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Altered metabolism is one of the hallmarks of cancer cells.
The best-known metabolic abnormality in cancer cells
is the Warburg effect, which demonstrates an increased
glycolysis even in the presence of oxygen. However,
tumor-related metabolic abnormalities are not limited to
altered balance between glucose fermentation and oxida-
tive phosphorylation. Key tumor genes such as p53 and
c-myc are found to be master regulators of metabolism.
Metabolic enzymes such as succinate dehydrogenase,
fumarate hydratase, pyruvate kinase, and isocitrate
dehydrogenase mutations or expressing level alterations
are all linked to tumorigenesis. In this review, we intro-
duce some of the cancer-associated metabolic disorders
and current understanding of their molecular tumorigenic
mechanisms.
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Introduction

Otto Warburg’s historic finding on altered metabolism in
cancer ushered in an era of study on tumor metabolism,
which was mainly focused on the relationship between gly-
colysis and cellular bioenergetics. Warburg’s finding, al-
though mechanistically remains largely unknown, has been
exploited clinically by 18F-deoxyglucose positron emission
tomography scanning, a widely used technology for solid
tumor detection [1]. Tumor cells differ from normal cells
by unlimited cell division. It has long been considered that
altered metabolism in tumor cells is to facilitate their rapid
growth and duplication. In other words, the Warburg effect
has been taken for granted a consequence of tumorigenesis.
This notion is further fortified by findings that key tumor
genes such as p53 and myc are master regulators of metab-
olism. However, recent progress in studying isocitrate de-
hydrogenase 1 (IDH1) mutation, pyruvate kinase muscle
form 2 (PKM2) alterations, fumarate hydratase (FH)

mutations, and succinate dehydrogenase (SDH) mutations
have demonstrated that mutation in metabolic enzymes
alone is sufficient to initiate tumors, casting doubts to previ-
ous belief. Likely, metabolism disorders are direct causes of
tumor initiation. Based on inadequate direct evidences, biol-
ogists are working actively to build links between altered
metabolisms and cancer. We review here types of metabolic
disorders that are associated with cancer, in the hope to help
drawing a blue print of metabolism disorders and cancer
based on current findings from different cancer models.

The Warburg Effect

In 1930s, Otto Warburg observed altered metabolism in
cancer cells. In 1956, Otto Warburg [2] originally described
his observation that cancer cells exhibit high rates of
glucose uptake and lactic acid production. By using
Warburg manometer, Warburg and his colleagues found
that cancer cells did not consume more oxygen than normal
tissue cells, even under normal oxygen circumstances [3],
and it seemed that cancer cells preferred to aerobic glycoly-
sis than to oxidative phosphorylation. Warburg [4] initially
assumed that cancer cells had an impaired respiration due
to the functional defects in mitochondria. However, it was
later reported by a number of research groups that cancer
cells did not sacrifice their oxidative phosphorylation to the
enhanced production of lactate [5,6].

After more than half century’s research, the Warburg
effect stands true for most types of cancer cells; however,
its exact reasons and physiological values remain elusive.
People generally think that the Warburg effect will confer
growth advantages to tumor cells. Several advantages that
cancer cells adapt fermentative glucose metabolism are
hypothesized. First, due to uncontrollable growth, the me-
tabolism of cancer cells, like all proliferating cells, have to
be adapted to facilitate the uptake and incorporation of
nutrients into the biomass that are needed to produce a new
cell: amino acids for protein synthesis, nucleic acids for
DNA duplication, and lipids for cell biomembrane synthe-
sis. Alternatively, cancer cell adopting glycolysis is to gain
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growth advantages as compared with normal cells: glycoly-
sis provides acidic environment, which is harmful to
normal cells but has no effect to tumor cells [7], underlining
the importance of glycolysis as a cellular defense mechan-
ism for cancer cell growth. This hypothesis, mainly based
on mathematical models and empirical observations, is sup-
ported by the observation that lymphocytes activate gly-
colysis during fast growing [8]. A third hypothesis is that
glycolysis produces less reactive oxygen species (ROS)
so that the genome of cancer cells might elude the damage
incurred by high concentration of ROS, which would
result in apoptosis resistance in tumor issues. That has been
verified as one of the defense mechanisms in malignant dis-
eases, and cancer cells gain survival advantage simultan-
eously [9,10]. Lastly, it is believed that glycolysis can
generate ATP faster than oxidative phosphorylation as long
as the glucose supply is sufficient. However, this hypoth-
esis is challenged by recent findings that cancer cells, doub-
ling their numbers in days, actually need minimal ATP for
proliferation. More than 95% of cancer cells’ ATP is used
for maintaining cellular function instead of being used for
proliferation. The rate of ATP generation, therefore, should
not be considered as an advantage.

The cause of the Warburg effect has caught the attention
of scientists because people believe that a better under-
standing of the mechanisms of the Warburg effect may ul-
timately lead to more effective treatments for cancer.
Numerous publications proposed different models, a com-
prehensive and clear cause of Warburg effect may be on the
horizon. We will introduce some of the recent findings and
different hypothesizes in the following part of this review.

SDH and FH Mutations

Warburg’s hypothesis that cancer cells have defect in mito-
chondria was not totally unfounded. Indeed, many of the
metabolism genes whose mutations can cause cancers
are mitochondrial genes. SDH catalyzes the conversion
from succinate to fumarate in the reactions of tricarboxylic
acid (TCA) cycle, releasing one molecular reduced flavin
adenine dinucleotide. SDH composes four subunites,
named as SDHA, SDHB, SDHC, and SDHD, which are
the classical components of SDH complex [11]. In the last
few years, a new factor was identified as a member of SDH
complex and was named as SDH5. SDH5 is a participant
of the flavination of SDHA [12]. SDH mutations are com-
monly found in paraganglioma, gastric stromal tumors, and
childhood T-cell acute leukemia [13,14]. Germline muta-
tions in SDH seem to be closely associated with human
head and neck paragangliomas [14]. These facts suggest
that SDH mutations may provide a growth advantage in the
initial stages of tumorigenesis. FH, the enzyme next to
SDH, catalyzes the reaction from fumarate to malate. FH

mutations have been observed in several kind of malignant
tumors occurred in different tissues and organs, such as
uterine leiomyomatosis, cerebral cavernomas, and breast
cancer [15]. Based on these facts, both SDH and FH have
been regarded as tumor suppressors.

Recent studies demonstrated that changes in the levels of
hypoxia-inducible factor (HIF) were involved in the onco-
genicity of SDH and FH mutations [11,16,17]. Hypoxia
stress is a common phenomenon in tumor issues, and the
predominant regulatory factor in the course of hypoxia re-
sponse is HIF [18]. Under normal oxygen, HIF1a is
degraded through the von Hippel-Lindau (VHL)-mediated
ubiquitination pathway. In this reaction, the proline residues
of HIF1a need to be hydroxylated before HIF1a could be
recognized by VHL [19,20]. The hydroxylation of HIF1a is
catalyzed by proline hydroxylases (PHDs). PHDs are a
family of a-ketoglutarate (a-KG)-dependent enzymes.
During the process of HIF1a hydroxylation, the substrate
of a-KG is oxidized accompanying with the generation of
succinate as a product [21]. In SDH and FH mutations
bearing tumors, activated HIF1a and its target genes ampli-
fication, such as vascular endothelial growth factor, and
increased angiogenesis are commonly observed; it is
hypothesized that SDH and FH mutations induce their
tumorigenicity through activating HIF1a pathway. Indeed,
mutations of SDH and FH were found to accumulate suc-
cinate and fumarate, structural analogs of a-KG that may
inhibit PHDs and activate HIF pathway. Subsequent tests
verified that fumarate could inhibit PHD2 [16], while suc-
cinate could reduce the enzymatic activity of PHD3 [11].

HIF consists of two subunits: a subunit is usually
located in cytoplasm (HIF1a) and b subunit located in the
nucleus (HIF1b). The inhibition of PHD promotes HIF1a
to enter into the nucleus and integrate with HIF1b to form
heterodimers, then promotes the expression of a series of
HIF target genes, including genes encoding glucose trans-
porters (GLUTs) [22], glycolysis enzymes such as pyruvate
dyhydrogenase kinase (PDK) [23,24] and lactate dyhydro-
genase A (LDH-A), and myc etc [25]. Amplification of
GLUTs may allow transformed cells to compete with
normal cells more effectively in the process of glucose
uptake. The up-regulation of PDK is able to inhibit the en-
zymatic activity of pyruvate dehydrogenase (PDH). And
the increased levels of LDH-A can accelerate the conver-
sion of pyruvate to lactate. The effect of myc overexpres-
sion on cellular metabolism will be discussed in the
following section. HIF target genes synergistically promote
the Warburg effect, allowing cancer cells to gain growth
advantages (Fig. 1) [11,17,26].

Although it sounds plausible, the real causes of SDH and
FH tumorigenicity remain debatable. For example, among
these mutations associated with tumor development, mis-
sense mutation is the most frequent mutant type. It has
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been detected that their contributions to the initiation and
development of tumors have nothing to do with their
mutant forms; the recessive mutations have equal effects
with dominant mutations during the course of tumorigen-
esis [15]. In addition, cancerous SDH mutations are only
detected in SDHB, SDHC, SDHD, and SDH5 but not
SDHA, the catalytic subunit [27,28]. These facts suggest
that consequences other than succinate and fumarate accu-
mulation may also contribute to the tumorigenicity of SDH
and FH mutations.

IDH Mutations

Three isoforms of IDHs are found in humans: IDH1 is
mainly located in cytoplasm, while IDH2 and IDH3 in
mitochondria. IDH3 uses NADþ as a cofactor, suggesting a
major role in energy metabolism. IDH1 and IDH2, using
NADPþ as a cofactor, may play roles in redox regulation.
All three enzymes convert isocitrate to a-KG and have a
role in TCA cycle. Over 70% of grade II–III gliomas and
most of secondary glioblastomas are detected with IDH1
and IDH2 mutations, especially the mutations of IDH1
[29,30]. IDH mutations also have been observed in
acute myeloid leukemias [31] and chondrosarcoma [32].
Wild-type IDHs convert isocitrate into a-KG, while mutant
IDHs gain a new enzyme activity of catalyzing a-KG into
2-hydroxyglutarate (2-HG) [30]. Consequently, mutations
in IDHs lead to the disruption of mitochondrial oxidative
phosphorylation, the reduction of a-KG and the accumula-
tion of 2-HG (Fig. 2).

As we all know, a-KG is not only a key intermediate in
the TCA cycle, but also an essential substrate in the

reaction of HIF’s hydroxylation and degradation. Thus, the
reduction of a-KG can result in the stabilization and activa-
tion of HIF1. Besides, 2-HG is an analog of a-KG, so it
can change the cellular homeostasis of a-KG, and may also
inhibit a-KG-dependent enzymatic reactions competitively,
leading to a series of cellular biological behavior changes
[26]. It has been reported that the accumulation of 2-HG or
the reduction of a-KG can both inhibit the activities of
dioxygenases [26,29]. Possible downstream targets include:
PHDs such as the enzymes involved in the regulation and
degradation of HIF1a; histone lysine demethylases such as
the superfamily of Jumonji C-terminal domain histone
demethylase (JHDM); DNA hydroxylases such as the
ten-eleven-translocation (TET) family, etc. [26]. The
increased levels of HIF1a play pivotal roles in the promo-
tion of aerobic glycolysis and tumorigenesis. JHDM cata-
lyzes histone demethylation, which leads to the alteration
of nucleosome space conformation. TET family catalyzes
the hydroxylation of 50-methylcytosine converting into
5-hydroxymethylcytosine, leading to DNA demethylation
[33]. The consequences of IDH1 and IDH2 mutations can
result in chromatin remodeling as well as DNA demethyla-
tion alteration, both are epigenetic variations [34]. These
alterations are powerful enough to induce cell differenti-
ation arrest accordingly and are surely tumorigenic [35].
It is worth pointing out that both decrease of the cellular
a-KG level and accumulation of D-2-HG are indispensable
for the induction of tumors [26], which has been evidenced
by the fact that germline D-2-HG dehydrogenase mutations,
which can cause D-2-HG accumulation, are not associated
with any type of cancer, while germline L-2-HG dehydro-
genase mutations, which can accumulate high levels of
L-2-HG, a more potent inhibitor of dioxygenases [26], are
associated with several types of tumors [36,37]. It is now
become clear that D-2-HG inhibits the activity of dioxy-
genases and the decreasing levels of a-KG potentiate this

Figure 1 Mutations of SDH and FH increase the accumulation of
succinate and/or frumatate Both of these two metabolites can inhibit

the enzymatic activity of PHD, resulting in the reduced degradation of

HIF1a, and the increased expression of some specific genes such as genes

involved in glycolysis, angiogenesis, and cell proliferation, etc. Ac-CoA,

acetyl-coenzyme A.

Figure 2 Mutatant IDH can convert a-KG into 2-HG The increased

2-HG could inhibit the activities of a-KG-dependant dioxygenases,

leading to wide biological effects.
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inhibition. And when the additive effects are equal to or
more intensive than that of L-2-HG, tumor diseases may
occur.

Lastly, the red-heated IDH mutation research area gener-
ated lots of reports that are even against current opinion.
For example, D-2-HG accumulation is even reported to fa-
cilitate HIF degradation and an inactivated HIF is proposed
as the cause of tumorigenicity [38]. These controversies
imply that IDH1 and IDH2 mutations could impose widely
influences on the activities in different cellular levels and
the progression of disease.

PKM2 Switch

Pyruvate kinase (PK) has four isoforms, and their distribu-
tions in tissues and organs in human have certain specifici-
ties: PKL mainly located in liver and kidney; PKR mainly
in erythrocytes; PKM1 was found in most adult tissues; the
expression of PKM2 is specifically related to development,
mainly detected in embryonic cells and rapidly dividing
cells [39]. In transformed cells PKM2 started to expression
again and is thought to be associated with tumor growth. In
recent years, increasing number of evidences showed
PKM2 expression is tumorigenic [40,41]. However, this
concept is challenged recently by a mass spectrometry
quantification of PKM1 and PKM2 isoforms in malignant
and normal tissues. Bluemlein et al. [42] analyzed splice
isoforms in 25 human malignant cancers, 6 benign oncocy-
tomas, tissue-matched controls, and several cell lines.
PKM2 was indeed the prominent isoform in all cancer
samples. However, PKM2 was also the predominant PKM
isoform in matched control tissues such as unaffected
kidney, lung, liver, and thyroid. Thus, an exchange in
PKM1 to PKM2 isoform expression during cancer forma-
tion may not be occurring [42], as oppose to current main
stream theory. This report, although the only one so far,
reminded us to be open minded to the PKM2 functions in
tumor initiation and progression.

PKM2 catalyzes the conversion of phosphoenolpyruvate
into pyruvate at the last second step of glycolysis. It is
one of the rate-limiting enzymes in glucose metabolism and
its enzymatic activity can be regulated by conformational
change with the binding of allosteric molecules and
protein modifications caused by other signaling molecules
[39]. For example, metabolic intermediates, fructose-2,
6 -bisphosphate (F-2,6-BP) and fructose-1,6-bisphosphate
(F-1,6-BP), are classical well-defined allosteric activators of
PKM2. PKM2 exists in two distinct forms in normally
rapidly dividing cells: active PKM2 usually is a tetramer in
composition of four same subunits; while the inactive
PKM2 is dimeric arising from the dissociation of tetrameric
PKM2. The equilibrium of the dimer and the tetramer is

determined by cellular needs. Cells keep an active balance
of PKM2 enzymatic activity to meet the adaption of cell
mobilities [39]. It is believed that in tumor cells PKM2 is
usually in the form of dimer, which almost inactive in its
catalytic activity [42,43]. The outcome of having pre-
dominant PKM2 in cancer cells will directly restrain
the production of pyruvate and lead to an increase of meta-
bolic intermediates produced in the stage of glycolysis.
Eventually, the accumulation of glycolytic products will be
precursors of biosynthesis of nucleotide, cholesterol, fatty
acids, and other components required for cell proliferation
and division through pentose phosphate pathway and other
synthetic pathways. A challenge that remains with regard to
this theory is that dimeric PKM2 actually keep a certain
amount of catalytic activity, based on reports and our own
analysis. It is hard to understand that cells will generate a
different form of protein, which is both energy consuming
and slow in response, to only meet the slowdown of PK
enzyme activity, instead of simply regulating PK activity
by common means, e.g. allosteric control or post-
translational modifications (PTMs). It is, therefore, strongly
suggested that the production of PKM2 confers functions
other than restraining metabolic flux.

The activity of PKM2 can be regulated by a number of
PTM. PKM2 can be phosphorylated at tyrosine residue 105
(Y105) directly mediated by fibroblast growth factor recep-
tor type 1. Further research identified that the phosphoryl-
ation of PKM2 at Y105 could disrupt the binding of
F-1,6-BP, thus surrender PKM2’s allosteric regulation by
F-1,6-BP [44]. In cells cultured with a high concentration
of glucose, acetylation of PKM2 at the site of lysine 305
(K305), and PKM2 K305 acetylation decreases PKM2
enzyme activity and promotes chaperone-dependent cell
autophagy, allowing cells to utilize endogenous macromo-
lecules when deficient in nutrients to ensure cell survival
[45]. PKM2 activity can also inhibit by acute increase in
intracellular concentrations of ROS through oxidation of
Cys358, this has been conformed in human lung cancer
cells [46]. Modifications of PKM2 lead to the decrease of
enzymatic activity, diverting glucose flux into the pentose
phosphate pathway and generating a sufficient reduced
form of nicotinamide-adenine dinucleotide phosphate. Both
are beneficial to cell proliferation and division. These evi-
dences suggest that PKM2 may acts as an important signal-
ing molecule in the progression of tumor. Besides, PKM2
can be induced to relocate into nuclear by the activation of
signaling pathway and function as transcriptional coactiva-
tor. Nuclear PKM2 is able to interact with transcription
factor (TIF) HIF to promote the expression of HIF target
genes [47]. With tyrosine 333-phosphorylated b-catenin,
nuclear PKM2 promotes the acetylation of histone H3 and
the expression of cyclin D1 [48]. Again, these results force
us to come to the conclusion that PKM2 alters cancer cell
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metabolism through multiple pathways instead of only a
door keeper for glycolytic flux (Fig. 3).

The multifunctional roles hypothesis of PKM2 got a
solid proof most recently. Yang et al. showed that PKM2
directly binds to histone H3 and phosphorylates histone H3
at threonine 11 upon endothelial growth factor (EGF) re-
ceptor activation. This phosphorylation is essential for the

dissociation of HDAC3 from the CCND1 and MYC pro-
moter regions, which is required for acetylation of histone
H3 at K9. PKM2-dependent histone H3 modifications, trig-
gered initially by PKM2-mediated phosphorylation, are
fundamental in EGF-induced expression of cyclin D1 and
c-myc, tumor cell proliferation, cell-cycle progression, and
brain tumorigenesis (Fig. 4) [49]. These findings indicate

Figure 3 Interactions between PKM2 and cellular signaling pathway PFK-2/FBPase, 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase; PPP,

pentose phosphate pathway; RTK, receptor tyrosine kinase; SCO2, synthesis of cytochrome C oxidative 2; COX, cytochrome oxidase C complex; TIGAR,

TP53-induced glycolysis and apoptosis regulator; TF, transcription factor.

Figure 4 PKM2 catalyzes the phosphorylation of histone H3 and promotes gene transcription EGF, epidermal growth factor; EGFR, epidermal

growth factor receptor.
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that PKM2 is also a protein kinase, in addition to its
metabolic functions, extending PKM2’s function to gene
transcriptional regulation and signal transduction. The
remaining important questions are what are other substrates,
if there is any, of PKM2 in cells and what signaling path-
ways are directly regulated by PKM2?

p53 and Metabolism

p53 is one of the most important tumor suppressor proteins
and plays significant roles in normal growth and develop-
ment, including the induction of apoptosis, regulation
of cell cycle, DNA repair, and maintenance of genome
stability. Its mutation or depletion is associated with
most cancers [50]. p53 exerts its regulations via a complex
network. Cellular functions that are regulated by p53
involve ROS, DNA damage and repair, cell cycle, autho-
phagy, and, most recently, metabolism.

The role of p53 as a central component of the stress re-
sponse machinery is well established. Levels of intracellular
ROS, metabolic stress, hypoxia, DNA damage can all acti-
vate p53 [51,52]. Take ROS as an example, cells continu-
ously release ROS during metabolism and other cellular
processes. Cells respond to different levels of ROS, and
usually result in different outcomes. Under low-ROS condi-
tion, p53 directs cells to proliferation, and under high ROS
conditions, p53 activates genes that lead to cell apoptosis
[53,54].

Increasing evidences have shown that p53 plays an im-
portant role in the regulation of both glycolysis and oxida-
tive phosphorylation, implying a coordinating role of p53
in these two metabolic pathways and a key regulator for the
Warburg effect. Metabolic enzymes including glucose
transporters, glycolytic enzymes, and TCA cycle enzymes
are downstream targets of p53. p53-responsive elements
exist in the promoters of PGM55 and hexokinase II genes,
suggesting that p53 can regulate at least some steps in gly-
colysis. p53 can slow glycolysis and therefore reduce the
increase in glycolysis that is characteristic of cancers [50].
p53 can inhibit the expression of the glucose transporters,
especially GLUT1 and GLUT4 [55], resulting in reduced
glucose uptake and increase the levels of tumor protein
53-induced glycolysis and apoptosis regulator (TIGAR)
[56]. TIGAR expression causes the down-regulation of
FBPase because of the similarity of functional domain with
bifunctional enzymes 6-phosphofructo-2-kinase/fructose-2,
6-bisphosphatase (PFK-2/FBPase) [50,57]. FBPase can
promote the degradation of F-2,6-BP. The decrease of
F-2,6-BP is of great benefit to the formation of fructose-6-
phosphate, then make for the metabolic intermediates into
the pentose phosphate pathway to anabolic metabolism.
With this assistance, tumor cells survive the stress. Similar

to p53 response to the levels of ROS, the effects of TIGAR
expression on cell survival are also likely to be cell- and
context-dependent. The inhibition of glycolysis is
also achieved by p53-dependent transcriptional activation
of synthesis of cytochrome C oxidative 2, resulting in
enhanced mitochondrial respiration through downstream
effectors cytochrome oxidase C complex (COX) [58]. COX
is the main site of oxygen utilization in human cells.
Through these pathways, the mode of energy production in
cancer cells is similar but not identical with non-
transformed cells. In this way, p53 exerts some effects of
inhibition on tumor growth.

The universal roles of p53 in metabolic regulation make
it difficult to summarize how p53 mutations cause metabol-
ic reprogramming in cancer cells. The findings that meta-
bolic stresses actually activate p53 make it even impossible
to conclude that altered metabolism is the cause or outcome
of p53 mutation. The bottom line is that profound metabol-
ic alterations had occurred in the process of cancer
initiation.

c-myc and Metabolism

The amplification of oncogenic TIF c-myc is universal in
tumors arising from different tissues and organs [59]. As a
TF, c-myc cooperates with other TFs and exerts its function
in the regulation of cell proliferation and differentiation.
Many of c-myc target genes are involved in the mainten-
ance of stem cell self-renewal ability and tumorigenesis
[60,61], which have been well documented. It is worth
noting that activation of c-myc induces glycolysis and glu-
taminolysis, two typical metabolism alterations in cancer
cells [62].

Like that of p53, activation of c-myc increases the levels
of glucose transporters as well as glycolytic enzymes. One
of the outstanding function is that c-myc induces the spli-
cing factors to produce PKM2, one of the hallmarks of
tumor metabolism. In PKM splicing, three heterogeneous
nuclear ribonucleoprotein (hnRNP) proteins, polypyrimi-
dine tract-binding protein (PTB or hnRNPI), hnRNPA1
and hnRNPA2, bind repressively to sequences flanking
exon 9 of PKM2, resulting in exon 10 inclusion.
c-myc up-regulates transcription of PTB, hnRNPA1, and
hnRNPA2, ensuring a high PKM2/PKM1 ratio. In human
gliomas, overexpression of c-myc, PTB, hnRNPA1, and
hnRNPA2 correlates with PKM2 expression [63], these
findings augment the role of c-myc in aerobic glycolysis.
The deregulated c-myc can also increase the expression of
LDH-A, hastening the conversion of pyruvate to lactate
[64], and up-regulate the activity of PDK1. The enhanced
PDK1 leads to the inhibition of PDH, causing the inhibition
of oxidative phosphorylation. Interestingly, c-myc-induced
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metabolic changes mimic hypoxia effects while cells are
actually under normal oxygen environments, suggesting
that c-myc can facilitate the Warburg effect or aerobic
glycolysis. Moreover, c-myc interacts with TIF HIF to
promote HIF expression and inhibit the degradation of
HIF1a, the increased levels of HIF imposes positive feed-
back on c-myc, which potentiates the effect of aerobic gly-
colysis [59].

Glutamine can be converted to a-KG after a series of en-
zymatic reactions and can enters TCA cycle as energy fuel
in cancer cells. Glutamine-generated a-KG goes through
part of the TCA cycle, generates malate, which is then
transported out of mitochondria into cytoplasm and oxi-
dized with the production of lactate. The process is termed
by [65]. Glutaminolysis was originally named by Mckeehan
to describe the partial oxidation of glutamine. Glutami-
nolysis was found to promote DNA synthesis by through
[3H] thymine incorporation experiment with lymphocytes
cultured in a glutamine-deficiency medium [6], suggesting
glutaminolysis is likely a protective mechanism in rapidly
dividing cells. Besides, c-myc positively regulates the ex-
pression of glutamine transporters as well as the enzyme
glutaminase (GLS). c-myc interacts with some transcription
factors displaying repression effects of some target genes.
For example, c-myc suppression of miR-23a/b is able to
enhance glutamine catabolism through increased expression
of GLS [66,67]. These findings demonstrate that c-myc is
an important regulator in the balance of energy metabolism
and biosynthetic metabolism required in rapidly dividing
transformed cells (Fig. 5).

Perspectives

Metabolism reprogram is universally accepted as one of the
hallmarks of cancer. However, we are still facing more
challenges than answers to how reprogrammed metabolism
is related to cancer. One of the most important questions
needed to be answered is that which one occurs first, cancer
cells or altered metabolism? This chicken and egg question
is still not easy to answer. On one hand, mutations in onco-
genes or tumor suppressor genes such as c-myc and p53
are known direct causes of cancer, on the other hand, muta-
tions in metabolic genes such as IDH1, IDH2, SDH, and
FH also cause certain types of cancers. Moreover, metabol-
ic stresses cause tumor-associated genes, such as c-myc and
p53, alterations, and changes in tumor-associated genes is
now known to result in metabolic deregulations. Therefore,
besides traditional concept that cell signaling disorder is the
direct cause of cancer initiation, metabolic alterations could
be the real causes of cancers. Two models can be proposed
based on current facts about cancers. First, tumor-associated
gene mutations likely cause metabolic changes first and the
altered metabolism, which has a new homeostasis of meta-
bolites, has the ability to reprogram epigenetics as well as
signaling networks and to cause cancer. The second model
is that altered metabolism, either caused by metabolic gene
mutations or by environmental factors, can reprogram epi-
genetics as well as signaling networks and cause cancer;
while tumor-associated gene mutations are consequences of
activated gene expression. The second model, although
sounds more controversial, gets some support from recent

Figure 5 Schematic diagram demonstrates the contributions of c-myc to glucolysis (red arrow lines) and glutaminolysis (black arrow
lines) GLT, glutamate transaminase.
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findings. In glioma, IDH1 mutations seem to happen in the
early stage of disease onset, even before p53 mutation was
detected in patients [68]. Regardless of which model is
more reasonable, metabolism seems to be taking center
stage of cancer research. The elucidation of how metabol-
ism changes cause cancers will shed light on future novel
cancer treatment development.
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