes involved in glucose
metabolism and the Warburg effect, including LDHA and the glucose transporter GLUTL. c-
Myc also induces the expression of enzymes involved in nucleotide metabolism, including
serine hydroxymethyltransferase’2, which allows 3-carbon units from glycolysis to be used in
purine and pyrimidine synthesis (Fig. 3). This distinguishes c-Myc from most of the other
drivers of the Warburg effect, which so far seem to lack direct influence over nucleotide
biosynthesis. Given c-Myc’s physiological role in facilitating the G1/S transition, it is likely
that these transcriptional targets allow cells to produce the metabolites needed to complete S
phase successfully.
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CAN MUTATIONS IN METABOLIC ENZYMES INFLUENCE CANCER RISK?

Warburg hypothesized that the metabolism of all tumor cells was primarily due to irreversible
defects in cellular respiration?. This has not turned out to be the case, as many tumor cell lines
that have been carefully studied retain the capacity for normal mitochondrial metabolism?Z.
However, there are now some very interesting exceptions in which genes for enzymes of the
TCA cycle behave genetically as tumor suppressors and are severely impaired in certain human
tumors (Fig. 2). First, mutations in three of the four subunits of the succinate dehydrogenase
(SDH) complex have been found in pheochromocytomas and related tumors73~75. In affected
families, tumor risk is inherited as a dominant trait due to loss-of-function mutations in SDH
subunits, with the tumor tissue displaying loss of heterozygosity and complete absence of SDH
enzyme activity76. Similarly, mutations in fumarate hydratase (FH) cause a group of
dominantly-inherited cancer syndromes involving cutaneous and uterine lyomyomas77.
Precisely how dysfunction of these enzymes causes tumor growth is an area of active study.
One contributing factor is that these mutations lead to the accumulation of succinate and
fumarate, which interfere with degradation of HIF-1a, leading to its normoxic
stabilization78. This would be predicted to induce the Warburg effect, although the
mechanisms of enhanced tumor growth are not clear.

The diverse roles of the mitochondria and the ETC in cell metabolism, growth, survival,
apoptosis and production of reactive oxygen species have led to the idea that mutations in
mitochondrial DNA (mtDNA) might also influence cancer risk. A great deal of work has
attempted to correlate mutations in the mitochondrial DNA with cancer. Germline sequence
variants in the mtDNA have been associated with invasive breast cancer, endometrial cancer
and prostate cancer in certain populations79~81. Many other studies have reported associations
of somatically acquired, tumor-specific mtDNA sequence variants in ovarian, colon, bladder,
head and neck and other cancers (reviewed in ref. 82). However, many of these variants had
been previously detected in large population studies and were postulated to impart adaptive
functions during migration of ancestral human populations, making their contribution to
tumorigenesis less obvious. To determine the effect of a specific mtDNA mutation on tumor
growth, Petros et al. introduced mitochondria harboring a known pathogenic mutation into
human PC3 prostate cancer cells depleted of their own mitochondrial DNA, and tested the
resulting ‘cybrids’ for tumor growth in nude mice. The cybrids containing the mutant mtDNA
formed tumors much more rapidly than cybrids containing wild-type mtDNAB8L, It should be
noted that the mutant mtDNA was derived from a child with Leigh syndrome, not from a tumor,
and that the recipient PC3 cells were already transformed. Nevertheless, this study proves that
a maximal capacity for oxidative phosphorylation is dispensable for tumor growth, and is the
strongest evidence to date that dysfunctional mtDNA can impart a growth advantage to tumor
cells in vivo.

WHERE DO WE GO FROM HERE?

At present, the data on tumor cell metabolism make a compelling argument that during the
process of transformation, cells acquire a fairly stereotyped set of metabolic characteristics that
enable them to grow and proliferate with reduced dependence on extracellular signals, and that
the mutations in tumor suppressors and proto-oncogenes that cause cancer contribute to this
‘metabolic transformation.” There are a number of important questions that still need to be
addressed before we can appreciate fully the role of metabolism in the development,
progression, and treatment of cancer. Below are six areas that are in particular need of attention.

First, there is still a large gap between our understanding of tumor cell metabolism in vitro and
tumor metabolism in vivo. The inhibitor and RNA interference experiments cited above
demonstrate the requirement of certain enzymes for tumorigenesis, but the ability to observe
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the metabolism of live tumors would provide a much richer understanding of the biochemical
aspects of tumor growth and would support more rigorous examination of the effect of
tumorigenic mutations on metabolic flux. The use of 18FDG-PET and conventional NMR
spectroscopy have provided some validation of the Warburg effect and other pathways in live
tumors, but are currently best suited to give snapshots of metabolism rather than robust
measurements of metabolic flux. The application of more sensitive methods such as the use of
probes labeled with hyperpolarized 13C may ultimately support flux analysis in vivo83.

Second, the regulation of anaplerosis and of glutamine metabolism in general has not been
carefully studied with respect to cell signaling. While glutamine consumption is a general
metabolic feature of cell proliferation, it is unknown whether all tumor cells must use glutamine
as the major source of carbon for anaplerosis. In a few cases, cellular biosynthesis and growth
have been correlated with the induction of alternative anaplerotic pathways that do not involve
glutamine metabolism19: 84, and thus the universality of glutamine-based anaplerosis is
debatable. Furthermore, while stimulation with mitogens can enhance glutamine utilization in
various cell types, neither the signaling pathways responsible for this activity nor the specific
pathways of glutamine metabolism (e.g. glutaminolysis vs. glutamine-based anaplerosis) have
been characterized'® 17. Resolving these issues will go a long way towards integrating our
understanding of cell signaling and the metabolism of cell growth. Considering that glucose
and glutamine play complementary roles in proliferating tumor cells, it will be interesting to
test whether they are co-regulated by the same signaling pathways and affected by the same
tumorigenic mutations.

Third, many studies have sought to unravel the complex relationships between oxidative stress,
cellular transformation and cancer. At the level of cell metabolism, there are many open
questions about how NADPH-producing systems are regulated and whether these mechanisms
are altered in tumor cells. Rapidly proliferating tumor cells require NADPH both to maintain
pools of reduced glutathione and to support the reductive biosynthetic reactions needed for
anabolic metabolism. The two NADPH-producing systems discussed above, G6PD and
cytosolic malic enzyme, are expressed in tumors of various histological types, and in some
cases their activities are almost equal in proliferating tumor cells, implying equivalent
contributions to the NADPH pool17: 18. It is interesting that G6PD deficiency, a common X-
linked condition, does not alter the risk of death from cancer85. This suggests that malic enzyme
or other systems can provide sufficient NADPH to support tumorigenesis in G6PD-deficient
cells, and that selective inhibition of malic enzyme in individuals with G6PD deficiency might
suppress tumor growth. Conversely, maintaining an NADPH pool and a robust response against
oxidative stress is critical in preventing tumorigenesis, as emphasized by recent studies on the
transcription factor NF-E2-related factor-2 (Nrf2)86. Nrf2 is sequestered in the cytosol through
association with its repressor Keapl (Kelch ECH associating protein 1).

Exposure to oxidative and other stresses allows Nrf2 to translocate to the nucleus, where it
heterodimerizes with small Maf-family proteins and binds promoters containing antioxidant
response elements, thus inducing expression of genes that serve antioxidant functions. This
protects cells from apoptosis during exposure to oxidizing agents, UV irradiation and other
stresses87~89, Knockout mice lacking Nrf2 have enhanced susceptibility to cancer when
exposed to chemical mutagens®®: 91, Future studies will be aimed at exploiting the Nrf2
pathway as a strategy to prevent cancer, and at understanding other mechanisms by which
normal cells and tumor cells respond to oxidative stress.

Fourth, almost all previous studies on tumor cell metabolism have been performed in

unsynchronized populations of cells distributed throughout the cell cycle, so that the resulting
data represent average cell metabolic activity throughout the cycle. The temptation is to assign
the greatest biological importance to the pathways that appear to be the most active, but such
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an interpretation could miss the significance of pathways that are transiently induced at specific,
critical points of the cell cycle. One can envision two ways to identify these activities: by
performing flux analysis in synchronized populations of cells or by using inhibitors and genetic
models to determine the effect of disrupting candidate metabolic activities on progression
through the cell cycle. There is already strong evidence that interfering with metabolism
profoundly affects the cell cycle. In fibroblasts, glucose deprivation imposes an AMPK- and
p53-dependent G1/S phase arrest®2, and in Drosophila, elimination of ETC components
stimulates several distinct signaling pathways that culminate in arrest at the G1/S
transition?3: 94, These efforts are relevant to metabolically-directed cancer therapy, especially
if such therapies are used as adjuvants to existing strategies that already exert cell cycle-specific
effects. For example, if ionizing radiation is most effective on cells at the G2/M transition, then
a metabolic therapy targeting a G2-specific activity might increase the fraction of cells at that
stage, thereby increasing the overall efficacy of treatment.

Fifth, itis possible that normal but genetically-defined variation in the expression of metabolic
enzymes could influence cancer risk and progression. Microarray analysis of gene expression
in cells from healthy individuals has shown that some metabolic enzymes and transporters are
highly variable in their mMRNA abundance, and that the variance is defined genetically95.
Currently, the association between disease states and variance of expression in these genes is
unknown. But the abundance of certain metabolic enzymes in tumors is correlated with poor
clinical outcome in various forms of cancer96: 9. If an individual’s cells have an unusually
high expression of a key enzyme(s) at baseline, then the acquisition of a transforming mutation
in those cells might translate into enhanced growth and clinically aggressive features of the
resulting tumor. Since the variance in expression of the enzyme would not independently cause
cancer, the genes responsible for the variance would probably not be identified in linkage
studies to find cancer-causing genes.

Finally, it will be interesting and important to fit tumor metabolism back into the context of
the entire cancer patient. Regardless of the increased metabolic autonomy of tumor cells, tumor
growth still relies on the metabolism of the host both to provide nutrients and to remove secreted
waste products. Yet the issue of how tumors influence whole-body metabolism is still very
much an open question, and one that relates directly to the health of cancer patients. For
example, the phenomenon of cancer cachexia has been appreciated for centuries, but its causes
are only partially understood and include processes that raise whole-body energy expenditure
and stimulate catabolism in both the fat and muscle®8: 99, Does the catabolic response function
in part to provide nutrients to the tumor? In rats, tumor growth was associated with progressive
increases in the synthesis and release of glutamine from muscle, ultimately resulting in
decreased glutamine stores in the face of relentless tumor growth, consistent with glutamine
‘steal’ by the tumorl9, Other studies have demonstrated markedly enhanced Cori cycle
metabolism to convert lactate back to glucose in the liver of cancer patients who were suffering
from progressive weight loss101. These studies demonstrate the interconnected nature of whole-
body metabolism in patients with cancer. They also underscore the fact that any hope for
rational, metabolically-directed cancer therapies depend on the development of a
comprehensive understanding of metabolism in the host as well as in the tumor.
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Fig. 1. A large increase in tumor cell biomass accompanies tumor growth

Replicative cell division (top) requires that cells double their biomass (proteins, lipids, nucleic
acids) each time two daughters are produced. If cell proliferation is exponential, then the
production of macromolecules for the entire population is also exponential. Rapid growth of
a tumor thus implies that the tumor cells have mechanisms in place to synthesize
macromolecules rapidly. For example, in a typical experiment studying the growth of tumors
derived from human glioblastoma cells (bottom), 10 million cells (approximately 25 mm? total
cell volume) were injected subcutaneously into nude mice, and growth of the tumor was
measured each week. By the end of the fifth week, the average tumor size was 100 mm3, a
four-fold increase from time zero. All tumors eventually exceeded 2000 mm?3 in size (dashed
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line), by which time the tumor biomass had increased 80-fold from time zero. Growth of these

tumors, particularly the rapid growth over the final few weeks, requires a metabolic platform
supporting anabolism.
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Fig. 2. Some metabolic activities are required for tumor growth

Among the various metabolic activities that have been observed in tumors or tumor cell lines,
the three with the most compelling evidence for a required role in tumor growth are aerobic
glycolysis (the Warburg effect), fatty acid/lipid synthesis and mitochondrial glutamine
metabolism. Current evidence suggests that these three pathways cooperate in a metabolic
platform that supports cell growth and ultimately proliferation. The high rate of glycolysis, in
addition to producing ATP, generates glycerol and citrate to be used to synthesize membrane
lipids. Meanwhile, mitochondrial metabolism of glutamine supplies the TCA cycle with
intermediates to replace those exported for lipid synthesis and other anabolic processes. Cells
using this form of metabolism secrete lactate produced from both glucose and glutamine.
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Ammonia is also produced and secreted in abundance. Recent studies have shown that several
of the enzymes participating in these pathways are required for growth of tumors in mice (white
ovals), while SDH and FH function genetically as tumor suppressors in humans. Abbreviations:
Glc, glucose; DHAP, dihydroxyacetone phosphate; GA3P, glyceraldehyde 3-phosphate; Pyr,
pyruvate; Lac, lactate; Ac-CoA, acetyl-CoA,; Cit, citrate; a-KG, a-ketoglutarate; Succ,
succinate; Fum, fumarate; Mal, malate; OAA, oxaloacetate; Mal-CoA, malonyl-CoA; Gln,
glutamine; Glu, glutamate, NH,4*, ammonia; PK-M2, pyruvate kinase isoform M2; LDHA,
lactate dehydrogenase-A; ACL, ATP citrate lyase, ACC1, acetyl-CoA carboxylase-a; FAS,
fatty acid synthase; GLS, glutaminase; SDH, succinate dehydrogenase; FH, fumarate
hydratase; PDH, pyruvate dehydrogenase; ME, malic enzyme
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Fig. 3. Tumor suppressors and proto-oncogenes regulate the metabolic pathways involved in tumor
growth

The major biosynthetic activities used by proliferating tumor cells (synthesis of proteins,
nucleic acids and lipids) are outlined in boxes. Supporting pathways, including glycolysis, the
oxidative and non-oxidative arms of the pentose phosphate pathway, mitochondrial glutamine
metabolism and the TCA cycle are also shown. Alternative metabolic pathways normally used
during nutrient deprivation and suppressed during cell proliferation (B-oxidation of fatty acids,
autophagy) are indicated by dashed lines. Selected effects of p53, Myc, Ras and the PI3K/Akt/
mTOR signaling system (boxed P) are indicated; black symbols indicate supression and white
symbols indicate activation. In the case of p53, loss of function mutations in tumor cells have
the opposite of the effect shown here (e.g. glucose uptake and glycolysis are no longer
suppressed by p53 activity). Abbreviations: Glc, glucose; G6P, glucose-6-phosphate; F6P,
fructose-6-phosphate; F1,6biP, fructose-1,6-bisphosphate; F2,6biP, fructose-2,6-
bisphosphate; GA3P, glyceraldehyde 3-phosphate; Pyr, pyruvate; Lac, lactate; R5P, ribose-5-
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phosphate; PRPP, 5-phosphoribosyl pyrophosphate; Ser, serine; Gly, glycine; Ac-CoA, acetyl-
CoA,; Cit, citrate; a-KG, a-ketoglutarate; Succ, succinate; OAA, oxaloacetate; Mal-CoA,
malonyl-CoA; GIn, glutamine; Glu, glutamate, NH4*, ammonia; TIGAR, TP53-induced
glycolysis and apoptosis regulator; PFK1, phosphofructokinase-1; PGAM, phosphoglycerate
mutase; SHMT, serine hydroxymethyltransferase.
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