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Introduction 
The metabolic response in mammalian cells requires a coordination 

of cellular activities that include cell proliferation with nutrient 
availability, regulation of energy homeostasis and hormonal and stress 
signaling. Cancer cells require unrestricted energy generation from 
ATP for their uncontrolled proliferation. Over the last few decades, 
there are accumulating evidences about the metabolic reorganization 
during cancer development which has been obtained from studies on 
various tumor types. The involvement of various metabolic enzymes 
and oncogenic proteins to cancer progression widen beyond the 
control of cell growth and division, and these may be responsible for 
the metabolic alterations associated to the pathogenesis of human 
cancers. It is well acknowledged that accessibility of nutrient enables 
nucleic acid, protein and lipid biosynthesis which helps to promote 
cell proliferation that is again associated with increased glycolytic flux 
and decreased oxidative metabolism. This transition to glycolysis for 
energy production provides several advantages to the tumor including 
adaptation to a low oxygen environment and the acidification of the 
surrounding microenvironment, which promotes tumor invasion and 
suppresses immune surveillance and the most important it provides 
necessary precursors for other biochemical pathways [1]. In contrast, 
lack of nutrient availability triggers a metabolic switch that leads to 
hyper activation of energy producing pathways, such as oxidative 
phosphorylation that restrict cell proliferation. In non-proliferating 
cells catabolic system is predominantly used to fulfill the energy 
requirements which use the mitochondrial oxidative phosphorylation 
along with oxidation of macromolecules to accomplish the energy 
needs. However, in highly proliferating tissues with high glycolytic 
flux, biosynthesis of macromolecules and lactate production leads to 
cell cycle progression, leading to a shift toward an anabolic metabolism 
[2]. Therefore metabolism and cell proliferation are under the common 
regulatory pathway to ensure a coordinated cellular response. Several 
pathophysiological conditions are associated with flux to a glycolytic 

metabolism and now it is an established fact that cancer progression 
and invasiveness is associated with major metabolic alterations. So 
the similar factors that trigger proliferation, e.g. oncogenes and some 
metabolic enzymes, the same factors coordinate the metabolic response 
of the cells to the external stimuli.

Glycolysis in cancer, a crucial involvement of hexokinase

Glucose is an essential energy source which helps to sustain life and 
it is also a source of carbon for cellular building blocks. It is therefore 
obvious that breakdown of glucose primarily through glycolysis is 
elevated in many human malignancies, particularly those with the 
most rapid growth rates. The glycolytic phenotype associated with 
these cells involves glucose phosphorylation, which entraps the glucose 
molecule within the cells for the tumor utility and involves the enzyme 
Hexokinase (HK-II) which is the first enzymatic step of glucose 
phosphorylation. The expression, regulation and localization of these 
specific isozymes of Hexokinase (HK) are regulated in such a way that 
is destructive to the host but highly advantageous to the tumor. It is 
because of this fact that the key isozyme i.e. Hexokinase II (HK-II) 
signify an ideal molecular targets for tumor destruction and inhibition 
of cancer cell proliferation. In general, hexokinase, has four isoforms 
denoted as HK I, II, III and IV (glucokinase). During the tumorogenic 
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Abstract
Cancer cells compared to their normal counterparts reveal different metabolic needs and this differential 

requirement of metabolic intermediates and their subsequent consequences require an elaborate understanding 
of cancer cell metabolism and increased energy production in these cells. Nevertheless these metabolic 
differences have provided opportunities for developing novel therapeutic approaches for the cancer diagnosis and 
treatment. In addition enhanced proliferative capacities of tumor cells associated with aberrations of many signal 
transduction pathways resulting from genetic or epigenetic alterations has made it possible to develop countless 
targeted therapeutics for several types of malignancies. However at present most of our understanding about the 
dysregulated cancer cell metabolism is at physiological stages. With advancement in technology development, 
we may eventually be able to differentiate the metabolic differences between normal cells and cancerous at the 
single-tumor level that may influence the development of personalized cancer medicine. In this review, the focal 
point will be the recent developments in understanding the crucial role of metabolic enzymes, oncogenes and 
tumor suppressor genes in progression of cancer and their targeting to establish the most appropriate therapeutic 
strategies for better clinical outcome.
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response in tissues like liver and pancreas showed high expression of 
HK-II and to a lesser extent HK IV, this process, also lead to the HK IV 
expression silencing [3].

Hexokinase II and its major partners: Role in cancer 
progression

The maintenance of highly malignant phenotype by HK-II requires 
the association of four major protein partners (Figure 1). These include 
a plasma membrane Glucose Transporter (GLUT) present on the cell 
membrane that helps in the entry of glucose into the cancer cell, Voltage-
Dependent Anion Channel (VDAC) which are pore-like proteins 
present on the outer mitochondrial membrane that binds HK-II; the 
inner mitochondrial membrane protein ATP synthase that synthesizes 
ATP, and adenine nucleotide translocator that transports the ATP to 
the VDAC-HK II complex. Due to the overall involvement of all these 
associated members which lead to the quick and efficient production 
of glucose-6-phosphate that serves as the precursor for glycolysis and 
also used for the biosynthesis of essential metabolic intermediates via 
the pentose phosphate pathway and the mitochondrial tricarboxylic 
acid cycle, which are exceptionally essential for the growth and 
proliferation of cancer cells. Thus, tumors have cleverly overproduced 
HK-II, and neutralized its capacity to be controlled thereby forcing the 
reaction between ATP and the incoming glucose to produce glucose-6-
phosphate at a high rate. This in turn forces glycolysis and biosynthetic 
metabolic pathways within tumors to function at an enhanced capacity 
thus providing optimal support for uncontrolled tumor proliferation. 
In addition, the lactic acid secreted by the tumor likely helps pave 
the way for this process either by suppressing attacks by the immune 
system, preparing normal cells for invasion, or both. In addition, 
cancer cells instruct the binding of HK II to VDAC thus inhibit 

mitochondrial-induced cell death [4]. Studies carried over the last few 
decades have unraveled the biochemical interaction present between 
signal transduction and metabolic pathways in tumor cells which helps 
to promote malignant phenotype. It has now became an established fact 
that for the tumor immortality hexokinase-mitochondrial interactions 
are highly critical and that small-molecule metabolite analogs can cause 
tumors disruption via multiple metabolic target-point. With this a new 
class of potential anti-cancer therapeutics agents has appeared on the 
horizon. These are able to usurp the aberrant metabolic machinery of 
tumor cells to re-direct the metabolites which cause self-destruction of 
the tumor [5].

Role of Phosphofructokinase-2 (PFK-2) as a key step for 
establishing cancer cell growth

The rate of glycolytic flux is controlled at different levels and by 
different mechanisms substrate availability, enzyme concentrations, 
allosteric effectors and covalent modification on regulatory enzymes. In 
mammalian cells Phosphofructokinase-2 (PFK-2), has several isoforms 
encoded by four genes 6-phospho-2-kinase/fructose2, 6-biphosphatase 
(PFKFB1-4). These isoforms show differences in their tissue 
distribution and kinetic properties in response to allosteric effectors, 
hormonal, and growth factor signals. One of the critically modulated 
steps that is catalyzed by PFK-1, with fructose-2, 6-bisphosphate (Fru-
2,6-P2) being its most powerful allosteric activator. Fru-2,6-P2 relieves 
ATP inhibition and acts synergistically with AMP, and in addition 
it inhibits fructose 1,6-bisphosphatase. These properties confer to 
this metabolite a key role in the control of fructose 6-P/fructose 1,6-
P2 substrate pathway [6]. Moreover, PFK-2 is a bifunctional enzyme 
with activities of both kinase and phosphatase. This change the cellular 
level of fructose 2,6-bisphosphate (F2,6BP), which has got the most 
powerful potential to activate of PFK-1 in normal and tumor cells. 
The PFKFB3 gene encodes both ubiquitous PFK-2 and inducible 
PFK-2, former with the highest kinase ⁄ bisphosphatase ratio and later 
produced through the alternative splicing. It has been found that PFK-
2 FB3 gets over-expression by HIF-1α which leads to an increase level 
of F2, 6BP in several tumor cells [7,8]. PFK-1 is commonly inactive 
in the cells in the absence of allosteric modulators, which may have a 
role in increased glycolysis in cancerous cells because of the fact that 
F2, 6BP which activate PFK-1 may readily overcome the citrate and 
ATP inhibition allowing glycolysis to proceed [9]. PFKFB4 isoform 
has also been found to regulate glycolysis in tumors mammary gland, 
and in these tumors levels of PFKFB4 has been found high. The over 
expression PFKFB3-4 genes are in various tumors, which get activated 
by oncogenes and/or, hypoxia indicates that they play an critical 
role in the glycolytic expression of cancer cells, due to which tumor 
cells get adapted for survival and proliferation and in their hypoxic 
microenvironment. Therefore glycotic suppression may act an efficient 
therapeutic strategy and, consequently the PFKFB3-4 inhibition could 
be one of the targets of such an approach.

Pyruvate kinase (PK): involvement in cancer cell metabolism

PK catalyses the rate-limiting, ATP-generating step of glycolysis in 
which Phosphoenolpyruvate (PEP) is converted to pyruvate. Multiple 
isoenzymes of PK exist in mammals: type l, which is found in the liver 
and kidneys; type R, which is present in erythrocytes; type M1, which is 
found in tissues such as muscle and brain; and type M2, which is expressed 
in self-renewing cells such as adult stem cells and embryonic cells. The 
aerobic glycolysis ultimately leads to the generation of lactate from 
pyruvate rather than the transport of pyruvate to mitochondria where it 
could have gone under oxidation through mitochondrial tricarboxylic 

Figure 1: Role of hexokinase and its major partners. Delivery of glucose to 
hexokinase (HK) II within a malignant cell and metabolic fates of the glucose-6-
phosphate (G-6-P) formed. Glucose brought across the plasma membrane by 
glucose transporters is rapidly phosphorylated by HK. To maintain the highly 
glycolytic metabolic flux of such malignant cells, the product G-6-P is rapidly 
distributed across key metabolic routes. The primary routes are direct entry of 
the G-6-P into the pentose-phosphate shunt for biosynthesis of nucleic-acid 
precursors and conversion of the G-6-P via the glycolytic pathway to pyruvate 
and lactic acid. Here, whereas the lactic acid is transported out to provide 
an unfavorable environment for surrounding normal cells, some pyruvate is 
directed to to provide substrates for the tri-carboxylic acid (TCA) cycle. 
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acid cycle. However, PK has its role above of this bifurcation leading 
to conversion of phosphoenolpyruvate to pyruvate [10]. Furthermore, 
it was discovered that although PKM1 could efficiently promote 
glycolysis and rapid energy generation, PKM2 is characteristically 
found in an inactive state and is ineffective in promoting glycolysis. 
PKM2 enzymatic activity, particularly when bound to pTyr residues, is 
substantially less than that of PKM1 [11]. PKM2 provides an advantage 
to cancer cells because, by slowing glycolysis, this isozyme allows 
carbohydrate metabolites to enter other subsidiary pathways, including 
the hexosamine pathway, uridine diphosphate (UDP)–glucose 
synthesis, glycerol synthesis and the pentose phosphate pathway 
(PPP), which generate macromolecule precursors, that are necessary 
to support cell proliferation, and reducing equivalents such as NADPH 
[12] (Figure 2). Subsequent studies have confirmed that PKM2 
expression by lung cancer cells confers a tumorigenic advantage over 
cells expressing the PKM1 isoform [13]. Interestingly, the oncoprotein 
MYC has been found to promote preferential expression of PKM2 over 
PKM1 by modulating exon splicing. Myc upregulates the expression 
of heterogeneous nuclear ribonucleoproteins (hnRNPs) that bind exon 
9 of the PK mRNA and leads to the preferential inclusion of exon 10 
and thus to the predominant production of PKM2 [14]. By promoting 
PKM2 expression, MYC also promotes the production of NADPH in 
order to match the increased ATP production to sustain the additional 
needs required for high proliferation. Moreover, the increased PKM2 
expression has been documented in patient samples of various cancer 
types, leading to the assumption that PKM2 may act as a useful 
biomarker for the early detection of tumors [15]. The PKM2 has 
been identified as a tumor specific enzyme whose activity is regulated 
by pTyr binding and it is also shown to be important for the aerobic 
glycolytic phenotype. By having still better understanding that how 
PKM2 works, how its expression is regulated, which phosphorylated 
tyrosine protein are necessary for PKM2 regulation in cancerous cells 
and how it is going to affect the fate of pyruvate could provide new 
directions for metabolism-based anticancer therapies.

Association of pyruvate dehydrogenase kinase (PDK) for 
high energy demands in cancer

Pyruvate represents a critical metabolic check point, as it can have 
two fates, either it can be converted to acetyl coenzyme A (AcCoA) 
by Pyruvate Dehydrogenase (PDH) for entry into the mitochondrial 
tricarboxylic acid (TCA) cycle or it can be transformed by Lactate 
Dehydrogenase (LDHA) to lactate. Pyruvate dehydrogenase kinase 
(PDK) is encoded by four genes and PDK1 is activated by hypoxia 
inducible factor-1 (HIF-1). PDK phosphorylates the catalytic domain 
of PDH and thus causes its inactivation. Due to the PDK1 activation, 
pyruvate is shunted away from the mitochondria, which in turn 
decreases flux through the TCA cycle, due to which release of NADH 
and FADH2 to the electron transport chain is reduced (Figure 3). This 
is a critical adaptive response shown under hypoxic conditions because 
Mouse Embryo Fibroblasts (MEFs) which are HIF-1α–null, PDK1 
expression was not found to be affected by hypoxia and the cells die 
due to increased production of ROS which can be ameliorated by over 
expression of PDK1 [16]. It is also reported that inhibition of PDK1 
or HIF-1 activity enhances O2 utilization by tumor cells and increases 
the efficacy of a hypoxia-specific cytotoxins [17]. Since the greater 
participation of PDK1 in Warburg effect and cancer, the development 
of effective PDK1 inhibitors may provide a influential approach for at 
least slowing down the growth of many forms of tumors.

Glutaminase in cancer therapeutic strategy 

Another major event of changes in cancer metabolism that helps 

to accommodate the alterations in the glycolytic pathway and to 
sustain the malignant phenotypes, results in a shift to increased rates of 
glutamine metabolism. This occurs through the accelerated hydrolysis 
of glutamine to glutamate, as catalyzed by mitochondrial glutaminase, 
which is located in the inner mitochondrial compartment. Unlike 
glutaminase1, glutaminase 2 helps in the conversion of glutamine to 

Figure 2: Myc and HIF-1 regulate glucose metabolism and stimulate the 
Warburg effect. Myc and HIF-1 are depicted to regulate (dotted lines) genes 
involved in glucose metabolism (glucose transporter Glut1, HK2, PKM2, 
LDHA, and PDK1), favoring the conversion of glucose to lactate (glycolysis). 
Myc is also depicted to stimulate glutamine metabolism through the regulation 
of glutaminase (GLS). Glutamine is shown converted to α- ketoglutarate (α-
KG) for catabolism through the TCA cycle to malate, which is transported into 
the cytoplasm and converted to pyruvate and then to lactate (glutaminolysis). 

Figure 3: Oncogenic activation of PI3K, Akt, and mTOR pathways. 
Activation of receptor tyrosine kinase activates the PI3K, Akt, and mTOR 
pathways which leads to the activation of HIF which in turn activates LADH 
and PDK1 culminating in increased glycolysis and decreased respiration. HIF 
also activates GLUT 1 and 3, HK I and II ALDA and ALDAC which help in lipid 
and nucleotide biosynthesis all amplifying the tumor phenotype. p53 reverses 
this effect by regulating the transcription of three genes, PTEN, TSC2, and 
AMPK, which then all negatively regulate Akt kinase and mTOR, leading to a 
decrease in cell growth and a reversal of the cancer phenotype.
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glutamate and the successive renovation of glutamate to α-ketoglutarate 
is catalyzed by glutamate dehydrogenase. α-ketoglutarate thus 
increasing the rate of TCA cycle and oxidative phosphorylation [18] 
(Figure 2). Moreover the enhanced production of α-ketoglutarate that 
is the outcome of elevated glutamine metabolism helps to maintain the 
TCA cycle in tumor cells, particularly given the loss of the input from 
pyruvate that is generated via glycolysis in normal cells [19]. There is 
also recent evidence that some glutamine derived carbon can exit the 
TCA cycle as malate and serve as a substrate for malic enzyme, which 
produces NADPH. Studies have shown that in cancerous cells TCA 
cycle remains intact and it serves to replenish metabolic intermediates 
necessary for the production of NADPH for fatty acid synthesis, to 
provide the carbon source for the elevated requirements of nucleotide 
synthesis as well as for the production of asparagine and arginine, 
and to serve as a major anaplerotic source of oxaloacetate [20]. One 
factor that is known to have a major role in regulating glutaminolysis 
is c-Myc, further supporting the concept that c-Myc promotes not 
only proliferation but also the production of accompanying macro 
molecules and antioxidants that are required for growth. C-Myc 
increases glutamine uptake by directly inducing the expression of 
the glutamine transporters SlC5A1 and SlC7A1 also known as CAT1. 
Furthermore, c-Myc indirectly increases the level of glutaminase 1 
(Gls1), the first enzyme of glutaminolysis, by repressing the expression 
of microRNA-23A and microRNA-23B, which inhibit GLS1 [21]. The 
fact that inhibiting the activation of glutaminase in transformed/
cancer cells with the small molecules has specific effects on the growth, 
migration and invasive activity of these cells, without affecting the 
growth or morphology of their non-transformed cellular counterparts, 
offers exciting new possibilities for therapeutic intervention. 
Consequently, a number of therapeutic strategies have been directed 
at inhibiting receptor activation and function, both through the use of 
inhibitors and monoclonal antibodies. Some of these strategies have 
shown some promise, although many of these cancers become resistant 
to such treatments, and there remains a need for the identification of 
additional druggable targets that will permit multi-pronged strategies 
for therapeutic intervention against a number of human malignancies 
[22,23] (Table 1).

AMP-activated protein kinase and cancer 

AMP-activated protein kinase (AMPK) is a crucial energy 
status sensor enzyme and has an essential pleiotropic character in 
cellular responses to metabolic stress. The AMPK pathway couples 
energy status to growth signals and opposes the effects of AKT1 thus 
functions as a potent inhibitor of mTOR. During periods where cells 
suffer from energetic stress, AMPK becomes activated in response to 
enhanced AMP/ATP ratio, and is responsible for shifting cells to an 
oxidative metabolic phenotype and inhibiting cell proliferation [24]. 
For survival, tumor cells must overcome this checkpoint in order to 
proliferate in response to activated growth signalling pathways, even 
in non ideal microenvironment. Several oncogenic mutations and 
signaling pathways can suppress AMPK signaling which uncouples 
fuel signals from growth signals, allowing tumor cells to divide under 
abnormal nutrient conditions. This uncoupling permits tumor cells to 
respond to inappropriate growth signalling pathways that are activated 
by oncogenes and the loss of tumor suppressors [25]. The loss of AMPK 
signalling allows the activation of mTOR and HIF1, and therefore 
might also support the shift towards glycolytic metabolism. Clinically, 
there is currently considerable interest in evaluating whether AMPK 
agonists can be used to re-couple fuel and growth signals in tumor cells 
and to shut down cell growth.

Tumor suppressor genes and oncogenes: control over the 
metabolic alterations

A decreased oxidative phosphorylation, increased glucose 
consumption and subsequent lactate production are the remarkable 
features of oncogenic activation [26]. Over the last decade, evidence 
has accumulated that the oncogenes myc, AKT, nuclear factor kB 
(NF-kB) and the tyrosine kinase receptors (insulin-like growth factor 
1, epidermal growth factor, EGF; IGF-1; Her-2; etc.), which turn 
on phosphatidylinositol 3-kinases (PI3Ks), mammalian target of 
rapamycin (mTOR) pathway and the Ras, RAF–Mitogen-Activated 
Protein Kinase (MAP kinase) (Figure 4) along with hypoxia induced 
factor (HIF), can activate the transcription of numerous genes that 
encode the proteins that mediate the various metabolic pathways [27]. 
Myc and HIF-1 transcription factors enhances the rate of transcription 
of some of the GLUT transporters and hexokinase 2, increasing both 
glucose uptake and its retention in the cell [28]. Similarly, Warburg 
effect is initiated by the loss of tumor suppressor p53 functions. The 
p53 protein has the function that it suppresses the transcription of 
the GLUT 1 and 4 transporters. GLUT levels have been found to be in 
increased levels in tumor cells than in normal counterparts [29]. 

Involvement of Ras and Myc in cancer specific pathways

Mutations and altered expression in Ras or Myc oncogenes have 
been coupled to the initiation of most of human malignancies. Ras 
or Myc oncogenes are regarded as the mediators of the increased 
metabolic and proliferative response of tumor cells [30]. c-Myc 
promotes glycolysis through upregulation of glycolytic molecules 
including GLUT1, HK-II, Phosphofructokinase (PFK), enolase, and 
LDH. c-Myc and Ras oncogenes apart from their role in the cell cycle 
and proliferation, they also participate in the regulation of tumor cell 
metabolism (Figure 2). Lactate dehydrogenase A (LDH-A) regulated 
by c-Myc, leads to the conversion of pyruvate to lactate and contributes 
to the Warburg effect [31,32]. Furthermore, c-Myc also has an essential 
role in regulation of mitochondrial functioning and its biogenesis that 
has been supported by the reports which say that large number of 
genes which are involved with the genesis of the mitochondria and its 
functions are over expressed among transcriptional targets of c-Myc. 
Interestingly, Ras-mediated cell alteration is associated with enhanced 

Therapeutic 
approach Metabolic target Agent

Inhibition of 
glycolysis

Hexokinase 
Hexokinase VDAC complex
Lactate dehydrogenase
Pyruvate dehydrogenase 
kinase (PDK)
Phosphofructokinase
Pyruvate kinase (PK)

2-Deoxyglycose, 
3-bromopyruvate, lonidamine.
Methyl jasmonate
Oxamate α-cyano-4-hydroxy 
cinnamic acid
Dichloroacetate
(3-(3-pyridinyl)-1-(4-pyridinyl)-2-
propen-1-one
CAP-232/TLN-232

Glutamine 
metabolism

Glutamine (analogs)
Glutamine

6-Diazo-5-oxo-L-norleucine, 
azaserine
L-Asparginine, Phenylbutyrate

PI3K/AKT/
mTOR

PI3K
mTOR
AKT

LY294002, Wortmannin, 
GDC-0941, PX-866, CAL-101, 
BEZ235 and XL765.
Temsirolimus (CCI779) and 
Everolimus (RAD001)
Perifosine, PIAs Triciribine 
(API-2)

Table 1: Therapeutic strategies to target metabolic enzymes and relevant agents.
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variation in cellular metabolism, which includes increased glucose 
uptake and glycolysis, dysfunction of mitochondrial and increased 
production of lactic acid. This is because of the enhanced expression 
of genes of the aerobic glycolytic pathway and lactate dehydrogenase 
[33,34]. It is important to note that c-Myc also plays a major role 
in promoting glutamine use in cancer cells through upregulating 
the expression of glutamine transporters SLC5A1and SLC7A1 and 
enhancing the expression of GLS1 by repressing the expression of 
miR-23A and miR-23B thus releasing the suppressive effect of these 
miRNAs on GLS1 expression [21]. Similar to other oncogenes, Ras is 
also associated with the regulation of de novo lipid synthesis, primarily 
through regulation of transcription factor Sterol Regulatory Element-
Binding Protein (SREBP) mediated by the MAPK pathway [35,36]. 
Thus understanding that importance of these oncogenes which directly 
regulate multiple metabolic pathways suggests that new therapeutic 
opportunities do exist, particularly in altered cancer metabolism.

The oncogenic pathway involving PI3K and AKT 

The phosphatidylinositol-3 kinase (PI3K) pathway is one of the 
most commonly altered signalling pathways in human cancers. This 
pathway is activated by mutations in tumor suppressor genes, such as 
PTEN, mutations in the components of the PI3K complex itself or by 
aberrant signaling from receptor tyrosine kinases [37]. Once activated, 
the PI3K pathway not only provides strong growth and survival signals 
to tumor cells but is also shown to have intense effects on cellular 
metabolism. So the integration of growth and proliferation signals with 
alterations to central metabolism is crucial for the oncogenic effects of 
this signalling pathway [38]. The best-studied effector downstream of 
PI3K is Akt1 (also known as PKB). The serine threonine kinase Akt 
(or PKB) plays a dual role in regulating both cell proliferation and 
metabolism. The most versatile factor associated with the controls of 
the metabolic response to both oncogenic and metabolic stimuli are 
the Ras and insulin signaling respectively. Akt execution in metabolism 
covers from protein and fatty acid synthesis to glucose homeostasis 
[39]. Since Akt is known to be a major mediator involved in the uptake 
of glucose and its utilization and is therefore not surprising that Akt is 

associated with high glycotic activity in tumor cells [40]. Moreover, Akt 
activation through growth factor result in enhanced expression and 
membrane distribution of the GLUT1 [41], mitochondrial association 
of hexokinase I and II and stimulation of Phosphofructokinase (PFK) 
activity, thereby increasing glycolysis. Akt maintains the association of 
hexokinase with mitochondria and that this association may somehow 
prevent the release of cytochrome c and apoptosis. Ectopic HKI or 
HKII expression mimics the ability of growth factors and Akt to inhibit 
apoptosis. Growth factor stimulation of mitochondrial hexokinase 
association is abrogated in Akt-deficient cells, an effect that is mimicked 
by pharmacologic inhibition of PI3K [42]. Also Akt and mitochondrial 
hexokinase requires glucose to inhibit apoptosis and cytochrome 
c release. Glucose deprivation, which impairs the ability of Akt to 
both maintain mitochondrial integrity and inhibit apoptosis, has also 
been associated with reduced mitochondrial hexokinase association. 
Moreover targeted disruption of hexokinase–mitochondria interaction 
impairs the antiapoptotic and mitochondrial integrity-promoting 
functions of growth factors and Akt. There is also evidence to suggest 
that glucose metabolism is required for these effects. The short-term 
ability of the phosphorylatable glucose analog 2-deoxyglucose but 
not the non-phosphorylatable analog 5-thioglucose to substitute 
for glucose in this regard suggests that glucose phosphorylation, by 
hexokinase activity, is specifically required which is directly verified 
using a catalytically inactive mutant of hexokinase. The fact that 
2-deoxy-glucose that can be phosphorylated but not metabolized 
further, has made it useful to image cancers for the first time in 
human patients. In this technique the compound was labeled with the 
positron emitter 18F (18FDG) [43]. In addition, Akt plays important 
role in initiating de novo Fatty Acid (FA) synthesis. Akt Activation 
is also associated with increased expression of gene and thus their 
respective enzymes involved in cholesterol or fatty acid biosynthesis, 
like ATP citrate lyase (ACL), HMG-CoA reductase, Stearoyl-Coa 
Desaturase (SCD) and Fatty Acid Synthase (FAS). Transcription 
of all of these enzymes with regard to Akt require the activity of 
the Sterol Regulatory Element-Binding Protein (SREBP) family of 
transcription factors, whose synthesis and nuclear accumulation are 

Figure 4: Role of HIF-1α. HIF is a heterodimer consisting of an unstable α-subunit and a β-subunit. In the absence of oxygen and other factors HIF-1α is activate which 
leads to the activation of all the glycolytic enzymes producing lactate from pyruvate which is transported out of the cell adding to the malignant phenotype.
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also induced by activation of Akt [44]. Another important observation 
is that Akt also directly phosphorylates and activates the ATP-citrate 
lyase (ACL) [45] which is an important enzyme integrating lipid and 
glucose metabolism. AKT1 also activates Ectonucleoside Triphosphate 
Diphosphohydrolase 5 (ENTPD5), an enzyme that supports increased 
glycosylation of protein in the endoplasmic reticulum and indirectly 
increases glycolysis by creating an ATP hydrolysis cycle [46]. 
Furthermore Akt phosphorylates GSK3 isoforms on a highly conserved 
N-terminal regulatory site (GSK3α-S21, GSK3β-S9), leading to its 
inactivation [47]. Finally, AKT1 strongly stimulates signaling through 
the kinase i.e. mTOR by phosphorylating and inhibiting its negative 
regulator tuberous sclerosis 2 (TSC2; also known as tuberin) [48]. 
mTOR functions as a key metabolic integration point, coupling growth 
signals to nutrient availability. Activated mTOR stimulates protein and 
lipid biosynthesis besides cell growth in response to sufficient nutrient 
and energy conditions and is often constitutively activated during 
tumorigenesis [49]. At the molecular level, mTOr directly stimulates 
mRNA translation and ribosome biogenesis and indirectly causes 
other metabolic changes by activating transcription factors such as 
Hypoxia-Inducible Factor 1 (HIF1) even under normoxic conditions. 
The subsequent HIF1-dependent metabolic changes are a major 
determinant of the glycolytic phenotype downstream of PI3K, Akt1 
and mTOR (Figure 3). Akt therefore participates in the first committed 
step in channeling metabolites derived from glucose towards a lipid 
biosynthetic fate. Explaining the various components of the pathway 
that leads to the initiation of the tumor is critical for developing an 
intervention strategy. Tumors become addicted to these initiating 
events which lead to the avenues of growth. Thus, drugs that target the 
underlying perturbation will be more effective with fewer side effects 
than drugs that act as general growth suppressors.

Function of hypoxia inducible factor (HIF) during 
carcinogenesis

HIF a transcription factor that is stabilized in response to hypoxia 
besides having its role in the oncogenic activation of aerobic glycolysis, 
also have considerable effect in the conversion of glucose to lactate 
[50]. It is believed that the driving mechanism for the increased 
glycolysis in tumor cells is because of the enhanced transcription and 
translation of glycotic genes via the hypoxia inducible factor 1 (HIF-
1). HIF-1 is consisted of two subunits, HIF-1α and HIF-1β. Under 
aerobic conditions HIF-1α is degraded by von Hippel Lindau protein 
(VHL), a tumor suppressor which initiates its degradation through 
Proteosome mediated pathway. However under anaerobiosis, HIF-1α 
is highly stable due to the mutations in the VHL protein due to which 
this tumor suppressor gets inactivated as has been found in most of 
the aggressive tumors (Figure 4) [51]. In turn, HIF-1 aggressiveness 
promotes the expression of PFK-1, phosphofructokinase type 2 (PFK-
2), HK, Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) 
aldolase (ALD), enolase, pyruvate kinase, phosphoglycerate kinase, and 
LDH [52,53]. In addition, HIF stimulates angiogenesis by upregulating 
among others several factors, the Vascular Endothelial Growth Factor 
(VEGF). Furthermore the levels of oxygen within a tumor differ both 
temporally and spatially which result in fluctuating levels of oxygen 
which result in constitutive unregulated glycolysis. There are exceptions 
where the tumor with mutated von Hippel-Lindau protein (VHL), 
HIF is still coupled to oxygen levels, which shows the heterogenous 
expression of within the tumor microenvironment. This suggested that 
the Warburg effect cannot be explained solely by upregulation of HIF. 
Other molecular mechanisms such as the metabolic changes induced 

by oncogene activation and tumor suppressor loss are also likely to be 
involved.

Control over the oncogenic pathway: Role of tumor 
suppressor genes 

The p53 protein induces the transcription of the TP53-induced 
glycolysis and regulator of apoptosis gene (TIGAR), which leads to 
decrease in glycolysis due to lowering in the intracellular levels of 
fructose 2,6 bisphosphatase (FBPase) hence diverging glucose to the 
PPP [54]. TIGAR also has functional similarities to the bisphosphate 
domain of PFK-2/FBPase-2 hence regulating ROS levels, glycolysis, 
and apoptosis. The p53 activation also leads to enhanced ubiqutination 
of phosphoglycerol mutase, which lowers the activity of this glycolytic 
enzyme. It has been also found that p53 enhances the utilization 
of TCA cycle and oxidative phosphorylation. Moreover, the p53 
protein has a role in the transcription of the gene for the Synthesis 
of Cytochrome C Oxidase 2 (SCO2), which, along with Synthesis 
of Cytochrome C Oxidase 1 (SCO1), assembles into oxidative 
phosphorylation complexes [55]. In this context, cells with mutant p53 
have compromised oxidative phosphorylation chains. p53 also has a 
role in promoting the synthesis number of proteins that reduce the high 
ROS load in cells. p53 also regulates the expression of p21 gene which 
synthesizes p21 protein which binds to Nrf2 transcription factor and 
thus stabilizes it. This transcription factor regulates a complex set of 
responses to high ROS load and altered redox potentials. Activated p53 
also inhibits of the PI3K/Akt/mTOR pathways. Here p53 regulates the 
transcription of IGF binding protein-3 (IGF-1BP-3), tuberous sclerosis 
protein 2 (TSC-2), PTEN and the beta subunit of AMP-activated 
protein kinase (AMPK), which all negatively regulates AKT kinase and 
mTOR. Furthermore sestrins 1 and 2, which are p53-regulated genes, 
stimulate AMPK activity. In some instances, the net result leads to a 
p53-directed apoptosis and the activation of autophagy [56]. PTEN 
is a phosphatase of phosphatidyl inositol tri-phosphate (PIP-3) and 
therefore mediated the inactivation of the PI3K/Akt pathway. Loss of 
PTEN function or its mutations not only leads to cancer progression, 
but also exhibits striking effects on metabolism homeostasis [57]. This 
is of great importance for cancer cells as they are solly dependent on 
increased glycolytic flux. PTEN negatively regulator insulin pathway, 
and therefore has negative effects on lipogenesis, another hallmark 
of cancer cells [58]. Paradoxically phosphor retinoblastoma (pRb) 
is a major modulator of oxidative metabolism. Retinoblastoma (Rb) 
specific deletion in adipose tissue results in increased mitochondrial 
activity and reversal from anabolic white adipose tissue to catabolic 
oxidative brown adipose tissue. In this particular situation RB would 
facilitate a cancer-type metabolism. All of these activities shut down 
cell growth, lower HIF levels, decrease the Warburg effect, and thus 
reverse the cancer phenotype [59]. Therefore mutations in oncogenes 
and tumor suppressor genes which cause alterations to multiple 
intracellular signalling pathways that affect tumor cell metabolism 
and reengineer it to allow enhanced survival and growth. The unique 
biochemical microenvironment further influences the metabolic 
phenotype of tumor cells, and thus affects tumor progression, response 
to therapy and patient outcome. These metabolic adaptations must 
balance the three crucial requirements of tumor cells: increased energy 
production, sufficient macromolecular biosynthesis and maintenance 
of redox balance. Only by thoroughly dissecting these processes will we 
discover the Achilles heels of tumor metabolic pathways and be able to 
translate this knowledge to the development and implementation of 
novel classes of therapeutics. The ultimate goal is to design treatment 
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strategies that slow tumor progression, improve the response to therapy 
and result in a positive clinical outcome.

Targeting the metabolic enzymes during cancer development: 
Future therapeutic strategies

A significant difference between cancer cells and their normal 
counter parts resides in the oncogenic activation of deregulated 
biomass accumulation independent of nutrient availability to 
the cancer cells. Cancer cells are used to the continued supply of 
bioenergetic and anabolic substrates necessary for their continued 
growth and proliferation due to activation of oncogenes or loss of 
tumor suppressors. When the bioenergetic supply becomes lesser 
than the bioenergetic demands, cancer cells undergo autophagy and 
finally bioenergetic cell death. Keeping the idea in view, key metabolic 
enzymes and regulators necessary for bioenergetic supply could 
be used as therapeutic targets with sufficient therapeutic windows 
sparing normal and healthy cells [60]. HK- II which is a mitochondrial 
associated enzyme and a transcriptional target of HIF-1 and Myc has 
been deemed a therapeutic target for many years. Once glucose is 
transported into the cell, it is phosphorylated by HK-II and is retained 
intracellularly by the acquisition of negative charges. Glucose-6-
phosphate is then converted to fructose-6-phosphate by glucose 
phosphate isomerase, which is also known as autocrine motility factor. 
Over several years, 3-bromopyruvate was consideration to target HK-II, 
although the proteomic analyses suggest that 3-bromopyruvate targets 
glyceraldehydes 3-phosphate dehydrogenase (GAPDH). Although, 
3-bromopyruvate show some lack of specificity but have significant 
anti-cancer outcome in vivo. More specific inhibitors to HK-II are not 
yet available to determine whether specific targeting of HK-II is feasible 
and tolerable [61]. Similarly, the plant derived methyl jasmonate or the 
HK-II amino terminus derived peptide TATHK can also disrupt the 
association between the voltage dependent anion channel (VDAC) and 
hexokinase, a phenomenon observed more in cancer cells compared 
to normal cells. Lonidamine, a derivative of indazole3carboxylic 
acid, was shown to inhibit tumor growth through inhibition of 
HK-II, depletion of ATP, reduction of oxygen consumption, and 
lactate production [62]. Phosphofructo-1-kinase (PFK), which acts 
downstream of HK-II in glycolysis, converts fructose-6-phosphate to 
fructose-1,6- bisphosphate. PFK is allosterically regulated by ATP and 
fructose-2,6-bisphosphate (F2,6-BP). ATP being a potent inhibitor and 
fructose-2,6-bisphosphate (F2,6-BP) a potent activator. A family of 
four enzymes, 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 
(PFKFB 1–4) such that the elevated F2,6-BP level enhances glycolysis 
and diminished F2,6-BP level could decrease PFK activity and favor the 

shunting of glucose-6-phosphate into the pentose phosphate pathway 
(PPP). PFKFB3, a potent target of HIF-1 produces F2, and 6-BP favors 
glycolysis. A small molecule inhibitor of PFKFB3 (3-(3-pyridinyl)-
1-(4-pyridinyl)-2-propen-1-one (3PO) was documented to inhibit 
glycolysis in vitro and xenograft tumor growth in vivo [63]. The PFKFB 
family of enzymes being critical players of cancer metabolism would be 
of greater interest for targeted cancer therapy (Table 2).

Pyruvate Kinase (PK) converts phosphoenolpyruvate to pyruvate 
with the release of an ATP molecule, is a target gene of HIF-1 and Myc 
with two splice variant mRNAs. The splicing variant PKM2, which is 
favored by a Myc-induced splicing factor, has been linked to altered 
cancer metabolism for over a decade, but recent interest in this potential 
target was heightened by its rediscovery as a critical contributor to 
the Warburg effect. PKM2 itself does not contribute to the Warburg 
effect, rather another pathway for the generation of pyruvate from 
phosphoenol pyruvate has been proposed to account for the increased 
aerobic glycolysis as observed with PKM2 expression [64]. Given that 
activated PKM2 slows glycolysis, efforts are being made to explore 
the potential use of PKM2 inhibitors for therapeutic purposes [65]. 
Lactate dehydrogenase A (LDHA) which is again a target gene of Myc 
and HIF-1, has been documented to be essential for human Burkitt 
lymphoma clonogenicity and also demonstrated to be essential for 
tumorigenesis by gene knockdown in three independent studies, after 
it [66,67]. A small-molecule inhibitor of LDHA (FX11; 3-dihydroxy-6- 
methyl-7-(phenylmethyl)-4-propylnaphthalene-1-carboxylic acid) 
was shown to trigger oxidative stress in cancer cells similar to gene 
knockdown mediated by siRNA, resulting in necrotic cell death [68]. 
Reduced of LDHA activity along with elevation of NADH/NAD+ 
ratio was linked with an enhanced reactive oxygen species (ROS) 
generation and cell death. It is speculated that excess NADH could 
diminish upstream glycolytic flux, which requires recycled NAD+, 
and increase inappropriate respiratory complex I activity and ROS 
production, resulting in cell death that was partially rescued by the 
antioxidant N-acetylcysteine. Because LDHA is important for the 
synthesis of lactate in the Warburg effect, its inhibition plays a central 
role in aerobic glycolysis. The Warburg effect is increased by HIF-1 
and Myc as they lead to activation of pyruvate dehydrogenase kinase 1 
(PDK1) which phosphorylates and inactivates pyruvate dehydrogenase 
(PDH). Inhibition of PDH lowers the conversion of pyruvate to 
acetyl-CoA, permitting more pyruvate to be converted to lactate. 
PDK1 appears pivotal for the regulation of redox balance through 
titrating pyruvate flux into the mitochondrion as a function of oxygen 
availability. When oxygen is low, continued pyruvate flux to acetyl-

Enzyme Pathway 
controlled Gene involved Isoform expressed in tumor cells Isoform expressed in normal cells

Hexokinase Glycolysis Hexokinase (HK) Hexokinase II (HK II) Hexokinase I, III, IV (HK I, III and IV)

Phosphofructokinase-2 
(PFK-2) Glycolysis 6-phospho-2-kinase/fructose2, 

6-biphosphatase (PFKFB1-4)

6-phospho-2-kinase/fructose2, 
6-biphosphatase (PFKFB3 and 
PFKFB4)

6-phospho-2-kinase/fructose2, 
6-biphosphatase (PFKFB1 and 
PFKFB2)

Pyruvate Kinase Glycolysis Pyruvate Kinase M1 and M2 (PKM1 
and PKM2) Pyruvate Kinase M2 (PKM2) Pyruvate Kinase M1 (PKM1)

Pyruvate dehydrogenase 
kinase (PDK)

Between 
Glycolysis and 
TCA Cycle 

Pyruvate dehydrogenase kinase 
(PDK 1-4)

Pyruvate dehydrogenase kinase 
(PDK)1

Pyruvate dehydrogenase kinase 
(PDK2, PDK3 and PDK4)

Glutaminase Glutamine 
metabolism Glutaminase 1 and Glutaminase 2 Glutaminase 2 Glutaminase 1

Table 2: Metabolic enzymes, the pathway they regulate and their isoforms expression in normal and tumor cells.
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CoA triggers increased ROS production and decreased cell survival. 
In this regard, inhibition of PDK by dichloroacetate (DCA) that has 
been used clinically to manage congenital lactic acidosis appears to 
have an anti-tumor effect preclinically in select tumor models. It is 
also worth mentioning that while the Warburg effect is mediated by 
known critical enzymes in glucose metabolism, regulated by Myc and 
HIF-1, inhibition of PDK1 and LDHA results in redox stress and finally 
cell death. These observations suggest that inhibition of these enzymes 
affect glucose metabolism on one hand but also have profound effect 
on redox homeostasis on other hand. Also glucose-6-phosphate can 
be catabolized through the PPP to make NADPH and ribose, a key 
catabolite for reductive metabolism. Enzymes in the PPP, such as 
transketolase (TKT), have been suggested to be a therapeutic target and 
thiamine analogs have been proposed as transketolase inhibitors [69].

Targeting glutamine in cancer metabolism

The dependency of cancer cells on glutamine was not fully 
appreciated by Warburg some 80 years ago. It was documented that 
Myc regulates many steps in glutamine metabolism which suggest that 
key points in glutamine metabolism could be targeted in cancer cells. 
Since, Myc could post-transcriptionally increase glutaminase (GLS) 
levels which convert glutamine to glutamate that in turn is catabolized 
to α-ketoglutarate, finally entering in the TCA cycle. Large numbers 
of inhibitors were secreened for RhoGTPase mediated transformation, 
and finally a small molecule 968 was reported to inhibit transformation 
through inhibition of GLS [70]. Furthermore regulation of metabolism 
in cancer cells by isocitrate dehydrogenase (IDH) mutations has been 
frequently found in human gliomas and acute myelogenous leukemia, 
which is also exploitable for anticancer therapy [71]. Specifically, IDH1 
and IDH2 mutations result in a neo-enzyme activity that converts 
α-ketoglutarate to 2-hydroxyglutarate rather than the normal reaction 
of IDH resulting in the conversion of isocitrate to α-ketoglutarate 
[72]. Thus, it is conceivable that inhibitors of mutant IDH might be 
therapeutically useful if cancer cells with mutant IDH are dependent on 
the mutant enzyme for their cancer phenotype. The reprogramming of 
metabolism by mutant IDH, particularly through increased production 
of 2-hydroxyglutarate from glutamine, suggest that cancer cells with 
mutant IDHs are addicted to glutamine as a source for α-ketoglutarate 
that is then converted to 2-hydroxyglutarate. The concept was tested 
by inhibition of glutaminase by siRNA-mediated knock-down and a 
small-molecule inhibitor (BPTES; bis-2-(5-phenylacetamido-1,2,4-
thiadiazol-2-yl) ethylsulfide) [73]. Both approaches caused a more 
significant delay in the growth of glioma cells engineered to inducibly 
express mutant IDH1 as compared to those expressing wild-type 
IDH1. This study suggests that reprogrammed metabolism in cancer 
cells can be targeted. 

Inhibition of PI3K/AKT/mTOR axis

Targeting PI3K: Wortmannin and LY294002 are two well known, 
first generation PI3K inhibitors. LY294002 was the first synthetic drug 
like small molecule inhibitor to be capable of reversibly targeting 
PI3K family members at concentrations in the micromolar range. 
However, both wortmannin and lY294004 show little or no selectivity 
for individual PI3K isoforms and have considerable toxicity in animals 
[74,75]. Numerous PI3K inhibitor chemotypes, some of which show 
differential isoform selectivity, have been described [75,76]. A recent 
study [76] presented a comparison of isoform selectivity profiles among 
a collection of potent and structurally diverse PI3K inhibitors. The 
data underlined a crucial role for p110α in insulin signalling and also 
provided important insights for the development of isoforms selective 

PI3K inhibitors. Subsequently, PI103, a p110α specific inhibitor, was 
shown to have a potent effect in blocking PI3K signalling in glioma 
cells through its ability to inhibit both p110α and mTOR [77]. The 
seemingly off target effects of PI103 on mTOR complexes opened a new 
avenue in the search for an effective cancer therapy strategy that uses 
a combined inhibition of mTOR and PI3K. Numerous PI3K targeted 
compounds are being introduced into clinical trials, many of which 
are dual PI3K–mTOR inhibitors. BEZ235 is an imidazoquinazoline 
derivative that inhibits multiple class I PI3K isoforms and mTOR kinase 
activity by binding to the ATP binding pocket [78]. The class I PI3K 
inhibitors Xl765 (which also targets mTOR) and XL147 are currently 
under Phase I clinical investigation for treatment of solid tumors. Both 
are derivatives of quinoxaline, as revealed by their recently disclosed 
structures [75]. GDC0941 is a derivative of PI103 that is active against 
all isoforms of class I PI3Ks in the nanomolar range. SF1126 is a 
covalent conjugate of LY294002 with an arg–gly–asp peptide, designed 
for increased solubility and enhanced delivery of the active drug to the 
tumor [79]. Numerous compounds that preferentially target selected 
isoforms of class I PI3Ks are also under development. For example, 
PX 866 targets p110α, p110δ and p110γ with half maximal inhibitory 
concentration (IC50) values in the low nanomolar range 70, and Cal 101 
is a p110γ selective inhibitor (Supplementary Figure 1).

Targeting Akt: Akt is the most crucial proximal node downstream 
of the RTK–PI3K complex, and is therefore another attractive 
therapeutic target. Several AKT inhibitors have been developed, 
which can be grouped into various classes, including lipid based 
phosphatidylinositol analogues, ATP competitive inhibitors, and 
allosteric inhibitors. The most clinically advanced inhibitor, perifosine, 
is a lipid based phosphatidylinositol analogue that targets the pleckstrin 
homology domain of Akt, which prevents Akt from binding to PtdIns 
(3,4,5)P3 and undergoing membrane translocation [80]. Other AKT 
pleckstrin homology domain inhibitors, including PX316 [81] and 
phosphatidylinositol ether lipid analogues, have shown inhibitory 
effects on the growth of tumor cells that have high PI3K and AKT 
activity [82]. Most ATP competitive small molecule AKT inhibitors are 
non selective, targeting all three Akt isoforms. GSK690693 is an ATP 
competitive AKT kinase inhibitor, which targets all three Akt isoforms 
at low nanomolar concentrations and is active against additional kinases 
from the AGC (cyclic AmP dependent, cGmP dependent and protein 
kinase C) kinase family [83]. Xl418, a small molecule that inhibits Akt 
and S6K and has shown antineoplastic activity in preclinical studies, is 
in Phase I clinical trials in patients with advanced solid tumors. 

Targeting mTOR: Although mTOR was only recently defined 
as a member of the PI3K pathway, it is the first node of the pathway 
to be targeted in the clinic. Rapamycin the prototypical mTOR 
inhibitor, is a bacterially derived natural product that was originally 
used as an antifungal agent [84]. It was subsequently found to 
have immunosuppressive [85] and, more recently, anti neoplastic 
properties. Rapamycin associates with its intracellular receptor, FK506 
binding protein 12 (FKBP12), which then binds directly to mTORC1 
and suppresses mTOR mediated phosphorylation of its downstream 
substrates, S6K and 4EBP1. Analogues of rapamycin, such as 
temsirolimus and everolimus have been developed as anti cancer drugs. 
These rapamycin analogues, sometimes referred to as rapalogues, 
inhibit mTOR through the same mechanism as does rapamycin, but 
have better pharmacological properties for clinical use in cancer. 
However, preliminary results with mTOR inhibitors in many other 
tumor types, including advanced breast cancer and glioma, indicated 
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a low response rate [86]. mTOR also presents a potential second 
target namely, its mTORC2 complex that functions as a PDPK2 and 
phosphorylates the C terminus of AKT at ser473, an obligatory event 
for full activation of AKT. Although the clinical importance of PDPK2 
function in cancer is unknown, a recent study showed that mTORC2 
is required for the development of prostate tumors that are induced by 
PTEN loss [87]. Therefore, a kinase inhibitor of mTOR that can target 
both mTORC1 and mTORC2 would be expected to block activation 
of the PI3K pathway more effectively than Rapamycin. Interestingly, 
however, the enhanced activity of these mTOR kinase inhibitors may 
not be due to mTORC2 inhibition. Instead, the enhanced activity 
seems to be due to more complete inhibition of mTORC1 activity, as 
indicated by measurements of mTORC1 dependent and Rapamycin 
independent 4EBP1 phosphorylation and cap dependent translation 
[88,89]. It should also be noted that several kinases in the PI3K pathway 
are client proteins for the heat shock protein 90 (HSP90) [90,91]. 
Therefore, compounds that inhibit HSP90, such as geldanamycin and 
its analogues, may have therapeutic effects mediated at least in part 
through inhibition of the PI3K pathway. 

Conclusion and Future Prospects
Metabolism is involved directly or indirectly in essentially 

everything a cell does. There is mounting evidence for cross-
talk between signaling pathways and metabolic control in every 
multicellular organism studied. Renewed interest in cancer metabolism 
has generated new hopes that a new class of therapeutic agents may 
finally appear on the stage for cancer therapy. There is still much to 
learn about how proliferating cell metabolism is regulated. Despite a 
long and rich history of research, the complex connection between 
metabolism and proliferation remains an exciting area of investigation. 
Indeed, new metabolic pathways have been discovered as recently 
and it is possible that additional pathways have yet to be described. 
Understanding this important aspect of biology is likely to have a 
major impact on our understanding of cell proliferation control and 
cancer and to develop new therapeutic strategies against cancer.
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