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Abstract. Despite diversity in genetic events in onco-
genesis, cancer cells exhibit a common set of func-
tional characteristics. Otto Warburg discovered that
cancer cells have consistently higher rates of glycolysis
than normal cells. The underlying mechanisms leading
to the Warburg phenomenon include mitochondrial
changes, upregulation of rate-limiting enzymes/pro-
teins in glycolysis and intracellular pH regulation,
hypoxia-induced switch to anaerobic metabolism, and
metabolic reprogramming after loss of p53 function.
The regulation of energy metabolism can be traced to

a “triad” of transcription factors: c-MYC, HIF-1 and
p53. Oncogenetic changes involve a nonrandom set of
gene deletions, amplifications and mutations, and
many oncogenes and tumor suppressor genes cluster
along the signaling pathways that regulate c-MYC,
HIF-1 and p53. Glycolysis in cancer cells has clinical
implications in cancer diagnosis, treatment and inter-
action with diabetes mellitus. Many drugs targeting
energy metabolism are in development. Future ad-
vances in technology may bring about transcriptome
and metabolome-guided chemotherapy.
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Introduction

Oncogenesis is a multi-step process with a wide variety
of genetic or epigenetic changes in the malignant cells
leading to six functional characteristics of cancer: 1)
persistent growth signals, 2) evasion of apoptosis, 3)
insensitivity to anti-growth signals, 4) unlimited rep-

licative potential, 5) angiogenesis, and 6) invasion and
metastasis [1]. This convergence from widely different
combinations in genotypes to common phenotypic
characteristics allows pathologists and clinicians to
diagnose cancer based on radiological, cytological and
histological evidence of unregulated growth, invasion
and metastasis. Yet the switch from oxidative phos-
phorylation to glycolytic metabolism is another con-
sistent characteristic of malignant cells that has
allowed diagnosis and detection of metastasis by* Corresponding author.
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clinicians using F18-fluorodeoxyglucose positron emis-
sion tomography (PET). Genes in glycolysis, together
with cell cycle checkpoint II and PLK3 pathways, are
systematically upregulated in many types of cancer,
and form a significant part of a cancer type-independ-
ent transcriptome signature that can identify malig-
nancies [2]. Glycolytic metabolism has been discussed
as a potential seventh hallmark or sign of cancer [3]
pending understanding why and “how tumors inher-
ently switch to glycolysis to meet energy needs”.
Although the key factors/pathways behind the cancer
metabolic phenotype still remain to be elucidated, the
current literature shows that c-MYC, p53, and HIF-1
are crucial for the tumor cells� aberrant metabolic
behavior. In this review, we present a synthesis of the
current literature to support glycolytic metabolism as
the seventh sign, the roles of c-MYC, p53, and HIF-1
as key regulators as well as a discussion of the clinical
implications.

The Warburg Phenomenon
A very common characteristic of cancer cells descri-
bed by Otto Warburg is that the cancer cell exhibits
increased glycolytic metabolism compared with nor-
mal cells [4 – 6]. Using the dbEST database for
expression of genes and expressed sequence tags
[U.S. NCBI, National Institutes of Health [7]], it was
found that genes involved in glycolysis are overex-
pressed in 24 different kinds of cancers representing
more than 70% of human cancer cases [8]. Such
transcriptomic data provide a clear overview of the
extent of this phenomenon and a systems biology
approach to reveal the key regulators behind coordi-
nated changes in a large number of proteins in
glycolysis. The cellular energy level as indicated by
the nucleotide triphosphate/inorganic phosphate
(NTP/Pi) ratio of malignant tumors is not affected
by hypoxia and is decreased when glucose is deprived
[9]. This shift from oxidative phosphorylation to
glycolysis may not be a requirement for malignant
transformation as Warburg hypothesized, but it is an
epiphenomenon of transformation associated with
high metastatic potential and survival advantage.
In recent years, research has revealed how the AKT
(protein kinase B) signaling pathway promotes con-
tinued cell growth and coordinated the necessary
metabolic changes to support cell growth by increas-
ing glucose uptake, glycolysis and ATP production.
Recent discoveries in the regulation of enzymes,
scaffolding protein and transporters involved in
energy metabolism by oncogenes and tumor suppres-
sor genes provide new insight into how a wide
variation in the combination of oncogenes and
tumor suppressor gene defects would lead to a
common shift in energy metabolism from oxidative

phosphorylation to glycolysis – the Warburg phenom-
enon.

Metabolism in Cancer Cells. Although there are
several counterexamples of cell lines that can grow
in culture media containing 5 mM galactose or 0.5 mM
glucose without increased glycolysis [10, 11], most
cancer cells fulfill their energy need primarily via
glycolysis. Cancer cell proliferation can only proceed
as metabolites accumulate to ensure an ample supply
of building blocks for DNA, RNA, protein, lipid, and
complex carbohydrate to prepare for mitosis [12].
Glycolysis, glutaminolysis, and de novo lipid biosyn-
thesis form a stereotypic platform supporting cancer
cell proliferation [13]. Even when the metabolic
characteristics of a breast cancer cell line is compared
with fast growing nonmalignant cells growing at the
same rate, cancer cells have higher glucose, lactate,
and glutamine fluxes per unit area of cell membrane
and higher pentose phosphate pathway activity than
the nonmalignant cells [14]. NAD(P)H derived by
glutaminolysis and the pentose phosphate pathway
are relevant providers of energy for anabolism.
Fatty acid synthase (FASN), a key regulator of de
novo lipid biosynthesis and a gene highly expressed in
most carcinomas, is regulated by glucose via the
carbohydrate responsive element binding protein
(ChREBP), by glucocorticoids via sterol regulatory
element binding protein-1 (SREBP-1), and by AKT/
hypoxia-induced factor-1 (HIF-1) signaling inducing
the SREBP-1 gene [15, 16]. Synthesis of palmitate
uses one acetyl-CoA, seven malonyl-CoA, and seven
NADPH [15], and this de novo fatty acid synthesis
pathway depends on reductive power from NADPH
and replenishment of oxaloacetate for the tricarbox-
ylic acid (TCA) cycle, both of which can be provided
by glutaminolysis [17].
In this review, we shall focus on glycolysis without detail
coverage of fatty acid synthesis, glutaminolysis and the
pentose phosphate pathway. High rates of glycolysis are
consistently observed in cancers compared with benign
tissues, and are due to upregulation of enzymes in
glycolysis [e.g., hexokinase 2 (HK2), glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), 6-phosphofruc-
to-1-kinase (PFK1), triose-phosphate isomerase (TPI),
phosphoglycerate kinase 1 (PGK1), and enolase 1
(ENO1), and pyruvate kinase (PK) [8, 18–22]] and a
coordinated decrease in some enzymes in gluconeo-
genesis and mitochondrial respiration [20]. The cancer
transcriptome is characterized by high expression of
genes involved in glycolysis, glutaminolysis and gen-
eration of phosphometabolites, providing a high
throughput of supply materials and bio-energy from
glucose for biosynthetic processes and cellular func-
tions [23]. Both glycolysis and glutaminolysis generate
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metabolic intermediates for biosynthesis: e.g., glucose-
6-phosphate for the formation of ribose-5-phosphate
via the pentose phosphate pathway and glutamine for
the formation of ammonia and aspartate which are used
in the synthesis of purine and pyrimidine nucleotides.
The relative activities of glycolysis and glutaminolysis
may shift in solid tumors [24], and a shift to glycolysis is
observed as solid tumors increase in size [25]. Pyruvate
kinase type M2 (PKM2) is highly active in tetrameric
form and less active in dimeric form. The tetramer-to-
dimer shift of PKM2 controls relative activity of
glycolysis and glutaminolysis; when PKM2 is in its
dimeric form, glutaminolysis dominates [23]. This
flexibility also depends on the level of expression of
shuttle enzymes such as cytosolic glycerol 3-phosphate
dehydrogenase and malate dehydrogenase (isoform
with pI 7.8) [26], and some cancer cells (e.g., MCF-7
breast cancer cells) are completely dependent on
glucose for growth and survival.
Glycolytic metabolism also offers the cancer cells
survival advantages: independence from oxygen sup-
ply, ability to detoxify chemotherapy drugs and ability
to repair DNA damage. The glycolytic pathway is
linked to generating NAD(P)H to catalyze other
redox reactions [27]. NADPH is also important for the
cancer cells to survive chemotherapy by drug detox-
ification using the cytochrome P-450 system. In the
drug detoxification process, phase I drug metabolizing
enzymes such as NADPH-cytochrome P450 reductase
(P450R), require a supply of NADPH which can be
supplied by the pentose phosphate pathway [28] (Fig.
1). In addition to allowing glycolysis to continue,
NAD+ regeneration is very important to cancer cells
because they are required for repair of genotoxic
damages. For DNA repair, poly(ADP-ribose) poly-
merase (PARP-1) is activated at the sites of DNA
damage. PARP-1 breaks NAD+ into nicotinamide
and ADP-ribose, polymerizes ADP-ribose, and trans-
fers ADP-ribose moieties to carboxyl groups of

nuclear proteins, consuming a large quantity of
NAD+/ATP (Fig. 1). PARP-1 activation leads to
rapid depletion of the cytosolic NAD+ pool and
renders the cells unable to utilize glucose as a
metabolic substrate [29]. The tumor metabolome
(the complete set of metabolic intermediates, hor-
mones and other signaling molecules, and secondary
metabolites) also suggests a vulnerability of the cancer
cells to a reduction of NAD+ after DNA damage [23].

Regulation of Glycolytic Flux in Cancer Cells. Regu-
lation of glycolysis in cancer cells is different from non-
malignant cells not only in the upregulation of enzymes
mediating the pathway but also in the expression of
different isoforms of several key enzymes (e.g., ex-
pression of HK2 and PKM2). Normally, the glycolytic
flux rate is down-regulated by ATP produced by
mitochondrial respiration. There are several layers of
control over glycolysis. Glycolysis is stimulated by
fructose 1,6-bisphosphate and fructose 2,6-bisphos-
phate [30]. The main control of glycolytic flux by
mitochondrial respiration is mediated by the inhibition
of PFK-1 activity by ATP. The tetramer-dimer ratio of
PKM2, which controls the kinase activity, is regulated
by ATP, amino acids synthesized from glycolytic
intermediates (e.g., L-serine and L-alanine), fatty
acids and fructose 1,6-bisphosphate [31, 32]. HK2
binds to mitochondrial porins, and catalyzes the first
step in glycolysis without inhibition by glucose 6-
phosphate. Due to high activity of mitochondria-bound
HK2 in the presence of sufficient glucose, all phospho-
metabolites above pyruvate kinase accumulate until
the levels of fructose 1,6-bisphosphate and fructose 2,6-
bisphosphate are high enough to activate PFK-1 and to
shift PKM2 to the active tetrameric state [12]. More-
over, different isoforms of the four genes (PFKFB1–4)
encoding 6-phosphofructo-2-kinase/fructose 2,6-bi-
sphosphatase (PFK-2/FBPase-2) [33] regulate the
level of fructose 2,6-bisphosphate which stimulates

Figure 1. Glycolysis Can Pro-
mote Resistance to Cancer Ther-
apy. Glycolysis provides the me-
tabolites and energy for DNA
repair and chemotherapy drug
inactivation/detoxification. Gly-
colysis can provide ATP/NAD+

(consumed by PARP) for DNA
repair, and glycolysis, pentose
phosphate pathway and glutami-
nolysis can provide NADPH, a
universal reductant, for chemo-
therapy drug detoxification.
These mechanisms can potential-
ly contribute to resistance of the
cancer to therapy.
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glycolysis by a potent positive allosteric effect on PFK-1
and inhibits gluconeogenesis by blocking fructose-1,6-
bisphosphatase (FBPase-1) [33].

Causes of Increased Glycolytic Metabolism in
Malignant Cells

Several mechanisms have been proposed and prob-
ably all contribute in different degrees in different
cancers to bring about a common phenotype of
glycolytic metabolism – the Warburg phenomenon.
These mechanisms include 1) mitochondrial changes,
2) hypoxia-induced switch from oxidative mitochon-
drial respiration to glycolysis, 3) changes in the
metabolome or metabolite pools that facilitate glyco-
lytic flux, and 4) coordinated regulation of proteins
that control glycolytic flux. Behind these mechanisms
are the genetic and epigenetic changes in proto-
oncogenes and tumor suppressor genes in the multi-
step process of carcinogenesis.

Mitochondrial Changes in Cancer. Cancer cells often
have reductions in mitochondrial DNA, lower tran-
scription rate for the mitochondrial genome overall,
and accumulation of mitochondrial genomic muta-
tions and deletions. Decrease in oxidative phosphor-
ylation can be due to genetic changes in the mito-
chondria. Mutations in certain mitochondrial genes
can disrupt the electron transport chains and oxidative
phosphorylation. The mitochondrial genome is par-
ticularly susceptible to mutation for several reasons.
Electrons may escape or leak from electron transport
complexes, mainly at complexes I and III, to react with
molecular oxygen, forming superoxide radicals (O2

-)
and other reactive oxygen species that damage
mitochondrial DNA. Mitochondrial DNA is super-
coiled, circular and prone to breakage. Moreover,
there are few repair mechanisms for mitochondrial
DNA.
Mitochondrial DNA defects in cancer have been
reviewed [34] and summarized in Table 1. Two general
features of mitochondrial DNA mutations are seen in
cancers irrespective of tissue types. First, the majority
of mutations are base transitions (T to C and G to A).
Second, while mutations occur in many mitochondrial
genes, the D-loop region of the mitochondrial genome
contains the frequent sites of somatic mutations.
However, changes in the mitochondrial DNA differ
among different cancers [35], and are not consistent
enough to entirely account for the Warburg phenom-
enon.
In some cancers, mitochondrial germline mutations
can facilitate carcinogenesis [36], but in most cases
such mutations are acquired during or after carcino-

genesis. The accumulation of defects in the mitochon-
drial genome may disable ATP generation via oxida-
tive phosphorylation [36, 37], necessitating a switch to
glycolytic metabolism. Loss of mitochondrial respira-
tion increases NADH which inactivates PTEN (Phos-
phatase and Tensin homolog) through a redox mod-
ification mechanism, resulting in AKTactivation [38].
Inactivating mutations of mitochondrial succinate
dehydrogenase (SDH subunits B, C or D) and
fumarate dehydrogenase can lead to pheochromocy-
toma (SDH mutations) and leiomyoma, leiomyosar-
coma or renal carcinoma (fumarate dehydrogenase).
The consequent accumulation of fumarate and succi-
nate inhibits prolyl hydroxylases (the enzymes that
control HIF-1a stability), leading to resistance to
apoptosis and HIF-1-mediated reprogramming of the
metabolism towards aerobic glycolysis [39].
A nuclear gene that regulates mitochondrial respira-
tion is the tumor suppressor p53 (TP53, also known as
p53)-inducible gene synthesis of cytochrome c ox-
idase-2 (SCO2) [40]. SCO2 is critical for regulating
the cytochrome c oxidase (COX) complex, the major
site of oxygen utilization in oxidative phosphoryla-
tion. SCO2 couples p53 to mitochondrial respiration
and provides a possible explanation for the Warburg
phenomenon [40]. Another possible mechanism for
decreased oxidative phosphorylation is overexpres-
sion of the ATPase inhibitor protein (IF1) [41].
Decrease in H+-ATP synthase (b-F1-ATPase) is a
proteomic signature of decreased oxidative phosphor-
ylation and characteristic of cancer cell bioenergetics,
which can predict the prognosis of colon, lung, and
breast cancer. The level of this protein inversely
correlates with the glycolytic rate in cancer cells [42].
When oxidative phosphorylation becomes inefficient
or defective, loss of mitochondrial ATP removes the
inhibition on glycolysis, which provides a compensa-
tory mechanism to generate ATP. Despite the loss of
oxidative phosphorylation, mitochondria remain es-
sential in the processing of intermediate metabolites
for various pathways involving carbohydrates, amino
acids, and fatty acids. Cancer cells depleted of
mitochondrial DNA by treatment with ethidium
bromide (10 cells) [43] continue to maintain mito-
chondrial mass.

Hypoxia-Induced Switch from Oxidative Mitochon-
drial Respiration to Glycolysis. The solid tumor
microenvironment is characterized by a disorganized
microvasculature [44], increased interstitial pressure
[45] and the presence of hypoxic zones [46]. Hypoxia
or low oxygen tension is a characteristic of this
microenvironment, and is also a characteristic of
bone marrow from which hematologic malignancies
develop. Malignant cells may be forced to adapt to low
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oxygen tension as they grow further away from the
existing blood supply. Lack of oxygen shuts down
oxidative mitochondrial respiration, the cancer cells
must switch on glycolytic metabolism for bioenergy.
The lack of mitochondrial ATP will remove the
inhibition of PFK-1 and PKM2. PFKFB1–4 genes
are responsive to hypoxia in vivo, indicating a
physiological role of glycolysis in the adaptation to
hypoxia [47]. There is also evidence for overexpres-
sion of a specific splice isoform of PFKFB-4 mRNA in
cancer cells under hypoxic conditions [48]. Overall,
hypoxia activates HIF to induce adaptive responses
including angiogenesis, glycolysis, and pH regulation
[49]. The hypoxic microenvironment in which the
cancer cells thrive may constitute a selection pressure
to select for tumor cell clones with high glycolytic

metabolism as the cells evolve through the carcino-
genic process [50].

Metabolomic Changes Facilitating Glycolysis. As
discussed above, fructose 2,6-bisphosphate is an
important metabolite that stimulates glycolysis by a
potent positive allosteric effect on PFK-1 and inhibits
gluconeogenesis by blocking fructose 1,6-bisphospha-
tase (FBPase-1) [33]. A p53-inducible enzyme
TIGAR (TP53-induced glycolysis and apoptosis reg-
ulator) is a FBPase-2 which functions to lower fructose
2,6-bisphosphate levels, and thereby inhibit glycolysis
by decreasing the activity of PFK-1 and enhancing the
activity of FBPase-1 [51]. Since FBPase-1 activity is
reduced in many tumor cells (often due to loss of p53
function and the resultant downregulation of TIGAR

Table 1. Mitochondrial genetic changes in cancers.

Cancer Type Mitochondrial Changes Percentage of Cases

Breast cancer Mutations in the D-loop region of mitochondrial genome 60%

16S rRNA, ND1, ND2, ND4, ND5, Cytochrome b, and
ATPase 6

<15%

Ovarian cancer D-loop, 12S rRNA, 16S rRNA, and cytochrome b
mutations. Most are T ! C or G ! A transitions.

60%

Colorectal cancer 12S rRNA, 16S rRNA, ND1, ND4L, ND5, Cytochrome b,
COXI, COXII, and COXIII genes. Most are T ! C or G
! A transitions.

70%

Gastric cancer Deletion of mtDNA 54%

Insertions/deletions in the D-loop region or transitions in
ND1, ND5, and COXI

44%

Hepatocarcinoma Mutations in the D-loop Frequent

Esophageal
adenocarcinomas or
Barrett�s esophagus

D-loop alterations 40%

Esophageal
carcinoma

D-loop mutations 5%

Pancreatic cancer cell
lines

12S rRNA, 16S rRNA, ND1, ND2, COXI, COXII,
ATPase 6, COXIII, ND4, ND4L, ND5, ND6, Cytochrome
b, as well as the non-coding D-loop region. Also 6-fold to
8-fold increase in the mtDNA mass.

100%

Renal cell carcinoma A 264-bp deletion of the ND1; 100%

Loss of mtDNA and mRNA coding for subunit the ND3
gene

�

Loss of ATP synthase activity in Complex V 100%

Prostate cancer D-loop region, 16S rRNA, and NADH subunits 18.75%

Brain tumors mtDNA highly amplified 87%

Thyroid cancer mtDNA alterations in the genes coding for Complex I and
Complex IV of the respiratory chain

The majority of the mutations that were found
occurred in the genes coding for subunits of complex I
of the respiratory chain; the mtDNA common deletion
was identified in 100% of H�rthle cell tumors, 33.3% of
adenomas, and in 18.8% of non-H�rthle cell papillary
carcinomas.

Hematologic
malignancies

Described mutations in cytochrome b, cytochrome c
oxidases I and II and ATPase 8; increased mutations in the
mitochondrially-encoded COX I and COX II genes

�

ND – mitochondrially encoded NADH dehydrogenase; COX I-III – cytochrome oxidase subunit I-III; mtDNA – mitochondrial DNA;
rRNA – ribosomal RNA; NADH – reduced form of nicotinamide adenine dinucleotide.
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expression [51, 52]), the fructose 1,6-bisphosphate
level remains persistently elevated, and the “brake”
on glycolysis is removed. Yet the levels of TIGAR
expression in various cancer types have not been
examined. Nevertheless, fructose 1, 6-bisphosphate
may be the key metabolite that increases the activity
of PKM2, leading to a drastic increase in forward flux
through glycolysis.
Three other points in the metabolome restricting
glycolysis are accumulation of pyruvate, accumulation
of reduced hydrogen and depletion of NAD+ as
glycolysis proceeds. Increased glycolysis alters the
glycerol-3-phosphate and malate-aspartate shuttles,
reducing transport of H+ into the mitochondrial
intermembrane space, requiring the cancer cells to
oxidize NADH to regenerate NAD+ in the cytosol by
lactate dehydrogenase (LDH). c-MYC induces in-
crease in LDH type A (LDH-A) expression [53], and
LDH-Awhich converts pyruvate to lactate plays a key
role in carcinogenesis [54]. Reduction in LDH-A
using short hairpin RNAs stimulates oxidative phos-
phorylation and decreases mitochondrial membrane
potential. The tumorigenicity and ability to proliferate
under hypoxia are decreased in LDH-A-deficient
cells [54].
The reduction in transport of H+ into the mitochon-
drial intermembrane space in cancer cells exhibiting
the Warburg phenomenon also presents a challenge in
intracellular pH (pHi) regulation. In normal cells, the
Na+-driven Cl-/HCO3

- exchanger (NHE1) and the
Na+-independent Cl-/HCO3

- exchanger are primarily
responsible for maintenance of pHi. In cancer cells,
high NHE1 activity increases pHi and acidifies the
extracellular space. The increased pHi facilitates

glycolysis, and the resulting lactate is transported out
of the cancer cells via the H+/lactate cotransporter
[55]. Other proteins involved in pHi regulation
include the monocarboxylate carriers that transport
bicarbonate anions and carbonic anhydrase. Carbonic
anhydrase IX is a hypoxia-inducible transmembrane
protein and the only tumor-associated carbonic anhy-
drase isoenzyme known [56, 57] and it is needed for
growth and survival of cancer cells under both
normoxia and hypoxia [58].

Coordinated Regulation of Proteins that Control the
Glycolytic Flux

Regulation of Cancer Cell Metabolism by the AKT
Signaling Pathway. Activation of the AKT signaling
may be sufficient to bring about the switch to
glycolytic metabolism in cancer [59] (Fig. 2). AKT
signaling regulates the transcription [60] and trans-
lation [through mammalian target of rapamycin
(mTOR) and eukaryotic translation initiation factor
4E binding protein 1 (4E-BP1)] [61] of glucose
transporter 1 (GLUT1). AKT activates HK2 associ-
ation with the mitochondria, which promotes phos-
phorylation of glucose to glucose 6-phosphate to be
metabolized via glycolysis or the pentose phosphate
pathway, and the mitochondria-associated HK2 is
involved in inhibition of apoptosis [62, 63].
AKT also regulates de novo fatty acid synthesis and
usage of fatty acid for b-oxidation. It phosphorylates
ATP citrate lyase (ACL), stimulating cleavage of
citrate to oxaloacetate and acetyl-coenzyme A (Ac-
CoA) to supply downstream de novo fatty acid
synthesis [64]. Phosphoinositide 3-kinase (PI3K) and

Figure 2. The PI3K/AKT/mTOR
Signaling Pathway Regulates
Cancer Cell Metabolism. See de-
tails in the text. Arrows represent
stimulation/activation, and ^
ends represent inhibition.
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AKT suppress expression of the b-oxidation enzyme
carnitine palmitoyltransferase 1A (CPT1A), and
modulation of CPT1A expression by PI3K/AKT
signaling is the mechanism to suppress b-oxidation
during cell growth [65].
mTOR is downstream of the PI3K/AKT pathway and
is regulated by AMP-activated protein kinase
(AMPK) (the cellular energy sensor), the tuberous
sclerosis 1 & 2 (TSC1-TSC2) complex, and Ras
homolog enriched in brain (RHEB) [66]. mTOR is
situated in the crossroads of signaling pathways and is
an integration center of the signals to bring coordi-
nated regulation of nutrient uptake, energy metabo-
lism, cell growth, proliferation, and cell survival [67,
68]. Most importantly, mTOR is an upstream activa-
tor of HIF-1a in cancer cells [69], which is a subunit of
a transcription factor that upregulates the expression
of nearly all the genes involved in the glycolytic
pathway [70]. Under hypoxic conditions, glucose
supply also regulates HIF-1a activity. Hypoxia com-

bined with glucose deprivation activates AMPK
(detected by phosphorylation of AMPK) [71], and
this combination inhibits the accumulation of HIF-1a

by suppressing translation rather than changing tran-
scription or proteasomal degradation [72].

Regulation of Glycolysis by a Triad of Transcription
Factors. Three transcription factors, c-MYC, HIF-1
[i.e., the active complex of HIF-1a and HIF-1b (also
known as aryl hydrocarbon receptor nuclear trans-
locator, ARNT)] and p53, regulate the flux of glucose
through the glycolytic pathway (Fig. 3). The transport
of glucose into the cancer cells is controlled by glucose
transporters including GLUT-1, which are regulated
by HIF-1. Hexokinases are important enzymes that
regulate glycolysis, and HK2 is the isoform expressed
specifically in skeletal muscle, adipocytes and cancer
cells. HK2 regulates the first step in glycolysis [73],
and it is regulated by p53 as well as HIF-1. The
upstream regulatory element of the HK2 gene con-

Figure 3. c-MYC, HIF-1 and p53 Regulates Glycolytic Metabolism. The Warburg phenomenon is at least in part due to upregulation of
genes coding for glucose transporters and glycolytic and regulatory enzymes mediated by increased activity of the transcription factors c-
MYC and HIF-1 in cancer cells, and a coordinated loss of regulatory proteins due to loss of p53 function. Loss of p53 function also leads to
activation of GLUT-3 transcription via NFkB. The genes controlled by p53 are in blue fonts; by MYC in green fonts; by HIF-1 in cyan fonts;
by both HIF-1 and MYC in red fonts. Arrows represent stimulation/activation, and ends represent inhibition. + indicates synergism. HK2 –
hexokinase type 2; GPI – glucose phosphate isomerase; PFK1 – phosphofructokinase 1; PFK2 – phosphofructokinase 2; ALDA – aldolase
A; TPI – triose phosphate isomerase; GAPDH – glyceraldehyde 3-phosphate dehydrogenase; PGK1 – phosphoglycerate kinase 1; PGM –
phosphoglycerate mutase; ENO1 – enolase 1; PKM2 – pyruvate kinase type M2; LDH-A – lactate dehydrogenase type A: PDK1 –
pyruvate dehydrogenase kinase-1; TIGAR – TP53-induced glycolysis and apoptosis regulator; SCO2 – synthesis of cytochrome c oxidase-
2; IKK – I-kappa-B kinase; NFkB – nuclear factor-kappa-B; GLUT – glucose transporter.
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tains a carbohydrate response element (ChoRE) and
response elements for protein kinase A, protein
kinase C, HIF-1, and p53 [74, 75]. In cancer cells, the
HK2 gene is amplified, activated, and induced by
multiple signal transduction cascades, and the over-
expressed HK2 binds to the outer membrane of
mitochondria. HIF-1 is the major transcription factor
regulating the transcription of the majority of the
enzymes in the glycolytic pathway, all the way from
glucose down to lactate [70] (Fig. 3). The promoter
regions of the genes of these enzymes have been
shown to have HIF-1 regulatory elements [74, 75].
Pyruvate may also regulate the levels of glycolytic
enzymes by preventing the oxygen-induced degrada-
tion of HIF-1a protein and thus activating HIF-1 [76].
The enzyme that is very important in regulating
pyruvate level is LDH-A, and the cis-acting elements
of its gene promoter resemble the core of the ChoRE
and E-box (5�-CAGGTG-3�), and they overlap with
the consensus binding sites for both c-MYC and HIF-
1. Increased activities of HIF-1 and/or c-MYC upre-
gulate glycolytic enzyme genes to increase the glyco-
lytic capacity in cancer cells [74]. Another enzyme
regulated by HIF-1 and c-MYC is pyruvate dehydro-
genase kinase-1 (PDK1) which inhibits pyruvate
dehydrogenase by phosphorylation, stopping conver-
sion of pyruvate to acetyl-CoA and thus depleting the
fuel supply for oxidative phosphorylation [77]. The
importance of HIF-1 in the Warburg phenomenon is
supported by the fact that aerobic glycolysis is
inhibited when HIF-1a level is decreased in renal
carcinoma cells [78]. p53, one of the most frequently
mutated genes in cancers, controls the balance be-
tween oxidative respiration and glycolysis through
two important p53-inducible genes (TIGAR [51] and
SCO2 [40])as discussed above. p53 represses the
transcriptional activity of the GLUT1 and GLUT4
gene promoters by direct DNA binding leading to
decrease in glucose uptake [79]. Another recent
report has demonstrated that the inhibitory effect of
p53 on I-kappa-B kinase (IKK) dampens the positive
feedback loop between glycolysis and IKK-nuclear
factor-kappa-B (NFkB) signaling [80], and loss of p53
will activate NFkB to transcriptionally activate the
expression of GLUT3 and to increase in the rate of
aerobic glycolysis [80]. p53 also induces ubiquitina-
tion and degradation of phosphoglycerate mutase
(PGM), and loss of p53 results in an increase in PGM
protein level and enhanced glycolysis [81]. Therefore,
it has become clear that this triad of transcription
factors, HIF-1, c-MYC and p53, are responsible for a
coordinated shift in cancer cell metabolism from
oxidative phosphorylation to glycolysis.

Interaction of Signaling Pathways Regulating HIF-1, c-
MYC and p53. In the cell survival response to hypoxia,
c-MYC interacts with hypoxia-induced factors by
various mechanisms [82]: 1) HIF-1a counteracts c-
MYC activities through c-MYC displacement at the
promoters of cell cycle and DNA repair genes; 2) HIF-
2a, in contrast to HIF-1a, stimulates MAX binding
with c-MYC to enhance c-MYC/MAX transcription
activities; 3) HIF-1a inhibits c-MYC activity by
binding to MAX and induces MAX interacting
protein 1 (MXI1) expression which binds to MAX to
repress expression of MYC target genes; 4) HIF-1a

cooperates with c-MYC to enhance expression of
common target genes regulating metabolism (e.g.,
HK2, PDK1) [82] (Fig. 4). c-MYC is controlled by b-
catenin which is controlled by adenomatous polyposis
coli tumor suppressor (APC) and further upstream
signals from wingless-type MMTV integration site
family (WNT) and the Frizzled receptor for WNT
ligands. The non-receptor tyrosine kinase c-SRC and
Abelson murine leukemia viral oncogene homolog 1
(ABL1) are also able to regulate the transcription of
the c-MYC. HIF-1a competes with T-cell factor-4 for
direct binding to b-catenin, and b-catenin can enhance
HIF-1-mediated transcription by interacting with
HIF-1a at the promoter region of HIF-1-regulated
genes [83]. In carcinogenesis, c-MYC is deregulated
frequently due to chromosomal translocations, lead-
ing to unregulated overexpression c-MYC. c-MYC
activation collaborates with HIF to confer metabolic
advantages to cancer cells (the Warburg phenomen-
on) to thrive in a hypoxic microenvironment [77, 82,
84, 85].
HIF-1a can bind to and stabilize p53 [86], and there
are two p53-binding sites within the HIF-1a oxygen-
dependent degradation (ODD) domain [87]. Low
level of p53 attenuates HIF-1 transactivation by
competing for p300, but high level of p53 degrades
HIF-1a protein [88]. Overall, HIF-1 stimulates angio-
genesis and induces adaptation to hypoxia whereas
p53 mediates hypoxia-induced apoptosis [89]. In the
absence of functional wild-type p53, HIF-1 activity is
not attenuated. Mouse double minute 2 homolog
(MDM2) is a ubiquitin-ligase that regulates the level
of p53, and it can also interact with HIF-1a. Over-
expression of MDM2 increases HIF-1a protein in
hypoxic cells and increased HIF-1 transcriptional
activity, perhaps in a p53-independent manner [90].
The functions of p53 and c-MYC are linked through
ubiquitination by several E3 ubiquitin ligases, their
regulator alternative reading frame (ARF), and ARF-
binding protein 1 (ARF-BP1, also known as HectH9),
constituting an intricate network balancing growth and
apoptosis [91]. ARF-BP1 is activated to turn on c-MYC
activity, but can also turn off p53 through ubiquitination.
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When c-MYC is overactive, it induces ARF which
suppresses c-MYC action, inactivates ARF-BP1, and
activates p53 by suppressing the E3 ligase activities of
both MDM2 and ARF-BP1. In carcinogenesis, this
regulatory network is often perturbed such that c-MYC
activity is high while p53 activity is lost.

Convergence from a Constellation of Different
Changes in Oncogenes and Tumor Suppressor
Genes to a Common Phenotype of Glycolytic Metab-
olism. Other than HIF-1, p53 and c-MYC, some
oncogenes and tumor suppressor genes have been
studied in the context of energy metabolism in cancer
cells. In clear cell renal carcinomas, deficiency of the
wild-type von Hippel-Lindau tumor suppressor
(VHL) protein (a component of HIF-1a ubiquitin
ligase) is one of the factors responsible for down-
regulation of the biogenesis of oxidative phosphor-
ylation complexes [92]. For many other oncogenes
and tumor suppressor genes, they are situated along
the signaling pathways regulating HIF-1, p53 and c-
MYC, and their role potential impact on glycolytic
metabolism often can be traced to their impact on
HIF-1, p53 and c-MYC (Fig. 3).
It is also clear that glycolysis and several functional
characteristics of cancer [persistent growth signals,
evasion of apoptosis, insensitivity to anti-growth
signals, angiogenesis] are linked. Suppression of the
intrinsic apoptotic program may be achieved through
mechanisms that directly lead to the Warburg pheno-
type [93, 94]. Persistent growth signaling through the
AKT/mTOR signaling pathway will lead to the same

metabolic phenotype [94]. PI3K/AKT signaling can
lead to translocation of HK2 to the mitochondrial
membrane and bind to the voltage-dependent anion
channel (VDAC), negatively modulating truncated
BH3-interacting domain death agonist (tBID) and
perhaps BCL2 antagonist of cell death (BAD) to
inhibit apoptosis [95]. HIF-1, the transcription factor
for vascular endothelial growth factor (VEGF), links
angiogenesis with glycolytic metabolism. A nuclear
form of glyceraldehyde 3-phosphate dehydrogenase is
part of the coactivator complex that binds to the
transcription factor OCT-1 to control S-phase depend-
ent histone expression, thereby linking the cellular
metabolic state (redox status and NAD+ availability)
to cell cycle regulators and synthesis of structural
components in cell proliferation [96]. c-MYC, other
than control of the energy metabolism through LDH-
A, PDK1, etc., is also controlling cell cycle progres-
sion, apoptosis, and overcome anti-growth signals.
Typically, a series of genetic (e.g., mutation, trans-
location, deletion, and amplification) or epigenetic
changes (e.g., hypermethylation) to several of these
genes are required before a normal cell transforms
into a malignant cell. The Wellcome Trust Sanger
Institute Cancer Genome Project found that muta-
tions in more than 1% of genes contribute to cancer
[97]. An updated cancer gene census is posted at
http://www.sanger.ac.uk/genetics/CGP/Census.
Among the 387 genes currently listed, there are at
least 10% of these genes involved in the signaling
pathways that regulate at least one member of the
triad of transcription factors controlling glycolytic
metabolism (i.e., KIT, MET, RET, EGFR, ERBB2,
NTRK1, NTRK3, PDGFRA, PDGFRB, FGFR1,
FGFR2, FGFR3, FLT3 are tyrosine kinase growth
receptors which can activate RAS and AKT signaling
to regulate HIF-1 and c-MYC; NF1, NRAS, HRAS,
KRAS, BRAF, GRAF, MAP2K4 are in the RAS
signaling pathway; TSC1, TSC2, STK11, PIK3CA,
PTEN, are in the AKT signaling pathway; VHL and
ARNT regulate HIF-1; ABL1, ABL2, APC, CDH1,
CTNNB1, CDKN2A- p14ARF, FBXW7, MYC,
MYCL1, MYCN are in the pathway regulating c-
MYC; CDKN2A- p14ARF, ATM, TP53 are in the
pathway regulating p53). Three additional important
genes involved in carcinogenesis and regulate MYC,
HIF-1a and p53 that are not included in the cancer
gene census are SRC, MDM2 and 14-3-3s. High
resolution comparative genomic hybridization analy-
sis of breast cancer samples reveals non-random
regions where DNA copy number is commonly gained
or lost [98]. Similar results were obtained in 24 lung
adenocarcinoma samples [99], suggesting genes with-
in these regions are critical to the malignant pheno-
type. The oncogenes and tumor suppressor genes that

Figure 4. MYC, HIF-1a and p53 Interplay to Coordinate Regu-
lation of Cancer Cell Metabolism. HIF-1a inhibits c-MYC activity,
and induces MXI1 expression which binds to MAX to repress
expression of MYC target genes, but for certain genes regulating
metabolism (e.g., HK2, PDK1), HIF-1a cooperates with c-MYC to
enhance expression. HIF-1a can bind to and stabilize p53. High
level of p53 degrades HIF-1a but induces MDM2. MDM2
decreases p53 but increases HIF-1a. ARF-BP1/HectH9 is activat-
ed to turn on c-MYC activity, but can also turn off p53 through
ubiquitination. c-MYC induces ARF, which suppresses c-MYC by
inactivating ARF-BP1/HectH9, and activates p53 by suppressing
MDM2 and ARF-BP1/HectH9. Arrows represent stimulation/
activation, and ^ ends represent inhibition.
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can impact glycolytic metabolism also fall into these
regions such that the oncogenes gain and tumor
suppressor genes lose copy numbers, partially explain-
ing changes in signaling through these pathways in
oncogenesis (Fig. 5). Six of seven cancer genes that
have amplification and 11 of 28 cancer genes that have
deletions in the study by Futreal et al. [97] are
expected to result in promotion of glycolytic metab-
olism[97]. Genome-wide analysis in 11 breast and 11
colorectal cancers showed that each cancer may
accumulate about 11 cancer causing mutations per
tumor [100]. More stringent statistical analyses iden-
tified the following genes with mutation rates signifi-
cantly higher than background: p53 in breast cancer
and APC, KRAS, TP53, SMAD4, and FBXW7 in
colorectal cancer [101, 102]. Therefore, mutations
(activating mutations in oncogenes and loss of func-
tion mutations in tumor suppressor genes) and non-
random genomic copy number changes (gain in copies
of oncogenes and loss in copies of tumor suppressor
genes) can potentially explain why the Warburg
phenomenon is a convergent phenotype in cancers
resulting from diverse oncogenic events.

Clinical Significance of the glycolytic metabolism in
cancer cells

Cancer Imaging. The most significant clinical exploi-
tation of the Warburg phenomenon is the develop-
ment of 18F-fluorodeoxyglucose positron emission
tomography (18F-FDG-PET). The avidity in glucose
uptake and metabolism by cancer cells has made 18F-
FDG-PET a very useful tool in the diagnosis, staging
and prognosis of cancer. The retention index obtained
from dual-phase 18F-FDG-PET correlates well with
HK2 expression while the specific uptake value
(SUV) at 1 hour correlates with GLUT-1 expression
in pancreatic cancer [103]. In another study, the SUV
in FDG-PET scan is demonstrated to be a function of
microvasculature, GLUT-1, HK2, number of tumor
cells/volume, proliferation rate, and HIF-1a [104].
Since SUV reflects these underlying biomarkers and
biological processes associated with aggressive can-
cers, it is not surprising that SUV has been demon-
strated to have prognostic value [105, 106].

Expression of Genes/Proteins Involved in Energy
Metabolism as Predictive Biomarkers of Prognosis
and Response to a Specific Therapy. Increase in
proteins involved in glycolysis (e.g., HK2) [107] and
decrease in proteins involved in oxidative phosphor-
ylation (e.g., b-F1-ATPase) [42, 108] are biomarkers
that can predict prognosis. Combined analysis of
protein and mRNA data revealed 11 components of

the glycolysis pathway as associated with poor survival
of patients with lung adenocarcinoma [109].
Transcriptomic profiling has identified subtypes of
cancer based on consistent patterns of gene expression,
leading to improved prognostic predictions. To match
specific therapies to molecular targets for cancer
therapy, 3-bromopyruvic acid (3-BrPA, a glycolysis
inhibitor) selectively killed breast cancer cells express-
ing the mitochondria and wound signatures [110].
Bortezomib (a proteasome inhibitor) abrogates wound
signature expression and selectively killed breast cells
expressing the wound signature [110].

Interaction with Comorbidity. Diabetes mellitus
type 2 (DM2) is associated with an elevated risk of
pancreatic, liver, colon, gastric, breast, and endo-
metrial cancer [111 – 116] . Extensive epidemiologic
data suggest important roles of diabetes in carcino-
genesis [111 – 116] and cancer survival [117] . The
strongest association is perhaps with pancreatic
cancer [118 – 122] , and up to about 80% of pancre-
atic cancer patients have overt diabetes or impaired
glucose tolerance [123] . Three major mechanisms
have been postulated to explain the possible pro-
moting impact of DM2 on cancer : hyperglycemia,
activation of the insulin signaling pathway, activa-
tion of the insulin-like-growth-factor signaling
pathway. Hyperglycemia per se may increase deliv-
ery of glucose to cancer cells for consumption, and
may confer a growth promoting effect as well as
resistance to therapy by chemotherapy or radiation.
Both growth promotion and chemoresistance in-
duced by glucose concentrations up to 400 mg/dL
can be observed in cultures of pancreatic cancer cell
lines and leukemia cell lines (our unpublished data).
Insulin and insulin-like growth factor-1 (IGF-1)
induced transcription of their target genes through
activation of HIF-1 transcription activity [124] , and
the effect of insulin/IGF-1 on HIF-1 is mediated
through the PI3K/AKT/mTOR pathway [125] .
Hyperinsulinemia and high circulating levels of
IGF-1 in DM2 (except late in the natural history of
DM2 when pancreatic b-cell function has declined)
can promote the glycolytic phenotype in premalig-
nant and malignant cells.

Cancer Therapy. Just like the other 6 signs of
malignancy, the Warburg phenomenon or cancer-
specific bioenergetics can also be exploited for devel-
opment of chemotherapy to benefit the patients:

mTOR Inhibitors. Since the AKT/mTOR pathway
regulates the genes responsible for aerobic glycolysis,
disruption of signaling through this pathway may
switch the source of metabolic energy from glycolysis
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to oxidative phosphorylation, and remove the survival
advantage of cancer cells in the hypoxic, poorly
perfused tumor microenvironment. Therefore, one
method to impact cancer cell energy metabolism is to
target mTOR. mTOR inhibitors (e.g., RAD001,

temsirolimus (CCI-779), AP-23573) are in phase I/II
trials with promising results [126 – 129].

HIF-1a Inhibitors. mTOR is upstream to HIF-1, and
mTOR inhibitors are expected to suppress HIF-1a

Figure 5. Comparative Genomic
Hybridization Revealed Non-
random Gains and Losses of
Genomic DNA in Breast Cancer
and Lung Cancer. The original
data for chromosome 1 in breast
cancer [98] is shown in (A).
Regions colored in red denote
areas of recurrent loss, with the
minimum value of -100% repre-
senting loss of that area in all
samples; similarly, regions col-
ored in green denote areas of
recurrent gain, with the maxi-
mum value of 100%. The original
data for chromosome 1 in lung
cancer [99] is shown in (B).
Regions colored in green denote
areas of recurrent loss, with the
maximum value of -1 represent-
ing loss of that area in all sam-
ples; similarly, regions colored in
red denote areas of recurrent
gain. Whole genome frequency
plots of breast cancer and lung
cancer samples are merged (C).
The black color shows the areas
of overlap of the two whole
genome frequency plots. As la-
beled, the location of tumor sup-
pressor genes (blue) and onco-
genes (cyan) relevant to the sig-
naling pathways regulating gly-
colysis are indicated. Many
tumor suppressor genes are lo-
cated in chromosomal regions
that lose DNA copies while
many oncogenes are located in
chromosomal regions that gain
DNA copies. MYC and SRC are
located in chromosomal regions
that gain copies in about 70% of
cases of breast and lung cancers.
MYCL1 (MYC-related gene
from lung cancer), AKT1 (pro-
tein kinase B, alpha), AKT2
(protein kinase B, beta), AKT3
(protein kinase B, gamma), IRS2
(insulin receptor substrate 2),
HER2 (human EGF receptor
type 2), HRAS (Harvey murine
sarcoma virus oncogene) and
HIF1B (hypoxia-inducible factor
1, beta subunit) are located in
chromosomal regions that gain
copies in about 50% of cases.
FBXW7 (F-Box WD40 domain
protein 7), CTNNB1 (b-catenin)
and p14ARF (alternative reading
frame) are located in chromoso-
mal regions that lose copies in
about 50% of cases.
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expression as rapamycin has been shown to do so
[130]. Since HIF-1 is such an important drug target,
small molecule inhibitors of HIF-1 have been identi-
fied by screening (topotecan, NSC 644221, YC-1 and
PX-478). Topotecan, a topoisomerase I poison, has
been found to inhibit HIF-1 transcriptional activity
and HIF-1a protein accumulation in hypoxia-treated
glioma cell, and the mechanism is dependent on
topoisomerase I but not DNA damage [131]. NSC
644221 inhibited HIF-1-dependent transcription, and
topoisomerase II is required for this inhibition [132].
YC-1 inhibits HIF-1-mediated erythropoietin produc-
tion and angiogenesis [133]. The amino acid 720 – 780
region of HIF-1a is required for YC-1-induced
degradation [134]. PX-478 decreases HIF-1a

mRNA, protein level and transcription activity in
cancer cell lines, but the primary inhibitory mecha-
nism of PX-478 may be inhibition of translation [135].
PX-478 also has potent antineoplastic activity against
human cancer xenografts [136].

Glycolysis Inhibitors. The increased dependence of
cancer cells on glycolytic generation of ATP provides
the basis for preferential killing of cancer cells by
pharmacological inhibition of glycolysis. Several gly-
colysis inhibitors have exhibited antitumor effects.
Lonidamine, a derivative of indazole-3-carboxylic
acid, alters mitochondrial glycerol 3-phosphate and
malate respiration and leads to a release of the bound
hexokinase from mitochondria [137], and also inhibits
electron transport in tumor mitochondria at the
dehydrogenase-coenzyme level [138]. It exerts a
powerful inhibitory effect on oxygen consumption,
aerobic glycolysis and lactate transport in cancer cells
[139]. Although phase II-III trials for the treatment of
advanced breast, ovarian and lung cancer are encour-
aging and lonidamine can modulate responses to
anthracycline and platinum compounds, its role in
cancer chemotherapy remains to be established [140].
3-BrPA is a hexokinase inhibitor [141, 142]. 3-BrPA
effectively kills colon cancer cells and lymphoma cells
in a hypoxic environment in which the cancer cells
exhibit high glycolytic activity and decreased sensi-
tivity to common anticancer agents [143]. 2-deoxy-D-
glucose inhibits glycolytic enzymes and has also
produced encouraging antineoplastic results in vitro
and in vivo [141, 143 – 145] as well as sensitizing cancer
cells to radiation [146, 147] particularly in cancer cells
with high rates of glycolysis [148].

Glutaminolysis Inhibitors. As discussed above, gluta-
minolysis is an alternate metabolic pathway for
generate energy and building blocks for proliferation
in cancer cells. Several compounds that inhibit gluta-
minolysis have been evaluated for cancer therapy.

Phenylacetate inhibits glutaminolysis because it is
readily condensed with the g- amino group of
glutamine, thereby inhibiting glutamine consumption,
and it has antineoplastic activity against glioma and
prostate cancer in animal models [149, 150]. Amino-
oxyacetate is an inhibitor of glutamate oxaloacetate
transaminase [151], and it inhibits the effect of
glutamine and asparagine on glucose metabolism has
been studied in ascites tumor cells. 6-Diazo-5-oxo-L-
norleucine (a glutamine analogue) have been shown
to possess cytotoxic activity against a wide variety of
animal and human xenografted solid tumors [152], as
well as in combination with other metabolic inhibitors
such as 2-deoxy-D-glucose may be explored [152].

NAD Analogues. Another therapeutic approach is to
inhibit both glycolysis and glutaminolysis by interfering
with NAD metabolism. This can be achieved either by
use of AMP analogs such as 4-methoxy- and 4-amino-8-
(3-D-ribofuranosylamino)-pyrimidi-[5,4-d]pyrimidine,
which inhibit NAD synthesis or by 6-aminonicotina-
mide (6-AN) which is incorporated into NAD and
NADP, forming 6-amino-NAD and 6-amino-NADP
[153]. The accumulating 6-amino-NADP preferentially
inhibits 6-phosphogluconate dehydrogenase. Thus, 6-
phophogluconate accumulates, which inhibits glucose
6-phosphate-isomerase and glycolysis [153]. Indeed,
this therapeutic strategy appears to be promising in
animal models [139, 154–156].

ATP and Pyrimidine Depletors. 6-methylmercapto-
purine riboside (MMPR), known to inhibit de novo
purine biosynthesis and thereby limit adenine supplies
for ATP production. In high dosage, MMPR also
decreases pyrimidine ribonucleotide concentrations.
De novo pyrimidine synthesis inhibitor, N-(phospho-
nacetyl)-L-aspartate (PALA). A phase II multi-insti-
tutional trial evaluated the efficacy and toxicity of 5-
FU in combination with PALA and leucovorin in
patients with advanced pancreatic cancer [157], and
found that the response rate was similar to other single
agents in pancreatic cancer and resulted in some long
term survival while having relatively mild toxicity. A
triple-drug combination of MMPR, PALA and 6-AN
(see the section on NAD analogues above) has been
designed to deplete cellular energy in tumor cells
[154]. Combining this triple combination with doxor-
ubicin increases antineoplastic activity over that
produced by either doxorubicin alone or the triple-
drug combination [156]. The same triple combination
plus 5-fluorouracil also exhibited antineoplastic ac-
tivity against breast cancers in murine models [154].

AMP Analogue for Pharmacologic Mimicry of Low
Energy State. 5-aminoimidazole-4-carboxamide ribo-
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side (AICAR) is a cell-permeable nucleoside that is
metabolized to increase the intracellular levels of
AICA ribotide, an AMP analogue, to mimic a low
energy state of the cell. AICAR inhibits lipogenesis,
protein translation, and DNA synthesis in cancer cells,
and it exhibited antineoplastic activity both in cell
culture and in a nude mouse xenograft model [158].
A multitude of pharmacologic tools are becoming
available to interfere with cancer energy metabolism
at various vulnerable points. It is conceivable that each
tumor reacts individually to the various drugs that
interfere with energy metabolism. Clinicians are
interested to know which patients will most benefit
from which therapy. Therapy can be improved if we
learn how expression of these metabolic enzymes
modulates the response to different drugs by examin-

ing the transcriptome and metabolome. As discussed
above, transcriptomic profiling can identified sub-
types of cancer to match specific therapies to molec-
ular targets for cancer therapy: e.g., 3-BrPA for breast
cancer cells expressing the mitochondria and wound
signatures [110]. The future may hold promise for
cancer chemotherapy guided by the transcriptome
and metabolome.

Concluding Remarks

A large body of evidence has accumulated and
demonstrated that cancer cells display an increased
glycolytic metabolism compared with normal cells.
Rapid uninhibited cellular division is a hallmark of

Figure 6. Genetic Changes in
Cancer Lead to Coordinated
Changes in Specific Regulators
of Metabolism to Manifest the
Cancer Phenotype. Mutations
and epigenetic changes lead to
changes in the function of onco-
genes and tumor suppressor
genes. Genomic instability causes
further changes that upset the
balance of oncogenes and tumor
suppressor genes as the carcino-
genic process progress. These
events very often lead to changes
in the function of 3 transcription
factors: activation of HIF-1 and
MYC and loss of p53 (TP53)
function. The changes in these
transcription factors cause a co-
ordinated change in the enzymes,
transporters, regulators and me-
tabolites as well as changes in
mitochondrial function to bring
about a characteristic metabolic
signature of cancer cells. These
metabolic changes provide
growth and survival advantages
for the cancer cells in the tumor
microenvironment. FA – fatty
acid; TCA – tricarboxylic acid
cycle; PPS – pentose phosphate
shunt pathway.
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cancer, and the shift from oxidative phosphorylation
to glycolytic metabolism is not just an adaption
subservient to rapid cell proliferation, and comparison
between cancerous and normal breast epithelial cells
growing at the same fast rates reveals differences in
metabolism that support the “microenvironment
evolution” model of cancer progression [14]. The
current routine use of 18F-FDG-PET scan in clinical
oncology unequivocally solidifies the position of avid
glycolytic metabolism as a hallmark of cancer.
This shift from oxidative phosphorylation to glycolysis
may not be a cause of malignant transformation as
Warburg hypothesized but an epiphenomenon of
transformation associated with a higher metastatic
potential and survival advantage. A prevailing theory
of carcinogenesis is the somatic mutation theory
which postulates that cancer begins with a single
mutation in a somatic cell followed by successive
mutations, but it has many unresolved paradoxes
[159]. Carcinogenesis has been viewed as an evolu-
tionary process at the cellular level [160], and a recent
interesting model of carcinogenesis integrated neo-
Darwinian evolution with cell-environment interac-
tions [161]. The basic principle in neo-Darwinism is
that phenotypic properties are retained or lost based
on their contribution to fitness for survival. This
theory was applied most convincingly to explain the
Warburg phenomenon by Gatenby and Gillies [161].
As cancer progression proceeds, the mutations in
tumor cells increase, and traits that are found in
invasive cancers (including the stereotypic metabolic
platform of cancers) arise as adaptive mechanisms to
environmental proliferative constraints.
The alteration in glycolytic metabolism is regulated by
oncogenes and tumor suppressor genes which control
enzymes, scaffolding protein and transporters that
coordinate the shift of energy metabolism from
oxidative phosphorylation. The regulation of glycol-
ysis and cancer metabolism by HIF-1 and c-MYC has
been established by a large body of work contributed
by many researchers over the past 15 years or so. A
recent review summarized the roles of the (PI3K)/
Akt/mTOR signaling pathway, HIF-1, and c-MYC
[13]. An explosion of publications has firmly estab-
lished the role of loss of p53 function in mediating this
glycolytic phenotype. This review has integrated the
role of loss of p53 function and focused on changes in
the functions of this triad of transcription factors (c-
MYC, HIF-1 and p53) and their interplay as the
crucial molecular mechanisms underlying the cancer
metabolic phenotype (Fig. 6).
A mechanistic understanding may lead to novel
therapeutics, and conversely, development of small
molecule-approach to disturb energy metabolism
pathway might provide new insight for cancer biology.

Clinical trials with the potential antineoplastic agents
discussed above that interfere with the Warburg
phenomenon or cancer-specific bioenergetics (e.g.,
mTOR inhibitors, HIF-1a inhibitors, glycolysis inhib-
itors, glutaminolysis inhibitors, and AMP analogues)
may add new weapons against cancer. Correlative
studies examining the impact of these agents on cancer
metabolism may validate cancer-specific bioenerget-
ics as a target for antineoplastic therapy. With the
rapid technologic advances, the future may hold
promise for custom designed antineoplastic regimens
based on individual patient�s cancer transcriptome
and metabolome.
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