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1. ABSTRACT 
 

Cancer cells are different from normal cells in 
their metabolic properties. Normal cells mostly rely on 
mitochondrial oxidative phosphorylation to produce energy. 
In contrast, cancer cells depend mostly on glycolysis, the 
aerobic breakdown of glucose into ATP. This altered 
energy dependency is known as the “Warburg effect” and 
is a hallmark of cancer cells. In recent years, investigating 
the metabolic changes within cancer cells has been a 
rapidly growing area. Emerging evidence shows that 
oncogenes that drive the cancer-promoting signals also 
drive the altered metabolism. Although the exact

 
 
 
 

mechanisms underlying the Warburg effect are unclear, the 
existing evidence suggests that increased glycolysis plays 
an important role in support malignant behavior of cancer 
cells. A thorough understanding of the unique metabolism 
of cancer cells will help to design of more effective drugs 
targeting metabolic pathways, which will greatly impact the 
capacity to effectively treat cancer patients. Here we 
provide an overview of the current understanding of the 
Warburg effect upon tumor cell growth and survival, and 
discussion on the potential metabolic targets for cancer 
therapy. 
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2. INTRODUCTION 
 

Cancer cells have a fundamentally different 
bioenergetic metabolism from that of non-neoplastic cells, 
with the latter relying mostly upon the process of 
mitochondrial oxidative phosphorylation, consuming 
glucose and oxygen in order to produce energy. In contrast, 
cancer cells depend primarily upon aerobic glycolysis, 
defined as the aerobic breakdown of glucose into the 
energy-storing molecules of adenosine triphosphate (ATP), 
even in the presence of oxygen. The increased dependency 
upon the glycolytic pathway is known as the Warburg 
effect, which is a hallmark of cancer cell metabolism. This 
phenomenon was first described and reported by Warburg 
over 80 years ago; leading him to hypothesize that cancer 
develops as a direct result of defects in oxidative 
phosphorylation (1-8). However, an accumulating body of 
evidence has shown that mitochondrial function is not 
impaired in most cancer cells. Thus, today’s description of 
the Warburg effect is defined as an increase in aerobic 
glycolysis that is not necessarily correlated with permanent 
mitochondrial dysfunction (9).  

 
Glycolysis generates only 2 ATPs per molecule 

of glucose, whereas oxidative phosphorylation produces up 
to 36 ATPs upon complete oxidation of one molecule of 
glucose. The question immediately arises as to why cancer 
cells would switch to a less efficient form of energy 
production. One proposed hypothesis describes an increase 
in aerobic glycolysis as an adaptation to the intermittent 
hypoxia found in pre-malignant lesions. This “glycolytic 
phenotype” has been suggested to confer a selective growth 
advantage, thereby promoting unconstrained proliferation 
and invasion (10). However, Vander Heiden et al. proposed 
a different explanation, with hypoxia as a late-occurring 
event that may not be a major contributor to the glycolytic 
switch. They further explain that the inefficient production 
of ATP is a problem only when resources are scarce, 
usually not the case for proliferating tumor cells. Secondly, 
increased glycolysis meets the building block (e.g., lipids, 
amino acids and nucleotides) requirements that are 
necessary for cell survival above and beyond the 
production of ATP by cancer cells (11). Further evidence 
comes from 18F-deoxyglucose positron emission 
tomography (FDG-PET), which is a widely used cancer 
diagnostic imaging technique in the clinic. It reveals that 
both primary and metastatic human cancers show increased 
FDG uptake (10, 11), supporting that altered glucose 
metabolism is an early-occurring event in cancer 
development.  

 
Investigating the bioenergetic metabolic changes 

within cancer cells has been a rapidly growing area of 
research. Emerging evidence shows that oncogenes that 
drive the cancer-promoting signal transduction pathways 
also are capable of further driving altered cellular 
metabolism. Although the exact molecular mechanisms 
underlying the Warburg effect are not completely clear, the 
existing evidence suggests that increased glycolysis plays 
an important role in the metabolic mechanisms utilized by 
the malignant phenotype. A more thorough understanding 
of the unique metabolic demands of cancer cells will help 

with the design of more effective and specific drugs which 
are capable of selectively targeting the pathways that are 
involved in cancer cell metabolism. Thus, it may open a 
new therapeutic avenue which will greatly impact the 
capacity to effectively treat cancer patients. In this review, 
we provide an overview of the current understanding of the 
Warburg effect upon tumor cell growth and survival; 
further discuss potential emerging metabolic targets of 
glucose metabolism for cancer therapy.   
 
3. THE ENERGY REQUIRMENTS FOR TUMOR 
CELL SURVIVAL 
 

Normal cellular physiology is capable of utilizing 
mitochondrial oxidative phosphorylation to maximal 
efficiency, producing ATP which in turn is responsible for 
70-90% of total cellular oxygen consumption (8). However, 
tumor cell neovasculature has been shown to be 
intrinsically inefficient in carrying oxygen and other 
nutrients to viable tumor cells resulting in cancer cell 
hypoxia and low nutrient levels, especially in solid tumors 
(12, 13). Under hypoxic conditions, a reduction in 
mitochondrial oxygen consumption by tumor cells causes a 
compensatory increase in glycolysis for production of ATP 
(14), which allows for continued survival and even further 
cellular proliferation (15).  
 

In the cellular metabolic shift from mitochondrial 
oxidation to glycolysis, hypoxia-inducible factor -1 (HIF-1) 
has been shown to play a crucial role by activating a set of 
genes involved in angiogenesis, glucose uptake, and 
glycolysis (15). HIF-1 is a heterodimeric transcription 
factor composed of a constitutively expressed HIF-1 beta 
subunit and an O2-regulated HIF-1 alpha or HIF-2 alpha 
subunit (16). In the presence of oxygen, the tumor 
suppressor, Von Hippel-Lindau (VHL), binds to HIF-1 
alpha or HIF-2 alpha, which is subsequently targeted for 
ubiquitination and proteasomal degradation (17). However, 
in the absence of oxygen, VHL-induced ubiquitination and 
degradation dramatically declines, with HIF-1 stabilized 
and further activated. Hypoxia activated HIF-1 also has 
been shown to induce the expression of nearly all the 
enzymes in the glycolytic pathway, as well as gene 
expression of the glucose transporters GLUT1 and GLUT3 
(18), which results in increased anaerobic glycolysis and 
ATP production. 

 
Recently, several groups (19-21) have reported 

that HIF-1 not only stimulates glycolysis, but also actively 
downregulates mitochondrial oxygen consumption by 
inducing pyruvate dehydrogenase kinase (PDK) 1 and 3, 
both of which inactivate pyruvate dehydrogenase (PDH), 
an enzyme involved in the citric acid cycle, also known as 
the tricarboxylic acid cycle (TCA cycle). Although PDK1 
and PDK3 have similar biological functions, PDK3 harbors 
the highest enzyme activity among all PDKs and is the only 
enzyme that is not inhibited by high concentrations of 
pyruvate. Overexpression of HIF-1alpha in cancer cells is 
occurs with high concentrations of pyruvate, with the 
unique feature that PDK3 continuously inhibits of PDH 
activity and the subsequent shutdown of mitochondrial 
respiration. Considering the potential importance of PDK3 
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in the metabolic switch of cancer cells, the PDK3 gene has 
been proposed as a new target of inhibition for potential 
therapy in cancer patients (20). In addition, under hypoxic 
conditions, perturbation in electron transport results in 
increased production of reactive oxygen species (ROS), 
which may pose a barrier for cell survival. An active 
suppression of mitochondrial respiration avoids this excess 
production of ROS (19). These findings may provide a 
more rational explanation for how cancer cells adapt to 
hypoxia through an active metabolic shift from 
mitochondrial respiration to glycolysis.  
 
4. THE METABOLIC REQUIREMENTS OF TUMOR 
CELL PROLIFERATION  
 

Warburg originally hypothesized that cancer cells 
were forced to rely on glycolysis due to an unidentified 
mitochondrial defect, with subsequent studies revealing 
that most cancer cells actually possess normal 
mitochondrial function (11). It is easier to understand why 
tumor cells switch to glycolysis within a hypoxic 
microenvironment. However, high rates of aerobic 
glycolysis (the classical Warburg effect) also were 
commonly observed in a wide variety of tumor histologies. 
Vander Heiden proposed that the switch was probably due 
to the large metabolic demands of tumor cells in addition to 
ATP production (11, 22). Such large metabolic 
requirements for cell proliferation, rather than efficient 
ATP production, result in a logical switching to glycolysis, 
which provides a host of intermediary compounds, such as 
lipids, amino acids, and nucleotides, for the synthesis of the 
required components for cell proliferation.  
 
5.  METABOLISM-REGULATING SIGNALING 
MOLECULES, ENZYMES AND TRANSCRIPTION 
FACTORS 
 
5.1.  PI3K-Akt-mTOR pathway 

The PI3K-Akt-mTOR pathway is an important 
signal transduction pathway which is overactivated in many 
types of human malignancies, both sporadic and hereditary 
(9). PI3K is divided into 3 classes, class I, class II and class 
III, with class I further sub-divided into class Ia and class Ib. 
Class Ia is composed of a p110 catalytic subunit and a 
p85 regulatory subunit. There are three variants of the 
p110 catalytic subunit, described as p110 alpha, p110 beta 
and p110 delta. The gene encoding the p110 alpha subunit, 
PIK3CA, is amplified and overexpressed in several ovarian 
cancer cell lines and mutated in a variety of other cancers 
including colorectal, glioblastoma and gastric. PI3K is 
directly activated by both Ras and growth-factor receptor 
tyrosine kinases, which are mutationally activated in a 
majority of human cancers. PTEN is a negative regulator of 
PI3K, with the activation of PI3K leading to the 
phosphorylation of phosphatidylinositol-4, 5-bisphosphate 
(PIP2) to generate phosphatidylinositol-3, 4, 5-
bisphosphate (PIP3). PIP3 is a second messenger that 
activates the downstream kinase AKT. Through TSC 
and RHEB, AKT activates the mammalian target of 
rapamycin (mTOR). Activation of mTOR leads to 
protein translation, including HIF1alpha protein 
synthesis (23-25).  

AKT is a major regulator of cellular energy 
metabolism, stimulating aerobic glycolysis in cancer cells 
and rendering them dependent upon aerobic glycolysis for 
both growth and survival (26). AKT also enhances 
glycolysis via multiple other cellular mechanisms. First, 
AKT increases glucose uptake by increasing the expression 
of glucose transporters and by promoting membrane 
translocation of the glucose transporters. Second, AKT may 
indirectly activate the glycolysis rate-limiting enzyme 
phosphofructokinase-1 (PFK1) by directly phosphorylating 
and activating phosphofructokinase-2 (PFK2). Third, AKT 
also activates mTOR, another master regulator gene of 
cellular metabolism. The mTOR gene promotes HIF-1alpha 
abundance, resulting in HIF-1alpha-associated glycolytic 
gene expression, such as glucose transporter, HKII and 
LDH (27).  

 
AKT also increases oxidative phosphorylation by 

enhancing the coupling efficiency between glycolysis and 
oxidative phosphorylation through the stimulation of 
mitochondrial hexokinase (HK) which is associated with 
the voltage-dependent anion channel (VDAC) and 
mitochondria. Rapidly proliferating tumor cells have both 
anabolic and catabolic demands, with AKT-induced 
glycolysis providing intermediates for building blocks. 
AKT-increased oxidative phosphorylation may also 
provide large amounts of ATP for protein and lipid 
synthesis. Therefore, AKT activation provides selective 
advantages to tumor cells by increasing both glycolysis and 
oxidative phosphorylation. In this sense, AKT may serve as 
a “Warburg kinase” that can be specifically targeted to 
change cancer cell energy metabolic requirements for 
therapeutic benefit. 
 
5.2.  Hypoxia-inducible factor 1 (HIF1) 

As mentioned above, HIF1 has been sown to 
regulate many enzymes in the glycolytic pathways, which 
results in increased anaerobic and aerobic glycolysis and 
ATP production. In addition, HIF-1alpha is over-expressed 
in many human cancers, such as breast, ovarian, cervical 
and lung (28, 29). Hypoxia and genetic alterations can lead 
to HIF-1alpha over-expression, which is further associated 
with increased mortality in patients with brain, breast, 
cervical, oropharynx, ovarian and uterine cancer. By 
contrast, HIF-1alpha over-expression has been associated 
with decreased mortality for patients with head and neck 
and non-small-cell lung cancer (30). Furthermore, in vivo 
studies show that increased levels of HIF-1alpha are 
associated with increased xenograft tumor growth, whereas 
inhibition of HIF-1 activity markedly impaired tumor 
growth (30). Therefore, HIF-1 is an excellent metabolic 
target for cancer therapy. Currently, major efforts have 
been made to identify specific inhibitors for HIF-1.  
 
5.3.  c-Myc 

The transcription factor c-Myc is encoded by the 
proto-oncogene c-myc, which belongs to the myc family of 
genes (c-myc, L-myc, s-myc, and N-myc). The myc genes 
are commonly translocated and amplified, which contribute 
to the genesis of many human cancers, and deregulated 
expression of the c-Myc protein has been found in about 
70% of all human tumors (18). As a DNA-binding protein, 
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c-Myc contains a helix-loop-helix leucine zipper motif and 
acts as either a transcriptional activator or repressor. After 
forming a heterodimer with Max, c-Myc is then capable of 
binding to E boxes (CACGTG) to transactivate specific 
genes. The Myc-Max hetreodimer also can inhibit the 
expression of other genes by further forming a trimer with 
the transcription factor Miz 1 or Sp1 (31).  

 
It’s surprising that about 30% of all known genes 

in humans can be directly bound by c-Myc. However, only 
a fraction of these genes are actually up or down-regulated 
by it, because c-Myc must cooperate with other 
transcription factors, such as E2F1 and HIF-1, to regulate 
genes involved in nucleotide and glucose metabolism. The 
conserved core set of c-Myc target genes seem to be 
involved in ribosomal and mitochondria biogenesis, 
regulation of cell cycle, glucose metabolism and glutamine 
metabolism. Moreover, more studies indicate that the c-
Myc gene is definitively linked to altered cellular 
metabolism and tumorigenesis (32). 

 
Shim et al first reported on the link between c-

Myc gene expression and the regulation of glucose 
metabolism in 1997 (33). In this report, LDH-A, which 
encodes Lactate dehydrogenase-A (LDH-A), the enzyme 
that catalyzes the conversion of pyruvate to lactate, was 
identified as a target gene of c-Myc. It was found that c-
Myc induced LDH-A gene expression, which resulted in 
increased lactate production. Moreover, induction of LDH-
A was found to be necessary for c-Myc-mediated 
transformation, implicating a potential role of c-Myc and 
LDH-A in tumor growth. Subsequent studies revealed that 
many other glycolysis-associated genes are directly 
regulated by c-Myc, including the glucose transporter, 
GluT1, hexokinase 2 (HK2), phosphofructokinase (PFK) 
and enolase 1 (ENO 1) (34, 35). Hence, c-Myc is able to 
stimulate a variety of genes with different functions that 
ultimately result in increased transport of glucose and 
activation of glycolysis (32). 

 
Several other recent studies have shown that c-

Myc not only induces genes involved in glycolysis, but also 
induces many other genes involved in glutamine 
metabolism. The glutamine transporters ASCT2 and SN2 
have been indentified as direct c-Myc target genes (36). A 
proteomic analysis of human B-lymphocytes shows high 
levels of mitochondrial glutaminase (GLS) protein 
compared to control lymphocytes. GLS is the first enzyme 
that catalyzes the conversion of glutamine to glutamate and 
its activity correlates with the growth rate of tumors. 
However, unlike ASCT2 and SN2, the GLS gene is under 
indirect transcriptional control by c-Myc. It has been found 
that c-Myc induces the expression of GLS through 
suppression of miR-23a and miR-23b, which directly target 
the GLS mRNA 3’- UTR (37). 

 
Glutamine is another major nutrient consumed by 

cancer cells besides glucose, and some tumor cells have 
been reported to exhibit a high rate of glutamine 
metabolism, although this was not seen universally in 
cancer cell lines. Yuneva et al (38) have shown that 
glutamine deprivation, but not glucose deprivation, 

selectively induces apoptosis in some, but not all, human 
cells with high levels of Myc gene expression. Wise et al 
(36) have shown that a human glioma cell line with an 
amplification of the Myc gene was unable to survive in 
glutamine-deficient medium even in the presence of 
sufficient glucose. Further studies revealed that Myc-
transformed glioma cells use glutamine, not glucose, as the 
oxidizable substrate to maintain the TCA cycle and overall 
cell viability. These results are in concordance with others, 
showing that (39) Myc-transformed cells exhibit increased 
mitochondrial mass and rate of O2 consumption. Overall, 
the Myc gene not only promotes glycolysis, but also 
stimulates mitochondrial glutaminolysis to maintain 
mitochondrial function.  
 
5.4.  Metabolic enzymes 
5.4.1. Hexokinase (HK)  

HK catalyzes the conversion of glucose to 
glucose-6-phosphate, the first and rate-limiting step in the 
glycolytic pathway. There are four isoforms of HK (I-IV) 
in mammals, with different subcellular localization, 
catalytic and regulatory properties (40). In cancer cells, HK 
(primarily HKII) is over-expressed and bound to the outer 
mitochondrial membrane via the porin-like protein VDAC 
(41-43). Mitochondrial-bound HKIIplays an important role 
in preventing tumor apoptosis (44). 
 
5.4.2. Pyruvate kinase (PK) 

PK catalyzes the irreversible transfer of a 
phosphate group from phosphoenolpyruvate (PEP) to ADP, 
producing pyruvate and ATP. This step in glycolysis is 
essentially irreversible under normal physiologic conditions. 
Therefore, PK is also considered a rate-limiting enzyme in 
the glycolytic pathway. Growth factor signaling pathways, 
which play a key role in anabolic metabolism and cell 
proliferation, are known to be initiated by tyrosine 
phosphorylation of signaling proteins, which are commonly 
increased in many tumors. Mammalian PK has four 
isoenzymes (M1, M2, L and R) which are present in different 
cell types. The L and R isoforms exist in the liver and red 
blood cells, while the M1 isoform exists in most normal adult 
tissues with constitutively high activity and the M2 isoform is 
only expressed during embryonic development. Recently, 
PKM2 has been indentified as a phosphotyrosine-binding 
protein (45). 

 
It has been shown that the embryonic isoform 

PKM2 is expressed predominantly in tumor cells with low 
activity (46), and exclusive PKM2 expression in tumor tissues 
indicates its potential critical role in cancer cell metabolism. 
Recently, Christofk et al revealed an important role for PKM2 
expression in aerobic glycolysis and tumor growth (47). Their 
data showed that stable “knockdown” of the PKM2 gene in the 
human cancer cell lines resulted in decreased rates of glucose 
metabolism and reduced cell proliferation. Furthermore, the 
endogenous replacement of the PKM2 gene with mouse 
PKM1 or mouse PKM2 genes revealed that the M1 rescue 
cells showed more oxygen consumption and less lactate 
production than the M2 rescue cells.  

 
These findings indicated that the M1 rescue cells 

prefer to metabolize glucose by oxidative phosphorylation 
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rather than rely on aerobic glycolysis. Additionally, nude 
mice injected with M1 rescue cells were shown to have a 
reduced ability to form tumors when compared with mice 
injected with M2 rescue cells. Moreover, the tumors that 
arose from a 50/50 mixture of M1 and M2 rescue cells only 
expressed the mouse PKM2 rescue protein, indicating that 
most of the tumor was derived from the M2-expressing 
cells. Taken together, the data from this report reveal that 
the switch of pyruvate kinase expression from an adult M1 
isoform to the embryonic M2 isoform in tumor cells is 
required in order to cause the metabolic switch to aerobic 
glycolysis. Lastly, PKM2 expression appears to provide a 
selective growth advantage to tumor cells (47). 

 
It should be noted though that not all tumor types 

are dependent on PKM2-mediated aerobic glycolysis for 
growth, this is primarily due to the existence of other 
energy sources such as fatty acids and glutamine. In 
support of this concept, the authors also tested a non-
invasive breast cell line, MCF-7, which is known to have a 
low aerobic glucose consumption rate. The results showed 
the switch of PKM2 to PKM1 in MCF-7 cells has no 
significant effect upon oxygen consumption and lactate 
production. However, the mechanism by which more 
pyruvate was converted to lactate, rather than metabolized 
in the mitochondria, is still unknown.  

 
5.4.3. Lactate dehydrogenase (LDH) 

LDH catalyzes the conversion of pyruvate to 
lactate, coupled with the oxidation of NADH to NAD+, 
which is important in order to maintain cellular glycolysis. 
Each enzymatically functional LDH molecule consists of 
four subunits, with two types of subunits designated as M 
(LDH-A gene product) and H (LDH-B gene product). 
Human cells contain five different LDH isozymes as a 
result of the different combinations of H and/or M subunits: 
LDH1 (H4); LDH2 (MH3); LDH3 (M2H2); LDH4 (M3H); 
LDH5 (M4) (33), with LDH-A identified as a target of both 
c-Myc and HIF-1 (18). Targeting LDH-A re-sensitizes 
Taxol-resistant cancer cells to Taxol, indicating that LDH-
A plays an important role in the Taxol resistance of human 
breast cancer cells (48). Experimental knockdown of 
LDHA-A in tumor cells by shRNAs resulted in the 
stimulation of mitochondrial respiration, a decrease of cell 
proliferation under hypoxic conditions and suppression of 
tumorigenicity. These findings demonstrated that LDH-A 
plays an important role in tumor maintenance (22).  

 
It has been reported that LDH-A knockdown by 

shRNA in the fumarate hydratase (FH) knockdown 
background results in increased apoptosis via ROS 
production. This also was shown to result in a significant 
reduction in tumor growth in a xenograft mouse model, 
indicating that LDH-A inhibition might serve as a 
therapeutic strategy for treating patients with hereditary 
leiomyomatosis and renal cell cancer (HLRCC) (49). LDH-
A inhibition by siRNA or by a small molecule inhibitor, 
FX11 [3-dihydroxy-6-methyl-7-(phenylmethyl)-4-
propylnaphthalene-1-carboxylic acid] has also been 
investigated. FX11 can bind and inhibit human LDH-A 
enzyme activity. siRNA against LDH-A or FX11 reduced 
ATP levels and induced a significant oxidative stress and 

cell death. Importantly, FX11 inhibits tumorigenesis in 
human lymphoma and pancreatic cancer xenografts, with  
LDH-A identified as a significant candidate target gene for 
further therapeutic development (50). 
 
5.4.4. Pyruvate dehydrogenase kinase (PDK)  

Pyruvate dehydrogenase complex (PDC) 
catalyzes the oxidative decarboxylation of pyruvate to 
produce acetyl-CoA, which enters the TCA cycle to 
generate ATP. PDC consists of three enzymes, E1, E2 and 
E3, with the E1 enzyme named pyruvate dehydrogenase 
(PDH), which is responsible for the rate-limiting reaction 
of catalyzing pyruvate to acetyl-CoA. PDH activity is 
regulated by pyruvate dehydrogenase kinase (PDK) and 
pyruvate dehydrogenase phosphatase (PDP), with PDK 
phosphorylating the α-subunit of PDH, which in turn leads 
to the inhibition of its own activity. There are four 
isozymes of PDK in mammals, PDK1-4, (20, 51).  
 
5.4.5. Succinate dehydrogenase (SDH) 

SDH is a mitochondrial TCA cycle enzyme 
complex consisting of four subunits encoded by four 
nuclear genes (SDHA, SDHB, SDHC and SDHD), which 
form the complex II of the electron transport chain (ETC) 
(52). SDH couples the oxidation of succinate to fumarate in 
the TCA cycle with electron transfer to the terminal 
acceptor ubiquinone which prevents the excessive 
formation of reactive oxygen species (53). There appears to 
be growing evidence indicating the importance of an SDH 
deficiency in tumorigenesis. Indeed, several germline 
mutations in subunits B, C, or D of the SDH genes have 
been indentified in renal cell carcinoma, papillary thyroid 
cancer, paraganglioma and pheochromocytoma (54). A 
down-regulation of SDHD also has been reported in gastric 
and colon carcinoma (55).  

 
Numerous other reports reveal that SDH germline 

mutations result in the loss of SDH enzymatic activity and 
the induction of HIF-1alpha or HIF-2alpha.Selak et al show 
that the inhibition of SDH leads to an accumulation of 
succinate in cells, linking SDH inhibition to HIF-1alpha  
(54). Additionally, HIF-alpha prolyl hydroxylase (PHD), an 
enzyme which catalyzes the conversion of alpha- 
ketoglutarate and O2 to succinate and CO2 , has been shown 
to be inhibited by increased succinate levels in SDH-
inhibited cells,  eventually leading to HIF-1alpha 
stabilization. In other words, SDH inhibition may mimic 
cellular hypoxic conditions through stabilization and 
activation of HIF-1alpha, leading to elevated glycolysis and 
other changes in angiogenesis, metastasis and metabolism.  
 
5.4.6. Fumarate hydratase (FH) 

FH is present in both the cytosol and 
mitochondria. However, the exact role and function of the 
cytosolic isoform still unknown. The mitochondrial isoform 
of FH acts within the TCA cycle and hydrates fumarate to 
form malate. It does not appear to have any known role in 
the ETC.  Germline mutations of the FH gene have been 
identified in hereditary leiomyomatosis and renal cell 
cancer (HLRCC) families, and similar to the SDH gene 
mutations, the FH gene mutations are loss-of-function 
mutations that cause an absence of or truncated FH protein. 
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There also may be substitutions or deletions of highly 
conserved amino acids, which eventually result in the 
absence or inhibition of FH enzymatic activity (56).  

 
FH deficiency has been shown to be associated 

with elevated HIF-1alpha or HIF-2 alpha protein levels in 
HLRCC tumor samples or FH siRNA-treated cells (57). 
Fumarate has been found to be an inhibitor of PHD, 
resulting in the induction of HIF stabilization through the 
prevention of HIF hydroxylation and VHL recognition (58). 
Thus, these data provide a reasonable explanation for the 
correlation between FH deficiency and up-regulated gene 
expression of HIF-1alpha or -2 alpha in HLRCC tumors. 
Lastly, it has been observed that FH deficiency in HLRCC 
induces a metabolic switch to glycolysis through the 
stabilization of HIF-1, which is likely due to the known 
regulatory role of HIF on the genes involved in the 
glycolytic pathway.  
 
5.4.7. Isocitrate dehydrogenase 1 (IDH1) 

The IDH1 gene produces an enzyme that is 
localized within the cytoplasm and peroxisomes. This 
cytosolic enzyme catalyzes the oxidative carboxylation of 
isocitrate to alpha-ketoglutarate, accompanied by the 
generation of nicotinamide adenine dinucleotide phosphate 
(NADPH). A recent integrated genomic analysis of a low-
grade human glioblastoma multiforme sample (59) 
identified a point mutation at codon 132 of the IDH1 gene 
at a high frequency. The affected amino acid, R132, is 
known to be an evolutionarily conserved residue located 
within the isocitrate binding site. Although the exact effect 
of this alteration is unknown, some enzymatic studies have 
shown that the in vitro replacement of R132 (arginine) with 
glutamate, an alteration not observed in patients, caused a 
catalytically inactive enzyme (60).  

 
Also Parsons correlated patients with IDH1 

mutations with prognosis, showing that patients with IDH1 
mutations had a significantly improved prognosis (59). A 
second study by Yan et al (61) revealed several IDH2 gene 
mutations in human glioma samples. Of note, it is 
interesting that all the identified IDH2 gene mutations are 
localized at residue R172, which is the exact analogue of 
the R132 residue in IDH1, both within the isocitrate 
binding site. However, this data is not sufficient to 
conclude that the mutations are inactivating, furthermore, 
the effects of these mutations upon cellular metabolism are 
also unclear.  

 
Given the role of IDH1 and IDH2 in producing 

alpha-ketoglutarate, which is also the substrate of PHD, 
Thompson et al. (62) have proposed that inactivation of 
IDH1, IDH2, or both might induce HIF-1 stabilization due 
to diminished production of cytosolic alpha-ketoglutarate. 
Moreover, both IDH1 and to a lesser extent, IDH2, 
contribute to cytosolic NADPH production in cells. 
NADPH is required for macromolecular synthesis and 
redox control, which eventually promote cell survival and 
growth (63). So there is the possibility that alterations in 
NADPH production caused by IDH1 or IDH2 mutation 
may affect cell proliferation via this metabolic aberration in 
NADPH production.  

6. p53 
 

p53, the most extensively studied tumor 
suppressor gene, is centrally involved in metabolic re-
programming during malignant transformation. The 
metabolic regulation of cells by p53 has proven to be 
complex, with still many unanswered questions. Thus, we 
will focus on a single aspect of p53 function, that of 
modulation of the glycolytic pathway. As reported by 
Schwartzenberg et al. (64), wild-type p53 represses GLUT1 
and GLUT4 glucose transporter gene transcription in a 
tissue-specific manner, with the inhibitory effects abolished 
by point mutations within the p53 gene.  

 
Another report by Kawauchi et al (65) shows a 

loss of p53 which in turn causes an increase in the rate of 
aerobic glycolysis. Additionally, they show an up-
regulation of GLUT3 through the activation of NF-kappaB.  

 
Phosphoglycerate mutase (PGM) is an enzyme 

involved in glycolysis and the activity of PGM is known to 
be markedly up-regulated in many cancers, enhancing the 
glycolytic flux (66, 67). Although the regulation of PGM is 
poorly understood, the potential link between PGM and 
p53 function has been observed in MEF cells. Since wild-
type p53 has the ability to down-regulate PGM, mutation of 
p53 in tumors could promote glycolysis via its effects upon 
PGM levels (68). Recently, Bensaad and his colleagues (69) 
reported on a direct role for p53 involvement in cellular 
metabolism. They identified TIGAR (TP53-induced 
glycolysis and apoptosis regulator) as a novel p53-
inducible gene, with the functional protein sharing 
functional sequence similarities with the enzyme 6-
phosphofructo-2-kinase / frucotse-2, 6-biophosphatase 
(PFK-2/FBPase-2), a member of the PGM family. PFK-
2/FBPase-2 is a bi-functional enzyme with both kinase and 
bisphosphatase activities, and the similarity between 
TIGAR and PFK-2/FBPase-2 is limited to the 
bisphosphatase domain of FBPase-2. TIGAR can function 
in a manner similar to FBPase-2 to lower fructose 2, 6-
bisphosphate (Fru-2, 6-P2) levels in cells, resulting in the 
inhibition of glycolysis and redirection of glucose toward 
the pentose phosphate pathway to produce NADPH. 
 
7. HSF1 

 
Heat shock factor (HSF1) is a transcriptional 

factor that has a critical role in the regulation of the heat 
shock response in eukaryotes (70).  Although not well 
understood, the functions of HSF1 are beyond the classical 
induction of heat shock responses. Recent reports have 
shown that HSF1 may play an important role in cancer 
development, with Dai et al. showing that downregulation 
of HSF1 led to decreased glycolysis in mouse embryonic 
fibroblasts (71-74). 

 
However, our group has found that 

overexpression of the oncogene ErbB2 leads to increased 
glucose uptake, lactate production and decreased oxygen 
consumption in multiple human breast cancer cell lines. 
ErbB2 overexpression increases LDH-A expression and its 
activity through the upregulation of HSF1, resulting in
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Table 1 Selective targets of the Warburg effect in current clinical trials 
Target  Inhibitor/Activator Metabolic effect Targeted tumor types Stage of therapy 

development  
Hexokinase 2-DG Inhibits glycolysis Advanced solid tumor(e.g. breast, lung, gastric and 

prostate) 
Phase I/II 

Hexokinase Lonidamine  Inhibits glycolysis Benign prostatic hyperplasia Phase III 
Hexokinase 3-BrPA Inhibits glycolysis N/A Preclinical 
Pyruvate 
kinase 

TLN-232 Inhibits glycolysis Refractory metastatic renal cell carcinoma Phase II 

PDK1 Dicholoroacetate Reactivates PDH Recurrent and /or metastatic solid tumors Phase I/II 
HIF-1alpha PX-478 Inhibits HIF signaling Advanced solid tumors and lymphoma Phase I 
PI3K GDC-0941 Inhibits PI3K Advanced solid tumors Phase I 
AKT Perifosine Inhibits AKT Breast, head and neck, lung, kidney, prostate, glioma, 

leukemia, sarcoma, myeloma 
Phase II 

mTORC1 Temsirolimus Inhibits mTORC1 Renal cell carcinoma FDA approved 
PI3K/mTOR BEZ235 Inhibits PI3K/mTORC1 and 

PI3K/mTORC2 signaling 
Advanced solid tumors Phase I 

AMPK Metformin Activates AMPK Solid tumors and lymphoma Phase I/II 
 

increased glycolysis. This pathway (ErbB2/HSF1/LDH-A) 
may play a major role in regulating glucose metabolism in 
cancer cells. In addition, compared to their counterparts, 
ErbB2-over-expressing cancer cells are more sensitive to 
the glycolysis inhibitors, 2-DG and oxamate. This is 
important for the future design of ErbB2 targeted 
therapeutics for breast cancer and other ErbB2-over-
expressing cancers (75). 
 
8. THERAPEUTIC IMPLICATIONS IN CANCER 
THERAPY 

 
There are two strategies to target the Warburg 

effect in cancer cells. One is direct inhibition of glycolysis 
by targeting glycolytic enzymes and the second is via the 
indirect inhibition of the signaling pathways which regulate 
cellular metabolism. 
 
8.1.  Inhibition of metabolic enzymes 

The glycolytic pathway is a series of metabolic 
reactions catalyzed by multiple enzymes or enzyme 
complexes. Some of these enzymes represent possible 
targets for the development of glycolytic inhibitors as anti-
cancer agents, such as HK, phosphofructokinase, PK and 
LDH.  
 
8.1.1. HK inhibitors  

Due to the important roles of hexokinase in both 
glycolysis and apoptosis, this enzyme is one of the main 
targets for glycolytic inhibition in cancer treatment. 
Representative inhibitors of HK, such as 2-deoxyglucose 
(2-DG), lonidamine and 3-bromopyruvate (3-BrPA), are in 
pre-clinical and early phase clinical trials and are discussed 
below. 
 
          2-DG is a glucose analog that acts as a competitive 
inhibitor of glucose metabolism. It is phosphorylated by 
HK to 2-deoxyglucose-phosphate. This product, unlike 
glucose-6-phosphate, cannot be further catalyzed by 
phosphohexokine isomerase. Therefore, it is accumulated 
inside the cells and inhibits HK, with 2-DG causing a 
depletion of ATP concomitant with cell cycle inhibition 
and cell death (76). Interestingly, incubation of rat brain 
astrocytes with 2-DG leads to an approximately 35% 
decrease in the amount of HK associated with mitochondria 
(77). In vitro studies have clearly shown that cancer cells in

 
a hypoxic microenvironment are very sensitive to 2-DG (76, 
78, 79), further showing that 2-DG significantly increases 
the anti-cancer efficacy of adriamycin and paclitaxel in 
mice-bearing human osteosarcoma and non-small cell lung 
cancers xenograft models. However, 2-DG alone did not 
have a significant effect upon tumor growth in vivo (80). 
Thus, combination therapy was examined with either 
chemotherapy or radiotherapy as the next approach, with 
several early phase trials examining various combinations 
with 2-DG (1, 9, 81) (Table 1). Singh et al examined the 
oral administration of 2-DG at doses of up to 250mg/kg 
combined with large fractions of radiation (5 Gy 
/fraction/week), finding that it was considered safe and 
well-tolerated in patients with glioblastoma multiforme. 
(81).  
 

2-DG induces Akt phosphorylation through PI3K, 
with this event being independent of LKB1/AMPK 
signaling activation, glycolysis inhibition or epidermal 
growth factor receptor signaling. This indicates that the 
combination of PI3K/Akt inhibition in 2-DG-based 
chemotherapy/radiotherapy may result in enhanced 
therapeutic efficacy (82). Recently, it has been reported that 
2-DG activates not only the PI3K/Akt pathway, but also 
other prosurvival pathways such as the MEK-ERK and the 
insulin-like growth factor1 receptor (IGF1R) pathways. 
Combination therapy with 2-DG and an IGF1R inhibitor 
was found to induce synergistic colon cancer cell killing 
(83). The action of 2-DG can be rapidly reversed by high 
levels of glucose in vivo and therefore, glycolysis inhibition 
by 2-DG cannot be considered total (84).  
 

Lonidamine is a derivative of indazole-3-
carboxylic acid and is an orally administrated anti-cancer 
agent. This agent is capable of inhibiting glycolysis in 
cancer cells, likely through the inhibition of mitochondria-
bound HK (85). This compound also lowers cellular ATP 
levels (86) and enhances the cytotoxicity of several 
alkylating agents in human breast cancer MCF-7 cells. 
Lonidamine is currently being examined in both phase I 
and II clinical trials in combination with other anti-cancer 
agents against breast, ovarian and lung cancer, as well as 
recurrent glioblastoma multiforme (87-90) (Table 1).  
 

3-BrPA is a bromo-halogenated derivate of 
pyruvate and is considered a classic HKII inhibitor, causing 
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ATP depletion and massive cell death in cancer cells (91-
93). 3-BrPA effectively kills colon cancer and lymphoma 
cells with mitochondrial respiration defects or under 
hypoxic conditions. In addition to depleting ATP stores, 3-
BrPA causes a rapid dephosphorylation of BAD at Ser112, 
re-localization of BAX to the mitochondria and the release 
of cytochrome c to the cytosol which leads to cell death by 
apoptosis. Importantly, multidrug-resistant cells also are 
sensitive to 3-BrPA, indicating that energy deprivation may 
be an effective mechanism to overcome such resistance 
(93). In vivo studies show that 3-BrPA has promising 
therapeutic activity in a rabbit liver cancer model when the 
compound was given by direct intra-arterial injection (94, 
95). Combinations of 3-BrPA with other inhibitors are 
currently under active investigation in a number of tumor 
types. Xu et al have examined a combination of 3-BrPA 
with rapamycin, an mTOR inhibitor, showing a synergistic 
cytotoxic effect in human lymphoma and leukemia cells 
(96). Cao et al examined a combination of 3-BrPA with 
geldanamycin, a HSP90 inhibitor, again showing a 
synergistic anti-cancer effect in chemotherapy-resistant 
pancreatic cancer (97). Although 3-BrPA has shown some 
promising results in vivo, it is currently not being examined 
in human experimental clinical trials (Table 1). 
 
8.1.2. PKM2 inhibition 

It has been reported that knockdown of PKM2 
gene expression by shRNA and replacement with PKM1 
reduced the tumorigenicity of human lung cancer cell lines 
in a nude mouse xenograft model (47). TLN-232 is a 
synthetic cyclic heptapeptide and targets PKM2 (Thallion 
Pharmaceuticals, Montreal, Quebec, Canada). A Phase II 
clinical trial has been successfully completed in refractory 
metastatic renal cell carcinoma patients. (51, 84) (Table 1).  

 
There are several approaches to develop PKM2 

inhibitors. One approach is to develop synthetic peptide 
aptamers. The peptide aptamers specifically bind to PKM2, 
but not to PKM1, which fix PKM2 in the dimer form, 
resulting in its inactivation. The PKM2-binding aptamers 
have been shown to moderately reduce the proliferation 
rate of the human U-2 OS osteosarcoma cell line (98, 99). 
Another approach is to fix PKM2 in the active tetrameric 
form. It has been reported that the expression of a PKM2 
Y105F mutant in H1299 cells leads to reduced tumor cell 
growth. PKM2 is a phosphotyrosine binding protein and 
tyrosine kinases may phosphorylate PKM2, such as FGFR1, 
BCR-ABL, JAK2 and FLT3. Phosphorylation of PKM2 at 
Y105 disrupts formation of the active tetrameric form by 
releasing the cofactor, FBP. The Y105F mutant cannot be 
phosphorylated and fix PKM2 in the tetrameric form, 
leading to the inhibition of tumor growth due to a lack of 
precursors for the synthesis of cellular building blocks (45, 
46, 100). 

 
Unlike PKM1, PKM2 contains a unique region 

for allosteric regulation. Selective targeting of this 
allosteric site of PKM2 may allow for isoform selective 
inhibition of PKM2 over PKM1. Recently, Vander Heiden 
et al. developed a systematic method of screening a library 
of more than 100,000 small molecules, identifying several 
potential target molecules capable of selective PKM2 

inhibition. These molecules induce decreased glycolysis 
and increased cell death (25). A third approach is to 
develop antibody-like agents, like TEM8-Fc, which is 
comprised of 200 amino acid residues (N-terminus) of the 
human tumor endothelial marker 8 (TEM8) and 232 amino 
acid residues from the Fc portion of human IgG1. This 
antibody-like agent was shown to suppress the growth and 
metastasis of a xenograft model of human tumors in nude 
mice (LS-180, MCF-7 and HepG2). Importantly, TEM8 
was found to bind to PKM2, thus, representing a novel 
antibody-like molecule in the management of solid tumors 
that may act by trapping PKM2. However, extensive pre-
clinical studies will be necessary before TEM8-Fc can enter 
clinical trials (101). 

 
Lastly, a combination of PKM2 shRNA and 

cisplatin was recently examined in a human xenograft lung 
cancer model. Guo et al found that this combination 
significantly induced apoptosis and inhibited cell 
proliferation, leading to inhibited tumor growth. This 
finding suggests that this combination may have some 
clinical efficacy when translated into early phase clinical 
trials (102).  

 
8.1.3. PDK inhibitors 

It has been reported that the knockdown of PDK1 
by shRNA lowers PDH phosphorylation, reactivates PDC 
activity and decreases invasiveness in human head and 
neck squamous cell carcinoma. Importantly, siPDK1 led to 
dramatic reduction of tumor growth in a xenograft nude 
mouse model (103). Induction of PDK3 by HIF-1 promotes 
the metabolic switch and resistance to cisplatin and 
paclitaxel (20)(104, 105). There are a few PDK inhibitors 
that have been examined, such as dicholoroacetate (DCA), 
AZD7545 and Radicicol. DCA is a pyruvate analog that is 
orally available and binds to the N-terminal region of PDK. 
This binding results in the inhibition of PDK, re-activation 
of PDH, a metabolic shift from glycolysis to glucose 
oxidation, induction of apoptosis and inhibition of tumor 
growth (106-109). DCA is already in clinical trials for the 
treatment of patients with recurrent and /or metastatic solid 
tumors (9, 51) (Table 1).  
 
8.2.  Inhibition of metabolism-regulating signaling 
pathways 
8.2.1. Inhibition of the HIF-1alpha signaling pathway 

HIF-1alpha is not only associated with the up-
regulation of glycolytic enzymes (110), but also directly 
transactivates the gene encoding PDK1 (19). These specific 
properties make HIF-1alpha an important target for cancer 
therapy. Currently, investigators are evaluating several 
agents which selectively target HIF-1alpha, with some 
showing very good anti-tumor effects (9). PX-478 is an 
HIF-1alpha inhibitor, which reduces HIF-1alpha protein 
levels under both normoxic and hypoxic conditions. It 
inhibits HIF-1alpha translation, decrease HIF-1alpha 
mRNA and increases HIF-1alpha polyubiquitination, thus 
inhibiting HIF-1 activity. It also inhibits the expression of 
HIF-1 target genes including glucose transporter 1 (GLUT1) 
and vascular endothelial growth factor (VEGF). Most 
importantly, PX-478 shows potent anti-tumor activity 
against several human tumor xenografts in mice, such as 
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colon, small cell lung, prostate, breast and pancreatic 
cancer. The anti-tumor activity of PX-478 correlates with 
the in vitro findings of a xenograft model of HIF-
1alpha.(111, 112). Currently, PX-478 is in Phase I clinical 
trials for advanced solid tumors and lymphoma (9)b (Table 
1).  

 
Acriflavine is a small molecule inhibitor of HIF-1 

activity identified by a cell-based screening assay. It binds 
directly to HIF-1alpha and HIF-2alpha and inhibits HIF-1 
dimerization and transcriptional activity. Acriflavine has 
been shown to reduce tumor growth and vascularization in 
a prostate cancer xenograft mice model (113). Other 
inhibitors, such as HSP90 inhibitor (17-AAG), 
topoisomerase inhibitors, YC-1 and 2ME2, have the ability 
to decrease HIF-1alpha levels, inhibit expression of VEGF 
and other HIF-1 target genes, and reduce tumor growth and 
vascularization in vivo. However, it seems that none of 
these drugs are able to specifically inhibit HIF-1. Ongoing 
screens should lead to the identification of more selective 
HIF-1 inhibitors. 
 
8.2.2.  Inhibition of the PI3K-Akt-mTOR pathway  

PI3K/Akt/mTOR pathway plays an important 
role in tumor cell metabolism. Hence, the inhibition of 
PI3K, Akt and/or mTOR is a promising target for cancer 
therapy. 
 
8.2.2.1. PI3K inhibitors 

Wortmannin and LY294002 were the first drugs 
to target PI3K, however, due to their high level of toxicity 
in animal studies, are unable to be expanded into human 
clinical trials. There are several other newer agents being 
developed with less toxicity, such as the PI3K inhibitor, GDC-
0941. This agent is a potent, selective, orally bioavailable 
inhibitor of PI3K and is currently being evaluated in Phase I 
clinical trials (23) (Table 1). It has been reported that GDC-
0941 inhibits the proliferation of both trastuzumab-sensitive 
and -insensitive cells. PTEN loss occurs commonly in breast 
tumors and has been suggested to cause trastuzumab resistance. 
GDC-0941 effectively inhibits proliferation of Her2-amplified 
breast cancer cells that are resistant to trastuzumab due to 
PTEN loss. GDC-0941 is also effective in treating Her2-
amplified, trastuzumab-resistant tumors with PIK3CA 
mutation in vivo. Combinations of GDC-0941 and trastuzumab 
synergistically inhibit proliferation and induce apoptosis of 
breast cancer cells and trastuzumab-sensitive tumors in vivo 
(114). The combination therapy of GDC-0941, trastuzumab 
and pertuzumab appears to have a synergistic effect upon 
growth inhibition and suppression of AKT-MAPK, ERK and 
MEK effector signaling pathways. GDC-0941 also renders 
Her2-amplified BT474M1 cells and tumor xenografts more 
sensitive to docetaxel. These results indicate that GDC-
0941 is efficacious in pre-clinical models of breast cancer. 
Combinations of GDC-0941 and Her2-directed treatment 
regimens may further augment the efficacy of these agents 
in a synergistic fashion in breast cancer patients (115).  
 
8.2.2.2. Akt inhibitors  

Akt is the major downstream target of PI3K, with 
several Akt inhibitors in current development. To date, the 
best developed and characterized Akt inhibitor is perifosine. 

Perifosine is an alkylphospholipid which blocks the 
translocation of Akt to the cell membrane thereby 
inhibiting the growth of a variety of human tumor cell lines 
(lung, breast, prostate, colon cancer and melanoma). 
Perifosine also has been reported to sensitize tumor cells to 
cell cycle arrest and apoptosis induced by radiation in vitro 
and in vivo. The synergistic anti-proliferative effect has 
been shown in tumor cells when perifosine was used in 
combination with traditional chemotherapeutic agents, such 
as doxorubicin in MM cells, etoposide in leukemia cells 
and temozolomide in glioma cells. Perifosine is currently 
being evaluated in Phase II clinical trials in breast, head 
and neck, lung, kidney and prostate cancer and glioma, 
leukemia, sarcoma and multiple myeloma (116) (Table 1).  
 
8.2.2.3. mTOR inhibitors 

mTOR inhibitors can be divided into two groups: 
the rapalogues and the small molecule mTOR inhibitors. 
Rapamycin is the prototype of the rapalogues and three 
others are under investigation in clinical trials: 
temsirolimus, everolimus and deforolimus. Rapalogues 
bind to FK506-binding protein 12 (FKBP12) and form a 
complex, which then binds to and inhibits mTORC1. 
Rapalogues have been shown to have modest anti-tumor 
activity against a wide range of malignancies, including 
renal cell carcinoma, mantle cell lymphoma, hepatocellular 
cancer, glioblastoma multiforme and breast cancer. In a 
Phase II clinical trial utilizing the single-agent temsirolimus, 
substantial anti-tumor activity was exhibited in patients 
with relapsed mantle cell lymphoma (117). A phase II 
study of temsirolimus in heavily pre-treated patients with 
locally advanced or metastatic breast cancer also found 
modest anti-tumor activity (118).  

 
In a recently completed phase III randomized 

trial comparing interferon alpha with or without 
temsirolimus in patients with metastatic renal cell 
carcinoma, an overall improvement in survival was noted 
in the group receiving the combination. (119). Based on 
this and other studies, temsirolimus has been approved by 
the FDA for the treatment of patients with renal cell 
carcinoma (Table 1). However, even in this tumor type, 
mTOR inhibitors as monotherapy have shown only modest 
effects. One possible explanation for this may be due to a 
negative feedback loop from mTORC1, through S6K1, to 
upstream PI3K. Drugs targeting both mTORC1 and 
mTORC2 also have been developed, such as Torin1 and 
PP242, however, these are only under investigation in pre-
clinical trials at this time.  
 
8.2.2.4. Dual PI3K/mTOR inhibitors 

Recently, a new generation of drugs has been 
developed which can target both the mTOR complexes and 
PI3K pathway, examples being BEZ235 and XL765. These 
compounds are in phase I clinical trials (Table 1). BEZ235 
is an imidazo [4, 5-c] quinoline derivative, which binds to 
the ATP-binding cleft of PI3K and mTOR, resulting in 
inhibition of the kinase activity of these enzymes. It has 
been reported that BEZ235 is able to effectively and 
specifically block the dysfunctional activity of the PI3K 
pathway, inducing G1 arrest, both in vitro and in vivo. This 
compound appears to be well-tolerated, orally administered 



Emerging metabolic targets in cancer therapy 

1853 

and seems to enhance the efficacy of other anti-cancer 
agents when used in combination (120). Higher doses of 
BEZ-235 are able to prevent Akt activation due to mTOR 
inhibition. It also inhibits the PI3K/mTOR axis and results 
in anti-proliferative and anti-tumor activity in cancer cells 
with activating PI3K mutations (121). BEZ235 also was 
found to potentially inhibit VEGF-induced angiogenesis 
and microvessel permeability both in non-neoplastic and in 
BN472 mammary tumors (122). Interestingly, monotherapy 
with single-agent BZ235 has little effect upon Kras-
mutated lung cancers, but when it is combined with a MEK 
inhibitor, there was marked synergy in shrinking these 
same Kras-mutant tumors (123).  
 
8.2.2.5. AMPK activator 

Metformin (N’, N’-dimethylbiguanide) is a drug 
that has been used for decades to treat type II diabetes. 
Epidemiological studies of diabetic patients showed that 
metformin treatment is associated with a reduced risk of 
cancer. Metformin activates the AMPK/mTOR pathway in 
tumor cells and leads to inhibition of cell growth. Both in 
vitro and in vivo studies have shown that metformin 
exhibits anti-tumor activity in several cancer cell lines 
including breast, ovary, pancreas, lung and prostate cancer 
cells. Interestingly, it has been reported that metformin-
mediated AMPK activation results in a reduction of 
translation initiation in breast cancer cells. Another 
interesting study showed that low doses of metformin (0.1-
0.3 mM) inhibited cellular transformation and selectively 
killed cancer stem cells in four breast cancer cells. In 
addition to its effect upon AMPK/mTOR, metformin also 
has direct effects on cancer cell metabolism. In addition to 
metformin increasing glucose uptake and glycolysis, it also 
inhibits mitochondrial complex I, resulting in ATP 
reduction. Metformin is currently being tested in Phase I 
and II clinical trials (9, 124) (Table 1). Combinations of 
metformin and doxorubicin, a chemotherapeutic agent, kill 
both cancer stem cells and non-stem cancer cells in culture. 
Importantly, this combination treatment reduces tumor 
mass and prevents relapse much more effectively than 
either drug alone in a xenograft mouse model. These results 
provide the basis for using the combination of metformin 
with other chemotherapeutic agents (125). 
 
9. TARGETING THE WARBURG EFFECT MAY 
OVERCOME TUMOR DRUG RESISTANCE 
 

As one of the most fundamental metabolic 
alterations during malignant transformation, the Warburg 
effect undoubtedly has important therapeutic implications. 
Moreover, cancer cells with mitochondrial defects or under 
hypoxic conditions, which always exhibit extremely high 
glycolytic rates, are frequently associated with cellular 
resistance to conventional anti-cancer drugs and radiation 
therapy (126). There are an increasing number of reports 
showing that targeting the Warburg effect may overcome 
tumor resistance to commonly used chemotherapeutic 
agents.  

 
3-bromopyruvate (3-BrPA) is a potent inhibitor 

of hexokinase II and effectively inhibits glycolysis (91). Xu 
et al  (93) reported that cancer cells with respiratory defects, 

which usually were less sensitive to common anti-cancer 
agents, could be effectively killed by inhibition of 
glycolysis using 3-BrPA. Further studies show that 
treatment with 3-BrPA results in severely depleted ATP 
levels in cancer cells, especially in cells with respiratory 
defects, leading to rapid dephosphorylation of BAD at 
Ser112, a glycolysis-apoptosis integrating molecule, and re-
localization of BAX to the mitochondria, with associated 
massive tumor cell death. More importantly, they found 
that cancer cells, including colon cancer and lymphoma 
cells, were more sensitive to 3-BrPA under hypoxic 
conditions than under normoxic conditions, with multidrug-
resistant (MDR) cells still remaining sensitive to 3-BrPA. 
Overall, this study indicated that the inhibition of 
glycolysis in cancer cells is an effective strategy to 
overcome the drug resistance associated with mitochondrial 
defects and hypoxic conditions.  

 
As mentioned above, LDH-A plays a key role in 

glycolysis by catalyzing the conversion of pyruvate to 
lactate in cytosol. A recent study (48) from our laboratory 
investigated the role of LDH-A in acquired Taxol 
resistance in multiple human breast cancer cells lines. 
Compared with Taxol-sensitive cells, taxol-resistant cancer 
cells showed increased LDH-A expression in both protein 
and mRNA levels and higher LDH-A activity, which led to 
increased lactate production and higher glycolytic rates. 
Furthermore, the knockdown of LDH-A by specific siRNA 
resulted in the re-sensitization of Taxol-resistant cells to 
Taxol. The Taxol-resistant cells also showed a higher 
sensitivity to Taxol with the addition of the LDH inhibitor, 
oxamate. These results further confirm that inhibition of 
glycolysis may indeed overcome drug resistance in cancer 
cells.  

 
Lastly, HIF-1-mediated up-regulation of PDK1 

and PDK3 in cancer cells induces a metabolic switch from 
mitochondrial respiration to glycolysis by inactivation of 
the PDH enzyme complex (19-21). Lu et al (20) also 
reported hypoxia-induced upregulation of PDK3 caused 
increased resistance to anti-cancer drugs, which was 
abolished in PDK3 knockdown cells. Further studies have 
shown that double knockdown of PDK1 and PDK3 led to 
more cell death under cellular hypoxic conditions, 
demonstrating PDK1 and PDK3 played an additive effect 
in HIF-induced drug resistance. These data strongly 
indicate that inhibition of PDK1, PDK3 (or both) may 
sensitize cancer cells to anti-cancer drugs.  

 
10. FUTURE DIRECTIONS 
 

Accumulating evidence supports that cancer is 
not only a disease of genetics, but also a disease of 
dysregulated bioenergetic metabolism. Advances in our 
understanding of the complex cellular and molecular 
mechanisms involved with the Warburg effect have 
provided new insight into the development of selective and 
specific agents that are presently being evaluated in several 
clinical trials. In this review, we provide a broad overview 
of the Warburg effect and its interactions with tumor cell 
growth, along with therapeutic implications of the Warburg 
effect in cancer treatment. Although extensive research 
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continues, our current knowledge on tumor specific 
bioenergetic metabolism provides only a small glimpse into 
this complex area of cancer research. In order to develop 
more effective treatment for patients with altered 
metabolism, scientists and physicians need to combine 
efforts in order to pursue the remaining challenges that 
have hindered the development of metabolism-targeting 
therapies for decades. Importantly, more resources and 
effort should be invested in further study of the 
mechanisms which underlie the altered bioenergetic 
metabolism in cancer cells. A deeper understanding of the 
mechanisms of the Warburg effect will facilitate 
identifying key signaling nodes to be targeted for cancer 
therapy. Current available glycolytic inhibitors are 
generally not very potent, and high doses are required, 
which may cause high levels of systemic toxicity which 
may inhibit its use in humans. Therefore, searching for 
more potent and specific glycolytic inhibitors becomes an 
urgent task. There is accumulating evidence for cross-talk 
between metabolic regulation and signaling pathways. This 
suggests that the combination of direct inhibitors of 
glycolysis and inhibitors of signaling pathways is a rational 
approach to treat cancer. With today’s powerful genomic, 
proteomic, metabolomic, and imaging technologies, it has 
become feasible to identify factors that contribute to the 
dysregulated metabolic profiles of individual patient. This 
information then can be used as biomarkers to monitor the 
therapeutic effectiveness of metabolism-targeting drugs and 
to potentially develop strategies that are tailored for the 
individual patient and are based on the unique metabolic 
profile of each patient. In addition, altered bioenergetic 
metabolism starts at an early stage of cancer development 
and it has been well accepted that the dysregulated 
metabolism may give cancer cells a selective advantage for 
growth and survival. Thus, it is predictable that targeting 
metabolism may prevent or hinder the cancer development 
of this process.  

 
Although increased aerobic glycolysis has been 

generally accepted as a metabolic marker of cancer cells, 
most cancer cells still possess mitochondrial function and 
do not rely on glycolysis as the sole pathway to produce 
energy. Thus, glycolytic pathway inhibition is not the only 
therapeutic approach, and it will be important to further 
understand alternative anti-metabolic approaches, such as 
targeting mitochondrial metabolism, inhibition of the 
pentose phosphate pathway, inhibition of fatty acid 
synthesis, targeting amino acid metabolism and targeting 
tumor acidification. In conclusion, a better and deeper 
understanding of the metabolic alterations and regulatory 
mechanisms in cancer cells will help us successfully 
develop selective and effective therapeutic agents for 
patients who suffer from cancer.  

 
11. ACKNOWLEDGEMENTS 
  

Yuhua Zhao and Hao Liu equally contributed to 
this article. M Tan is a Vincent F. Kilborn, Jr. Cancer 
Research Scholar. We apologize to those researchers whose 
work could not be cited owing to space limitations. We are 
grateful for the continued support from The Vincent F. 
Kilborn, Jr. Cancer Research Foundation (M. Tan) and The 

Norwegian Radiumhospitalet Legater (Project 334003, M. 
Tan. and O. Fodstad).  
 
12. REFERENCES 
 
1. Z. Chen, W. Lu, C. Garcia-Prieto and P. Huang: The 
Warburg effect and its cancer therapeutic  implications. J 
Bioenerg Biomembr, 39, 267-274 (2007) 
 
2. R. J. DeBerardinis, J. J. Lum, G. Hatzivassiliou and C. B. 
Thompson: The biology of cancer:   metabolic 
reprogramming fuels cell growth and proliferation. Cell 
Metab, 7, 11-20 (2008) 
 
3. R. A. Gatenby and R. J. Gillies: Glycolysis in cancer: a 
potential target for therapy. Int J  Biochem Cell Biol, 39, 
1358-1366 (2007) 
 
4. R. J. Gillies, I. Robey and R. A. Gatenby: Causes and 
consequences of increased glucose  metabolism of cancers. 
J Nucl Med, 49 Suppl 2, 24S-42S (2008) 
 
5.P. P. Hsu and D. M. Sabatini: Cancer cell metabolism: 
Warburg and beyond. Cell, 134, 703-707 (2008) 
 
6. J. W. Kim and C. V. Dang: Cancer's molecular sweet 
tooth and the Warburg effect. Cancer  Res, 66, 8927-8930 
(2006) 
 
7. G. Kroemer and J. Pouyssegur: Tumor cell metabolism: 
cancer's Achilles' heel. Cancer Cell, 13, 472-482 (2008) 
 
8. O. Warburg: On the origin of cancer cells. Science, 123, 
309-314 (1956) 
 
9. D. A. Tennant, R. V. Duran and E. Gottlieb: Targeting 
metabolic transformation for cancer therapy. Nat Rev Cancer, 
10, 267-277  
 
10. R. A. Gatenby and R. J. Gillies: Why do cancers have high 
aerobic glycolysis? Nat Rev  Cancer, 4, 891-899 (2004) 
 
11. M. G. Vander Heiden, L. C. Cantley and C. B. Thompson: 
Understanding the Warburg effect: the metabolic requirements 
of cell proliferation. Science, 324, 1029-1033 (2009) 
 
12. T. W. Secomb, R. Hsu, R. D. Braun, J. R. Ross, J. F. Gross 
and M. W. Dewhirst: Theoretical simulation of oxygen 
transport to tumors by three-dimensional networks of 
microvessels. Adv Exp Med Biol, 454, 629-634 (1998) 
 
13. P. Vaupel: Tumor microenvironmental physiology and its 
implications for radiation oncology. Semin Radiat Oncol, 14, 
198-206 (2004) 
 
14. Y. Chen, R. Cairns, I. Papandreou, A. Koong and N. C. 
Denko: Oxygen consumption can regulate the growth of 
tumors, a new perspective on the Warburg effect. PLoS One, 4, 
e7033  (2009) 
 
15. A. L. Harris: Hypoxia--a key regulatory factor in 
tumour growth. Nat Rev Cancer, 2, 38-47 (2002) 



Emerging metabolic targets in cancer therapy 

1855 

16. G. L. Wang, B. H. Jiang, E. A. Rue and G. L. Semenza: 
Hypoxia-inducible factor 1 is a basic-helix-loop-helix-PAS 
heterodimer regulated by cellular O2 tension. Proc Natl 
Acad Sci U S A, 92, 5510-5514 (1995) 
 
17. S. Salceda and J. Caro: Hypoxia-inducible factor 1alpha 
(HIF-1alpha) protein is rapidly degraded by the ubiquitin-
proteasome system under normoxic conditions. Its 
stabilization by hypoxia depends on redox-induced changes. 
J Biol Chem, 272, 22642-22647 (1997) 
 
18. J. D. Gordan, C. B. Thompson and M. C. Simon: HIF 
and c-Myc: sibling rivals for control of cancer cell 
metabolism and proliferation. Cancer Cell, 12, 108-113 
(2007) 
 
19. J. W. Kim, I. Tchernyshyov, G. L. Semenza and C. V. 
Dang: HIF-1-mediated expression of pyruvate 
dehydrogenase kinase: a metabolic switch required for 
cellular adaptation to hypoxia. Cell Metab, 3, 177-185 
(2006) 
 
20. C. W. Lu, S. C. Lin, K. F. Chen, Y. Y. Lai and S. J. 
Tsai: Induction of pyruvate dehydrogenase kinase-3 by 
hypoxia-inducible factor-1 promotes metabolic switch and 
drug resistance. J Biol Chem, 283, 28106-28114 (2008) 
 
21. I. Papandreou, R. A. Cairns, L. Fontana, A. L. Lim and 
N. C. Denko: HIF-1 mediates adaptation to hypoxia by 
actively downregulating mitochondrial oxygen 
consumption. Cell Metab, 3, 187-197 (2006) 
 
22. V. R. Fantin, J. St-Pierre and P. Leder: Attenuation of 
LDH-A expression uncovers a link between glycolysis, 
mitochondrial physiology, and tumor maintenance. Cancer 
Cell, 9, 425-434 (2006) 
 
23. A. J. Folkes, K. Ahmadi, W. K. Alderton, S. Alix, S. J. 
Baker, G. Box, I. S. Chuckowree, P. A. Clarke, P. 
Depledge, S. A. Eccles, L. S. Friedman, A. Hayes, T. C. 
Hancox, A. Kugendradas, L. Lensun, P. Moore, A. G. 
Olivero, J. Pang, S. Patel, G. H. Pergl-Wilson, F. I. 
Raynaud, A. Robson, N. Saghir, L. Salphati, S. Sohal, M. H. 
Ultsch, M. Valenti, H. J. Wallweber, N. C. Wan, C. 
Wiesmann, P. Workman, A. Zhyvoloup, M. J. Zvelebil and 
S. J. Shuttleworth: The identification of 2-(1H-indazol-4-
yl)-6-(4-methanesulfonyl-piperazin-1-ylmethyl)-4-
morpholin -4-yl-thieno[3,2-d]pyrimidine (GDC-0941) as a 
potent, selective, orally bioavailable inhibitor of class I PI3 
kinase for the treatment of cancer. J Med Chem, 51, 5522-
5532 (2008) 
 
24. R. J. Shaw: Glucose metabolism and cancer. Curr Opin 
Cell Biol, 18, 598-608 (2006) 
 
25. M. G. Vander Heiden, H. R. Christofk, E. Schuman, A. 
O. Subtelny, H. Sharfi, E. E. Harlow, J. Xian and L. C. 
Cantley: Identification of small molecule inhibitors of 
pyruvate kinase M2. Biochem Pharmacol, 79, 1118-1124  
 
26. R. L. Elstrom, D. E. Bauer, M. Buzzai, R. Karnauskas, 
M. H. Harris, D. R. Plas, H. Zhuang, R. M. Cinalli, A. 

Alavi, C. M. Rudin and C. B. Thompson: Akt stimulates 
aerobic glycolysis in cancer cells. Cancer Res, 64, 3892-
3899 (2004) 
 
27. R. B. Robey and N. Hay: Is Akt the "Warburg kinase"?-
Akt-energy metabolism interactions and oncogenesis. 
Semin Cancer Biol, 19, 25-31 (2009) 
 
28. K. L. Talks, H. Turley, K. C. Gatter, P. H. Maxwell, C. 
W. Pugh, P. J. Ratcliffe and A. L. Harris: The expression 
and distribution of the hypoxia-inducible factors HIF-
1alpha and HIF-2alpha in normal human tissues, cancers, 
and tumor-associated macrophages. Am J Pathol, 157, 411-
421 (2000) 
 
29. H. Zhong, A. M. De Marzo, E. Laughner, M. Lim, D. A. 
Hilton, D. Zagzag, P. Buechler, W. B. Isaacs, G. L. 
Semenza and J. W. Simons: Overexpression of hypoxia-
inducible factor 1alpha in common human cancers and their 
metastases. Cancer Res, 59, 5830-5835 (1999) 
 
30. G. L. Semenza: Targeting HIF-1 for cancer therapy. 
Nat Rev Cancer, 3, 721-732 (2003) 
 
31. M. Eilers and R. N. Eisenman: Myc's broad reach. 
Genes Dev, 22, 2755-2766 (2008) 
 
32. C. V. Dang, A. Le and P. Gao: MYC-induced cancer 
cell energy metabolism and therapeutic opportunities. Clin 
Cancer Res, 15, 6479-6483 (2009) 
 
33. H. Shim, C. Dolde, B. C. Lewis, C. S. Wu, G. Dang, R. 
A. Jungmann, R. Dalla-Favera and C. V. Dang: c-Myc 
transactivation of LDH-A: implications for tumor 
metabolism and growth. Proc Natl Acad Sci U S A, 94, 
6658-6663 (1997) 
 
34. J. W. Kim, K. I. Zeller, Y. Wang, A. G. Jegga, B. J. 
Aronow, K. A. O'Donnell and C. V. Dang: Evaluation of 
myc E-box phylogenetic footprints in glycolytic genes by 
chromatin immunoprecipitation assays. Mol Cell Biol, 24, 
5923-5936 (2004) 
 
35. R. C. Osthus, H. Shim, S. Kim, Q. Li, R. Reddy, M. 
Mukherjee, Y. Xu, D. Wonsey, L. A. Lee and C. V. Dang: 
Deregulation of glucose transporter 1 and glycolytic gene 
expression by c-Myc. J Biol Chem, 275, 21797-21800 
(2000) 
 
36. D. R. Wise, R. J. DeBerardinis, A. Mancuso, N. Sayed, 
X. Y. Zhang, H. K. Pfeiffer, I. Nissim, E. Daikhin, M. 
Yudkoff, S. B. McMahon and C. B. Thompson: Myc 
regulates a transcriptional program that stimulates 
mitochondrial glutaminolysis and leads to glutamine 
addiction. Proc Natl Acad Sci U S A, 105, 18782-18787 
(2008) 
 
37. P. Gao, I. Tchernyshyov, T. C. Chang, Y. S. Lee, K. 
Kita, T. Ochi, K. I. Zeller, A. M. De Marzo, J. E. Van Eyk, 
J. T. Mendell and C. V. Dang: c-Myc suppression of miR-
23a/b enhances mitochondrial glutaminase expression and 
glutamine metabolism. Nature, 458, 762-765 (2009) 



Emerging metabolic targets in cancer therapy 

1856 

38. M. Yuneva, N. Zamboni, P. Oefner, R. Sachidanandam 
and Y. Lazebnik: Deficiency in glutamine but not glucose 
induces MYC-dependent apoptosis in human cells. J Cell 
Biol, 178, 93-105 (2007) 
 
39. F. Li, Y. Wang, K. I. Zeller, J. J. Potter, D. R. Wonsey, 
K. A. O'Donnell, J. W. Kim, J. T. Yustein, L. A. Lee and C. 
V. Dang: Myc stimulates nuclearly encoded mitochondrial 
genes and mitochondrial biogenesis. Mol Cell Biol, 25, 
6225-6234 (2005) 
 
40. J. E. Wilson: Isozymes of mammalian hexokinase: 
structure, subcellular localization and metabolic function. J 
Exp Biol, 206, 2049-2057 (2003) 
 
41. S. P. Mathupala, Y. H. Ko and P. L. Pedersen: 
Hexokinase II: cancer's double-edged sword acting as both 
facilitator and gatekeeper of malignancy when bound to 
mitochondria. Oncogene, 25, 4777-4786 (2006) 
 
42. S. P. Mathupala, A. Rempel and P. L. Pedersen: 
Glucose catabolism in cancer cells. Isolation, sequence, and 
activity of the promoter for type II hexokinase. J Biol Chem, 
270, 16918-16925 (1995) 
 
43. M. Tian, H. Zhang, T. Higuchi, N. Oriuchi, Y. 
Nakasone, K. Takata, N. Nakajima, K. Mogi and K. Endo: 
Hexokinase-II expression in untreated oral squamous cell 
carcinoma: comparison with FDG PET imaging. Ann Nucl 
Med, 19, 335-338 (2005) 
 
44. R. B. Robey and N. Hay: Mitochondrial hexokinases, 
novel mediators of the antiapoptotic effects of growth 
factors and Akt. Oncogene, 25, 4683-4696 (2006) 
 
45. H. R. Christofk, M. G. Vander Heiden, N. Wu, J. M. 
Asara and L. C. Cantley: Pyruvate kinase M2 is a 
phosphotyrosine-binding protein. Nature, 452, 181-186 
(2008) 
 
46. T. Hitosugi, S. Kang, M. G. Vander Heiden, T. W. 
Chung, S. Elf, K. Lythgoe, S. Dong, S. Lonial, X. Wang, G. 
Z. Chen, J. Xie, T. L. Gu, R. D. Polakiewicz, J. L. Roesel, 
T. J. Boggon, F. R. Khuri, D. G. Gilliland, L. C. Cantley, J. 
Kaufman and J. Chen: Tyrosine phosphorylation inhibits 
PKM2 to promote the Warburg effect and tumor growth. 
Sci Signal, 2, ra73 (2009) 
 
47. H. R. Christofk, M. G. Vander Heiden, M. H. Harris, A. 
Ramanathan, R. E. Gerszten, R. Wei, M. D. Fleming, S. L. 
Schreiber and L. C. Cantley: The M2 splice isoform of 
pyruvate kinase is important for cancer metabolism and 
tumour growth. Nature, 452, 230-233 (2008) 
 
48. M. Zhou, Y. Zhao, Y. Ding, H. Liu, Z. Liu, O. Fodstad, 
A. I. Riker, S. Kamarajugadda, J. Lu, L. B. Owen, S. P. 
Ledoux and M. Tan: Warburg effect in chemosensitivity: 
targeting lactate dehydrogenase-A re-sensitizes taxol-
resistant cancer cells to taxol. Mol Cancer, 9, 33  
 
49. H. Xie, V. A. Valera, M. J. Merino, A. M. Amato, S. 
Signoretti, W. M. Linehan, V. P. Sukhatme and P. Seth: 

LDH-A inhibition, a therapeutic strategy for treatment of 
hereditary leiomyomatosis and renal cell cancer. Mol 
Cancer Ther, 8, 626-635 (2009) 
 
50. A. Le, C. R. Cooper, A. M. Gouw, R. Dinavahi, A. 
Maitra, L. M. Deck, R. E. Royer, D. L. Vander Jagt, G. L. 
Semenza and C. V. Dang: Inhibition of lactate 
dehydrogenase A induces oxidative stress and inhibits 
tumor progression. Proc Natl Acad Sci U S A, 107, 2037-
2042 (2010)  
51. D. Pathania, M. Millard and N. Neamati: Opportunities 
in discovery and delivery of anticancer drugs targeting 
mitochondria and cancer cell metabolism. Adv Drug Deliv 
Rev, 61, 1250-1275 (2009) 
 
52. B. Pasini and C. A. Stratakis: SDH mutations in 
tumorigenesis and inherited endocrine tumours: lesson 
from the phaeochromocytoma-paraganglioma syndromes. J 
Intern Med, 266, 19-42 (2009) 
 
53. V. Yankovskaya, R. Horsefield, S. Tornroth, C. Luna-
Chavez, H. Miyoshi, C. Leger, B. Byrne, G. Cecchini and S. 
Iwata: Architecture of succinate dehydrogenase and 
reactive oxygen species generation. Science, 299, 700-704 
(2003) 
 
54. M. A. Selak, S. M. Armour, E. D. MacKenzie, H. 
Boulahbel, D. G. Watson, K. D. Mansfield, Y. Pan, M. C. 
Simon, C. B. Thompson and E. Gottlieb: Succinate links 
TCA cycle dysfunction to oncogenesis by inhibiting HIF-
alpha prolyl hydroxylase. Cancer Cell, 7, 77-85 (2005) 
 
55. W. Habano, T. Sugai, S. Nakamura, N. Uesugi, T. 
Higuchi, M. Terashima and S. Horiuchi: Reduced 
expression and loss of heterozygosity of the SDHD gene in 
colorectal and gastric cancer. Oncol Rep, 10, 1375-1380 
(2003) 
 
56. I. P. Tomlinson, N. A. Alam, A. J. Rowan, E. Barclay, 
E. E. Jaeger, D. Kelsell, I. Leigh, P. Gorman, H. Lamlum, S. 
Rahman, R. R. Roylance, S. Olpin, S. Bevan, K. Barker, N. 
Hearle, R. S. Houlston, M. Kiuru, R. Lehtonen, A. Karhu, S. 
Vilkki, P. Laiho, C. Eklund, O. Vierimaa, K. Aittomaki, M. 
Hietala, P. Sistonen, A. Paetau, R. Salovaara, R. Herva, V. 
Launonen and L. A. Aaltonen: Germline mutations in FH 
predispose to dominantly inherited uterine fibroids, skin 
leiomyomata and papillary renal cell cancer. Nat Genet, 30, 
406-410 (2002) 
 
57. S. Sudarshan, C. Sourbier, H. S. Kong, K. Block, V. A. 
Valera Romero, Y. Yang, C. Galindo, M. Mollapour, B. 
Scroggins, N. Goode, M. J. Lee, C. W. Gourlay, J. Trepel, 
W. M. Linehan and L. Neckers: Fumarate hydratase 
deficiency in renal cancer induces glycolytic addiction and 
hypoxia-inducible transcription factor 1alpha stabilization 
by glucose-dependent generation of reactive oxygen 
species. Mol Cell Biol, 29, 4080-4090 (2009) 
 
58. J. S. Isaacs, Y. J. Jung, D. R. Mole, S. Lee, C. Torres-
Cabala, Y. L. Chung, M. Merino, J. Trepel, B. Zbar, J. Toro, 
P. J. Ratcliffe, W. M. Linehan and L. Neckers: HIF 
overexpression correlates with biallelic loss of fumarate 



Emerging metabolic targets in cancer therapy 

1857 

hydratase in renal cancer: novel role of fumarate in 
regulation of HIF stability. Cancer Cell, 8, 143-153 (2005) 
 
59. D. W. Parsons, S. Jones, X. Zhang, J. C. Lin, R. J. 
Leary, P. Angenendt, P. Mankoo, H. Carter, I. M. Siu, G. L. 
Gallia, A. Olivi, R. McLendon, B. A. Rasheed, S. Keir, T. 
Nikolskaya, Y. Nikolsky, D. A. Busam, H. Tekleab, L. A. 
Diaz, Jr., J. Hartigan, D. R. Smith, R. L. Strausberg, S. K. 
Marie, S. M. Shinjo, H. Yan, G. J. Riggins, D. D. Bigner, R. 
Karchin, N. Papadopoulos, G. Parmigiani, B. Vogelstein, V. 
E. Velculescu and K. W. Kinzler: An integrated genomic 
analysis of human glioblastoma multiforme. Science, 321, 
1807-1812 (2008) 
 
60. G. T. Jennings, K. I. Minard and L. McAlister-Henn: 
Expression and mutagenesis of mammalian cytosolic 
NADP+-specific isocitrate dehydrogenase. Biochemistry, 
36, 13743-13747 (1997) 
 
61. H. Yan, D. W. Parsons, G. Jin, R. McLendon, B. A. 
Rasheed, W. Yuan, I. Kos, I. Batinic-Haberle, S. Jones, G. J. 
Riggins, H. Friedman, A. Friedman, D. Reardon, J. Herndon, 
K. W. Kinzler, V. E. Velculescu, B. Vogelstein and D. D. 
Bigner: IDH1 and IDH2 mutations in gliomas. N Engl J Med, 
360, 765-773 (2009) 
 
62. C. B. Thompson: Metabolic enzymes as oncogenes or 
tumor suppressors. N Engl J Med, 360, 813-815 (2009) 
 
63. I. S. Kil, T. L. Huh, Y. S. Lee, Y. M. Lee and J. W. Park: 
Regulation of replicative senescence by NADP+ -dependent 
isocitrate dehydrogenase. Free Radic Biol Med, 40, 110-119 
(2006) 
 
64. F. Schwartzenberg-Bar-Yoseph, M. Armoni and E. 
Karnieli: The tumor suppressor p53 down-regulates glucose 
transporters GLUT1 and GLUT4 gene expression. Cancer Res, 
64, 2627-2633 (2004) 
 
65. K. Kawauchi, K. Araki, K. Tobiume and N. Tanaka: p53 
regulates glucose metabolism through an IKK-NF-kappaB 
pathway and inhibits cell transformation. Nat Cell Biol, 10, 
611-618 (2008) 
 
66. N. Durany, J. Joseph, E. Campo, R. Molina and J. Carreras: 
Phosphoglycerate mutase, 2,3-bisphosphoglycerate 
phosphatase and enolase activity and isoenzymes in lung, 
colon and liver carcinomas. Br J Cancer, 75, 969-977 (1997) 
 
67. N. Durany, J. Joseph, O. M. Jimenez, F. Climent, P. L. 
Fernandez, F. Rivera and J. Carreras: Phosphoglycerate mutase, 
2,3-bisphosphoglycerate phosphatase, creatine kinase and 
enolase activity and isoenzymes in breast carcinoma. Br J 
Cancer, 82, 20-27 (2000) 
 
68. H. Kondoh, M. E. Lleonart, J. Gil, J. Wang, P. Degan, G. 
Peters, D. Martinez, A. Carnero and D. Beach: Glycolytic 
enzymes can modulate cellular life span. Cancer Res, 65, 177-
185 (2005) 
 
69. K. Bensaad, A. Tsuruta, M. A. Selak, M. N. Vidal, K. 
Nakano, R. Bartrons, E. Gottlieb and K. H. Vousden: 

TIGAR, a p53-inducible regulator of glycolysis and 
apoptosis. Cell, 126, 107-120 (2006) 
 
70. S. D. Westerheide and R. I. Morimoto: Heat shock 
response modulators as therapeutic tools for diseases of 
protein conformation. J Biol Chem, 280, 33097-33100 
(2005) 
 
71. C. Dai, L. Whitesell, A. B. Rogers and S. Lindquist: 
Heat shock factor 1 is a powerful multifaceted modifier of 
carcinogenesis. Cell, 130, 1005-1018 (2007) 
 
72. M. A. Khaleque, A. Bharti, J. Gong, P. J. Gray, V. 
Sachdev, D. R. Ciocca, A. Stati, M. Fanelli and S. K. 
Calderwood: Heat shock factor 1 represses estrogen-
dependent transcription through association with MTA1. 
Oncogene, 27, 1886-1893 (2008) 
 
73. M. A. Khaleque, A. Bharti, D. Sawyer, J. Gong, I. J. 
Benjamin, M. A. Stevenson and S. K. Calderwood: 
Induction of heat shock proteins by heregulin beta1 leads to 
protection from apoptosis and anchorage-independent 
growth. Oncogene, 24, 6564-6573 (2005) 
 
74. J. N. Min, L. Huang, D. B. Zimonjic, D. Moskophidis 
and N. F. Mivechi: Selective suppression of lymphomas by 
functional loss of Hsf1 in a p53-deficient mouse model for 
spontaneous tumors. Oncogene, 26, 5086-5097 (2007) 
 
75. Y. H. Zhao, M. Zhou, H. Liu, Y. Ding, H. T. Khong, D. Yu, 
O. Fodstad and M. Tan: Upregulation of lactate dehydrogenase 
A by ErbB2 through heat shock factor 1 promotes breast 
cancer cell glycolysis and growth. Oncogene, 28, 3689-3701 
(2009) 
 
76. J. C. Maher, A. Krishan and T. J. Lampidis: Greater cell 
cycle inhibition and cytotoxicity induced by 2-deoxy-D-
glucose in tumor cells treated under hypoxic vs aerobic 
conditions. Cancer Chemother Pharmacol, 53, 116-122 (2004) 
 
77. R. M. Lynch, K. E. Fogarty and F. S. Fay: Modulation of 
hexokinase association with mitochondria analyzed with 
quantitative three-dimensional confocal microscopy. J Cell 
Biol, 112, 385-395 (1991) 
 
78. H. Liu, Y. P. Hu, N. Savaraj, W. Priebe and T. J. Lampidis: 
Hypersensitization of tumor cells to glycolytic inhibitors. 
Biochemistry, 40, 5542-5547 (2001) 
 
79. H. Liu, N. Savaraj, W. Priebe and T. J. Lampidis: Hypoxia 
increases tumor cell sensitivity to glycolytic inhibitors: a 
strategy for solid tumor therapy (Model C). Biochem 
Pharmacol, 64, 1745-1751 (2002) 
 
80. G. Maschek, N. Savaraj, W. Priebe, P. Braunschweiger, K. 
Hamilton, G. F. Tidmarsh, L. R. De Young and T. J. Lampidis: 
2-deoxy-D-glucose increases the efficacy of adriamycin and 
paclitaxel in human osteosarcoma and non-small cell lung 
cancers in vivo. Cancer Res, 64, 31-34 (2004) 
 
81. D. Singh, A. K. Banerji, B. S. Dwarakanath, R. P. 
Tripathi, J. P. Gupta, T. L. Mathew, T. Ravindranath and V. 



Emerging metabolic targets in cancer therapy 

1858 

Jain: Optimizing cancer radiotherapy with 2-deoxy-d-
glucose dose escalation studies in patients with 
glioblastoma multiforme. Strahlenther Onkol, 181, 507-514 
(2005) 
 
82. D. Zhong, X. Liu, K. Schafer-Hales, A. I. Marcus, F. R. 
Khuri, S. Y. Sun and W. Zhou: 2-Deoxyglucose induces 
Akt phosphorylation via a mechanism independent of 
LKB1/AMP-activated protein kinase signaling activation or 
glycolysis inhibition. Mol Cancer Ther, 7, 809-817 (2008) 
 
83. D. Zhong, L. Xiong, T. Liu, X. Liu, X. Liu, J. Chen, S. 
Y. Sun, F. R. Khuri, Y. Zong, Q. Zhou and W. Zhou: The 
glycolytic inhibitor 2-deoxyglucose activates multiple 
prosurvival pathways through IGF1R. J Biol Chem, 284, 
23225-23233 (2009) 
 
84. R. Scatena, P. Bottoni, A. Pontoglio, L. Mastrototaro 
and B. Giardina: Glycolytic enzyme inhibitors in cancer 
treatment. Expert Opin Investig Drugs, 17, 1533-1545 
(2008) 
 
85. A. Floridi, M. G. Paggi, M. L. Marcante, B. Silvestrini, 
A. Caputo and C. De Martino: Lonidamine, a selective 
inhibitor of aerobic glycolysis of murine tumor cells. J Natl 
Cancer Inst, 66, 497-499 (1981) 
 
86. A. Floridi, T. Bruno, S. Miccadei, M. Fanciulli, A. 
Federico and M. G. Paggi: Enhancement of doxorubicin 
content by the antitumor drug lonidamine in resistant 
Ehrlich ascites tumor cells through modulation of energy 
metabolism. Biochem Pharmacol, 56, 841-849 (1998) 
 
87. M. De Lena, V. Lorusso, A. Latorre, G. Fanizza, G. 
Gargano, L. Caporusso, M. Guida, A. Catino, E. Crucitta, 
D. Sambiasi and A. Mazzei: Paclitaxel, cisplatin and 
lonidamine in advanced ovarian cancer. A phase II study. 
Eur J Cancer, 37, 364-368 (2001) 
 
88. S. Di Cosimo, G. Ferretti, P. Papaldo, P. Carlini, A. 
Fabi and F. Cognetti: Lonidamine: efficacy and safety in 
clinical trials for the treatment of solid tumors. Drugs 
Today (Barc), 39, 157-174 (2003) 
 
89. S. Oudard, A. Carpentier, E. Banu, F. Fauchon, D. 
Celerier, M. F. Poupon, B. Dutrillaux, J. M. Andrieu and J. 
Y. Delattre: Phase II study of lonidamine and diazepam in 
the treatment of recurrent glioblastoma multiforme. J 
Neurooncol, 63, 81-86 (2003) 
 
90. P. Papaldo, M. Lopez, E. Cortesi, E. Cammilluzzi, M. 
Antimi, E. Terzoli, G. Lepidini, P. Vici, C. Barone, G. 
Ferretti, S. Di Cosimo, C. Nistico, P. Carlini, F. Conti, L. 
Di Lauro, C. Botti, C. Vitucci, A. Fabi, D. Giannarelli and 
P. Marolla: Addition of either lonidamine or granulocyte 
colony-stimulating factor does not improve survival in 
early breast cancer patients treated with high-dose 
epirubicin and cyclophosphamide. J Clin Oncol, 21, 3462-
3468 (2003) 
 
91. J. F. Geschwind, C. S. Georgiades, Y. H. Ko and P. L. 
Pedersen: Recently elucidated energy catabolism pathways 

provide opportunities for novel treatments in hepatocellular 
carcinoma. Expert Rev Anticancer Ther, 4, 449-457 (2004) 
 
92. Y. H. Ko, P. L. Pedersen and J. F. Geschwind: Glucose 
catabolism in the rabbit VX2 tumor model for liver cancer: 
characterization and targeting hexokinase. Cancer Lett, 173, 
83-91 (2001) 
 
93. R. H. Xu, H. Pelicano, Y. Zhou, J. S. Carew, L. Feng, K. 
N. Bhalla, M. J. Keating and P. Huang: Inhibition of 
glycolysis in cancer cells: a novel strategy to overcome 
drug resistance associated with mitochondrial respiratory 
defect and hypoxia. Cancer Res, 65, 613-621 (2005) 
 
94. J. F. Geschwind, Y. H. Ko, M. S. Torbenson, C. Magee 
and P. L. Pedersen: Novel therapy for liver cancer: direct 
intraarterial injection of a potent inhibitor of ATP 
production. Cancer Res, 62, 3909-3913 (2002) 
 
95. Y. H. Ko, B. L. Smith, Y. Wang, M. G. Pomper, D. A. 
Rini, M. S. Torbenson, J. Hullihen and P. L. Pedersen: 
Advanced cancers: eradication in all cases using 3-
bromopyruvate therapy to deplete ATP. Biochem Biophys Res 
Commun, 324, 269-275 (2004) 
 
96. R. H. Xu, H. Pelicano, H. Zhang, F. J. Giles, M. J. Keating 
and P. Huang: Synergistic effect of targeting mTOR by 
rapamycin and depleting ATP by inhibition of glycolysis in 
lymphoma and leukemia cells. Leukemia, 19, 2153-2158 (2005) 
 
97. X. Cao, M. Bloomston, T. Zhang, W. L. Frankel, G. Jia, B. 
Wang, N. C. Hall, R. M. Koch, H. Cheng, M. V. Knopp and D. 
Sun: Synergistic antipancreatic tumor effect by simultaneously 
targeting hypoxic cancer cells with HSP90 inhibitor and 
glycolysis inhibitor. Clin Cancer Res, 14, 1831-1839 (2008) 
 
98. G. A. Spoden, S. Mazurek, D. Morandell, N. Bacher, M. J. 
Ausserlechner, P. Jansen-Durr, E. Eigenbrodt and W. 
Zwerschke: Isotype-specific inhibitors of the glycolytic key 
regulator pyruvate kinase subtype M2 moderately decelerate 
tumor cell proliferation. Int J Cancer, 123, 312-321 (2008) 
 
99. G. A. Spoden, U. Rostek, S. Lechner, M. Mitterberger, S. 
Mazurek and W. Zwerschke: Pyruvate kinase isoenzyme M2 
is a glycolytic sensor differentially regulating cell proliferation, 
cell size and apoptotic cell death dependent on glucose supply. 
Exp Cell Res, 315, 2765-2774 (2009) 
 
100. S. Mazurek: Pyruvate kinase type M2: A key regulator of 
the metabolic budget system in tumor cells. Int J Biochem Cell 
Biol  
 
101. H. F. Duan, X. W. Hu, J. L. Chen, L. H. Gao, Y. Y. Xi, Y. 
Lu, J. F. Li, S. R. Zhao, J. J. Xu, H. P. Chen, W. Chen and C. T. 
Wu: Antitumor activities of TEM8-Fc: an engineered 
antibody-like molecule targeting tumor endothelial marker 8. J 
Natl Cancer Inst, 99, 1551-1555 (2007) 
 
102. W. Guo, Y. Zhang, T. Chen, Y. Wang, J. Xue, Y. 
Zhang, W. Xiao, X. Mo and Y. Lu: Efficacy of RNAi 
targeting of pyruvate kinase M2 combined with cisplatin in 
a lung cancer model. J Cancer Res Clin Oncol  



Emerging metabolic targets in cancer therapy 

1859 

103. T. McFate, A. Mohyeldin, H. Lu, J. Thakar, J. 
Henriques, N. D. Halim, H. Wu, M. J. Schell, T. M. Tsang, 
O. Teahan, S. Zhou, J. A. Califano, N. H. Jeoung, R. A. 
Harris and A. Verma: Pyruvate dehydrogenase complex 
activity controls metabolic and malignant phenotype in 
cancer cells. J Biol Chem, 283, 22700-22708 (2008) 
 
104. K. Garber: Energy deregulation: licensing tumors to 
grow. Science, 312, 1158-1159 (2006) 
 
105. T. E. Roche and Y. Hiromasa: Pyruvate 
dehydrogenase kinase regulatory mechanisms and 
inhibition in treating diabetes, heart ischemia, and cancer. 
Cell Mol Life Sci, 64, 830-849 (2007) 
 
106. S. Bonnet, S. L. Archer, J. Allalunis-Turner, A. 
Haromy, C. Beaulieu, R. Thompson, C. T. Lee, G. D. 
Lopaschuk, L. Puttagunta, S. Bonnet, G. Harry, K. 
Hashimoto, C. J. Porter, M. A. Andrade, B. Thebaud and E. 
D. Michelakis: A mitochondria-K+ channel axis is 
suppressed in cancer and its normalization promotes 
apoptosis and inhibits cancer growth. Cancer Cell, 11, 37-
51 (2007) 
 
107. M. Kato, J. Li, J. L. Chuang and D. T. Chuang: 
Distinct structural mechanisms for inhibition of pyruvate 
dehydrogenase kinase isoforms by AZD7545, 
dichloroacetate, and radicicol. Structure, 15, 992-1004 
(2007) 
 
108. E. D. Michelakis, L. Webster and J. R. Mackey: 
Dichloroacetate (DCA) as a potential metabolic-targeting 
therapy for cancer. Br J Cancer, 99, 989-994 (2008) 
 
109. R. C. Sun, M. Fadia, J. E. Dahlstrom, C. R. Parish, P. 
G. Board and A. C. Blackburn: Reversal of the glycolytic 
phenotype by dichloroacetate inhibits metastatic breast 
cancer cell growth in vitro and in vivo. Breast Cancer Res 
Treat, 120, 253-260  
 
110. C. J. Hu, L. Y. Wang, L. A. Chodosh, B. Keith and M. 
C. Simon: Differential roles of hypoxia-inducible factor 
1alpha (HIF-1alpha) and HIF-2alpha in hypoxic gene 
regulation. Mol Cell Biol, 23, 9361-9374 (2003) 
 
111. M. Y. Koh, T. Spivak-Kroizman, S. Venturini, S. 
Welsh, R. R. Williams, D. L. Kirkpatrick and G. Powis: 
Molecular mechanisms for the activity of PX-478, an 
antitumor inhibitor of the hypoxia-inducible factor-1alpha. 
Mol Cancer Ther, 7, 90-100 (2008) 
 
112. S. Welsh, R. Williams, L. Kirkpatrick, G. Paine-
Murrieta and G. Powis: Antitumor activity and 
pharmacodynamic properties of PX-478, an inhibitor of 
hypoxia-inducible factor-1alpha. Mol Cancer Ther, 3, 233-
244 (2004) 
 
113. K. Lee, H. Zhang, D. Z. Qian, S. Rey, J. O. Liu and G. 
L. Semenza: Acriflavine inhibits HIF-1 dimerization, tumor 
growth, and vascularization. Proc Natl Acad Sci U S A, 106, 
17910-17915 (2009) 
 

114. T. T. Junttila, R. W. Akita, K. Parsons, C. Fields, G. D. 
Lewis Phillips, L. S. Friedman, D. Sampath and M. X. 
Sliwkowski: Ligand-independent HER2/HER3/PI3K 
complex is disrupted by trastuzumab and is effectively 
inhibited by the PI3K inhibitor GDC-0941. Cancer Cell, 15, 
429-440 (2009) 
 
115. E. Yao, W. Zhou, S. T. Lee-Hoeflich, T. Truong, P. M. 
Haverty, J. Eastham-Anderson, N. Lewin-Koh, B. Gunter, 
M. Belvin, L. J. Murray, L. S. Friedman, M. X. Sliwkowski 
and K. P. Hoeflich: Suppression of HER2/HER3-mediated 
growth of breast cancer cells with combinations of GDC-
0941 PI3K inhibitor, trastuzumab, and pertuzumab. Clin 
Cancer Res, 15, 4147-4156 (2009) 
 
116. J. LoPiccolo, G. M. Blumenthal, W. B. Bernstein and 
P. A. Dennis: Targeting the PI3K/Akt/mTOR pathway: 
effective combinations and clinical considerations. Drug 
Resist Updat, 11, 32-50 (2008) 
 
117. T. E. Witzig, S. M. Geyer, I. Ghobrial, D. J. Inwards, 
R. Fonseca, P. Kurtin, S. M. Ansell, R. Luyun, P. J. Flynn, 
R. F. Morton, S. R. Dakhil, H. Gross and S. H. Kaufmann: 
Phase II trial of single-agent temsirolimus (CCI-779) for 
relapsed mantle cell lymphoma. J Clin Oncol, 23, 5347-
5356 (2005) 
 
118. S. Chan, M. E. Scheulen, S. Johnston, K. Mross, F. 
Cardoso, C. Dittrich, W. Eiermann, D. Hess, R. Morant, V. 
Semiglazov, M. Borner, M. Salzberg, V. Ostapenko, H. J. 
Illiger, D. Behringer, N. Bardy-Bouxin, J. Boni, S. Kong, 
M. Cincotta and L. Moore: Phase II study of temsirolimus 
(CCI-779), a novel inhibitor of mTOR, in heavily 
pretreated patients with locally advanced or metastatic 
breast cancer. J Clin Oncol, 23, 5314-5322 (2005) 
 
119. G. Hudes, M. Carducci, P. Tomczak, J. Dutcher, R. 
Figlin, A. Kapoor, E. Staroslawska, J. Sosman, D. 
McDermott, I. Bodrogi, Z. Kovacevic, V. Lesovoy, I. G. 
Schmidt-Wolf, O. Barbarash, E. Gokmen, T. O'Toole, S. 
Lustgarten, L. Moore and R. J. Motzer: Temsirolimus, 
interferon alfa, or both for advanced renal-cell carcinoma. 
N Engl J Med, 356, 2271-2281 (2007) 
 
120. S. M. Maira, F. Stauffer, J. Brueggen, P. Furet, C. 
Schnell, C. Fritsch, S. Brachmann, P. Chene, A. De Pover, 
K. Schoemaker, D. Fabbro, D. Gabriel, M. Simonen, L. 
Murphy, P. Finan, W. Sellers and C. Garcia-Echeverria: 
Identification and characterization of NVP-BEZ235, a new 
orally available dual phosphatidylinositol 3-
kinase/mammalian target of rapamycin inhibitor with 
potent in vivo antitumor activity. Mol Cancer Ther, 7, 
1851-1863 (2008) 
 
121. V. Serra, B. Markman, M. Scaltriti, P. J. Eichhorn, V. 
Valero, M. Guzman, M. L. Botero, E. Llonch, F. Atzori, S. 
Di Cosimo, M. Maira, C. Garcia-Echeverria, J. L. Parra, J. 
Arribas and J. Baselga: NVP-BEZ235, a dual PI3K/mTOR 
inhibitor, prevents PI3K signaling and inhibits the growth 
of cancer cells with activating PI3K mutations. Cancer Res, 
68, 8022-8030 (2008) 
 



Emerging metabolic targets in cancer therapy 

1860 

122. C. R. Schnell, F. Stauffer, P. R. Allegrini, T. O'Reilly, 
P. M. McSheehy, C. Dartois, M. Stumm, R. Cozens, A. 
Littlewood-Evans, C. Garcia-Echeverria and S. M. Maira: 
Effects of the dual phosphatidylinositol 3-
kinase/mammalian target of rapamycin inhibitor NVP-
BEZ235 on the tumor vasculature: implications for clinical 
imaging. Cancer Res, 68, 6598-6607 (2008) 
 
123. J. A. Engelman, L. Chen, X. Tan, K. Crosby, A. R. 
Guimaraes, R. Upadhyay, M. Maira, K. McNamara, S. A. 
Perera, Y. Song, L. R. Chirieac, R. Kaur, A. Lightbown, J. 
Simendinger, T. Li, R. F. Padera, C. Garcia-Echeverria, R. 
Weissleder, U. Mahmood, L. C. Cantley and K. K. Wong: 
Effective use of PI3K and MEK inhibitors to treat mutant 
Kras G12D and PIK3CA H1047R murine lung cancers. Nat 
Med, 14, 1351-1356 (2008) 
 
124. I. Ben Sahra, Y. Le Marchand-Brustel, J. F. Tanti and 
F. Bost: Metformin in cancer therapy: a new perspective for 
an old antidiabetic drug? Mol Cancer Ther, 9, 1092-1099  
 
125. H. A. Hirsch, D. Iliopoulos, P. N. Tsichlis and K. 
Struhl: Metformin selectively targets cancer stem cells, and 
acts together with chemotherapy to block tumor growth and 
prolong remission. Cancer Res, 69, 7507-7511 (2009) 
 
126. H. Pelicano, D. S. Martin, R. H. Xu and P. Huang: 
Glycolysis inhibition for anticancer treatment. Oncogene, 
25, 4633-4646 (2006) 
 
Key Words: Cancer Therapy, Warburg Effect, Glycolysis, 
Metabolism, Oncogene, Review 
 
Send correspondence to: Ming Tan, Center for Basic and 
Translational Cancer Research, USA Mitchell Cancer 
Institute, 1660 Spring Hill Avenue, Mobile, AL 36604, 
USA, Tel: 251-460-6993, Fax: 251-460-6994, E-mail: 
mtan@usouthal.edu 
 
http://www.bioscience.org/current/vol16.htm 


