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Abstract 

Proliferation and self-sufficiency are two most important properties of cancer cells. Although 

genetic aberrations are believed to be the reason for cancer development, importance of 

metabolic alterations in cancer development have found the lime light lately.  The most 

challenging aspect in cancer treatment has been their similarity to host cells. The discovery of 

various metabolic alterations that occur in cancers to attain and maintain proliferative state 

has resulted in new information on the metabolic differences between normal and cancer 

cells. One such alteration is the establishment of Warburg effect. This review elaborates on 

various changes that lead to establishment of Warburg effect in cancer cells and their 

consequences. Understanding the metabolic uniqueness of various cancers can aid in 

identification of novel molecular targets leading to more efficient strategies in cancer 

treatment. 
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1. Introduction 

Cancer cells due to their rapid proliferation require a vast amount of energy in a short time 

span. It is well documented that cancer cells generate significantly higher percentage of their 

cellular energy (ATP) by lactic acid fermentation irrespective of the oxygen content unlike 

normal cells that employ mitochondrial oxidative phosphorylation for ATP generation
1
.  

Mitochondrial oxidative phosphorylation is more energy efficient and produces 32 ATP 

molecules per glucose molecule consumed compared to lactic acid fermentation that 

generates only 2 ATP molecules per glucose molecule consumed. Warburg hypothesized that 

the glycolytic phenotype adopted by cancer cells might be due to irreversibly damaged 

mitochondria and cancer cells undergo a dormant or a ‘sleeping’ phase during which they 

develop significantly higher glycolytic ability through selective pressure to compensate the 

loss of mitochondrial function
1
. Cells that fail to adopt and possess low glycolytic ability 

perish. While Warburg considered this glycolytic phenotype to be irreversible, Crabtree 

demonstrated the existence of a reversible switch between glycolytic phenotype and oxidative 

phosphorylation depending on glucose availability in some cancer cells
2
. It has been found 

that even in the presence of completely functional mitochondria, lactic acid fermentation is 

not completely suppressed in normal cells. This reversible switch depending on glucose 

availability is termed as ‘Crabtree effect’. When Warburg reported his observation that 

cancerous cells depend on glycolysis for generation of ATP, the necessity of this adoptation 

in cancer development was poorly understood. Today, although mysteries of cancer are not 

completely solved, we have sufficient knowledge about signalling mechanisms involved and 

the consequences of warburg effect that provide cancers cells proliferative advantage. The 

metabolic changes that facilitate the establishment of Warburg effect and its consequences in 

cancer proliferation and survival are discussed in this review. The implications of such 

changes in cancer therapy have also been discussed. 
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2. Cancer energy metabolism 

Uncontrolled proliferation is the primary property of most cancer cells
3
. Rapid proliferation 

of cells requires high levels of ATP (energy), nucleotides, amino acids, lipids, etc. These 

small molecules required for building complex macromolecular structures like nucleic acids, 

proteins, cell membrane etc., are derived from various intermediates of the cellular energy 

metabolism. Hence, to sustain their high proliferation rate, cancer cells should modify their 

energy metabolism in order to satisfy their biosynthetic requirements. Three important 

changes in glucose metabolism are required to establish aerobic glycolysis. The prime 

requisite is to ensure adequate availability of the substrate (glucose)
4
. Secondly, 

modifications to overcome the tight regulation of glycolytic enzymes are required. Finally, 

for lactic acid production to occur, the conversion of pyruvate to acetyl-coA and its entry into 

mitochondria should be prevented. The following section elaborates the strategies used by 

cancer cells to establish Warburg effect and changes in Tri-carboxylic Acid Cycle (TCA) of 

cancer cells. Figure 1 depicts the various reactions involved in the glycolytic pathway in 

cancer cells. 
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Figure 1: Cancer Glycolysis (Up-regulation and down-regulation are represented by green 

and red arrows respectively): (1) GLUT transporter ↑ (2) Mitochondria bound Hexokinase ↑ 

(3) Phosphofuctokinase-1 ↑ (4) Bisphosphatase-1 (5) Phosphofuctokinase-2/Bisphosphatase-

2 ↑ (6) pyruvate kinase-M2 ↓ (7) Lactate dehydrogenase ↑ (8) Lactate dehydrogenase-C (9) 

Pyruvate dehydrogenase ↓ (10) Pyruvate dehydrogenase phosphatase ↓ (11) Pyruvate 

dehydrogenase Kinase ↑) 
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2.1.Substrate availability 

Hatanaka (1974) proposed that the transport of glucose across the cell membrane is the first 

rate-limiting step for carbohydrate metabolism
4
. Glucose is transported through cell 

membrane in an energy-independent manner facilitated by glucose transporters (GLUT). 

Among various isoforms of GLUT transporters, the high affinity GLUT1 transporters are 

over-expressed in several cancer cells. Studies using Rat1 fibroblasts in vitro have shown that 

hypoxic conditions and oncogenic expression of the GTPase H-ras can together stimulate 

expression of GLUT1 mRNA
5
. H-ras is also capable of independently triggering GLUT1 

mRNA over-expression. H-ras transformed cells were found to express higher levels of the 

hypoxia inducible factor, HIF1-α. Higher promoter activity was detected in HIF responsive 

fragment of GLUT1 promoter in H-ras transformed Rat1 cells than in normal Rat1 cells. 

Mutation in the HIF1 binding site caused reduction in H-ras mediated up-regulation of 

GLUT1 mRNA confirming the association between HIF1 and GLUT1
5
. It has also been 

found that activation of PI3K/Akt pathway up-regulates the expression of GLUT1 

transporters
6
. The protein kinase Akt, which is widely regarded to contribute to Warburg 

effect, was found to regulate the expression and trafficking of the GLUT1 transporters on 

activation through phosphorylation by PI3K
7
. As substrate availability plays a key role in 

proliferation and survival of cancer cells, glucose transporters can serve as interesting target 

in treatment of cancer cells. The localization of glucose transporters is controlled by 

intracellular regulatory mechanisms
8
. Expression of glucose transporters also shows tissue 

specificity thus reflecting the physiological properties of each tissue
9
. There are two 

approaches in targeting glucose transporters. One is to reduce the expression of GLUT 

proteins using anti-sense oligonucleotides against GLUT genes. This method has been proved 

to be successful in breast cancer
10

. Another approach is to use drugs that can interfere with 

glucose transport like D-allose
11

. 
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2.2.Hexokinase (HK) 

Increased HK activity has been detected in cancer cells with more than 50% of this activity 

found in the mitochondrial fraction
12, 13

. Growth rate of cancer cells is directly proportional to 

specific activity of HK associated with the mitochondria
12

. It is also well known that 

proliferation rate of cancer is directly correlated to higher glycolytic capacity
14

. Increase in 

glycolytic ability of cancer cells therefore, is at least partly due to this association. In an 

interesting experiment, addition of glucose to mitochondrial fraction of normal cells did not 

affect mitochondrial respiration whereas addition of glucose to mitochondrial fraction of 

cancer cells resulted in altered mitochondrial respiration suggesting direct coupling of 

glycolysis with mitochondrial ATP generation
13

. 

 

HK exists in two different molecular forms - soluble and particulate. Soluble form of HK is 

less active and sensitive to feedback inhibition by glucose-6-phosphate while the particulate 

form is more active and insensitive to this feedback regulation
15

. The HK bound to 

mitochondrial membrane has been reported to resemble particulate form of HK and is less 

sensitive to inhibition by glucose-6-phosphate
13

. Mitochondrial protein interacting with HK 

has been reported to be voltage-dependent anion channel (VDAC)
16

. The interaction between 

HK with VDAC provides HK a preferential access to the ATP produced from oxidative 

phosphorylation. It has been demonstrated that Hexokinase-2 (HK2), which interacts with 

mitochondria is preferentially expressed in various cancers
14, 17

. HK2 interaction with 

mitochondrial membrane can protect it from proteolytic degradation. Reporter gene studies 

have shown that hypoxic conditions, glucose and insulin show positive effect on HK2 

promoter activation
14

. In addition to promoter activation, it has also been shown that gene 

duplication is also involved in increased expression of HK
14

. Regulation of expression and 

properties of HK has been reviewed in detail elsewhere
18

. 
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Glucose phosphorylation activity and mitochondrial binding ability of HK are both important 

for its protective effect on cancer cells
19

. Akt regulates the interaction between VDAC and 

HK by affecting the phosphorylation state of both VDAC and HK. Upon activation by PI3K, 

phosphorylated Akt (pAkt) is translocated to mitochondria, where it accumulates in the 

matrix, inner and outer membranes
20

. pAkt phosphorylates two mitochondrial proteins 

namely glycogen synthase kinase-3β (GSK3β) and β subunit of ATP synthase. GSK3β 

inhibits HK-VDAC interaction by phosphorylation of VDAC. Phosphorylation of GSK3β by 

pAkt reduces its activity. Thus pAkt facilitates HK-VDAC interaction by negatively 

regulating GSK3β activity. HK-VDAC interaction can be facilitated by phosphorylation of 

HK by pAkt in a more direct manner. Hexokinase contains a consensus sequence for 

phosphorylation by pAkt whose phosphorylation enhances HK-VDAC interaction. Thus, 

activation of PI3K/Akt signalling leads to an increase in the mitochondrial association of 

HK
20

. Investigations are underway to check the efficacy of hexokinase inhibitors like 2-

deoxyglucose and 3-bromopyruvate in overcoming challenges posed by cancers. A much 

more specific approach might be to target HD-VDAC interaction that plays a major role in 

the ability of cancer cells to metabolize glucose at a high rate and suppression of apoptosis.   

 

2.3.Phosphofructokinase (PFK) 

Phosphofructokinase-1 (PFK1) is the most important enzyme in the regulation of glycolytic 

flux as the regulatory machineries involved sense the cellular energy levels. PFK1 catalyses 

the forward reaction (phosphorylation of fructose-6-phosphate to fructose-1, 6-bisphosphate 

using an ATP molecule) of a substrate cycle, whose reverse reaction (formation of fructose-6-

phosphate from fructose-1, 6-bisphosphate) is catalysed by bisphosphatase (BP1)
21

. Both 

enzymes are allosterically regulated by fructose-2,6-bisphosphate, ATP, ADP and AMP. 
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While ATP allosterically activates BP1 and deactivates PFK1, ADP and AMP activate PFK 

and deactivate BP1. Substrate cycles are very sensitive to changes in the concentration of 

allosteric regulators and thus PFK1/BP1 substrate cycle provides a very sensitive means to 

regulate glycolytic flux based cellular energy demands. Fructose-2, 6-bisphosphate is 

considered to be the most effective allosteric activator of PFK1
22, 23

. Fructose-2, 6-

bisphosphate level is controlled by a bi-functional enzyme 6-phosphofructo-2-

kinase/fructose-2, 6-bisphosphatases (PFK-2/FBPase-2) that catalyses both the conversion of 

fructose-6-phosphate to fructose-2, 6-bisphosphate using an ATP molecule as well as the 

hydrolysis of fructose-2, 6-bisphosphate to fructose-6-phosphate. It is evident that as PFK-

2/FBPase-2 utilizes ATP for phosphorylation of fructose-6-phosphate, it may serve to relieve 

the inhibitory effect of ATP on PFK1. PFKFB3 and PFKFB4 isoforms of PFK-2/FBPase-2 

are components of HIF1 induced response to hypoxic conditions
24

. PFKFB3 gene that 

contains oncogene-like regulatory element in its mRNA is over expressed in several 

aggressive cancer types and protein synthesis is induced by hypoxic conditions
25, 26

 Myc 

oncogene up-regulates the expression of PFK1
27

. Liver-type PFK is preferentially expressed 

in many cancer cells. PFK expressed in tumour cells and normal cells show different 

sensitivity towards allosteric regulators
28

. It has been found that PFK from human glioma 

cells are less sensitive to inhibition by citrate but highly sensitive to activation by fructose-2, 

6-bisphosphate
28

. Reaction catalysed by PFK is the most important regulatory point in 

glycolytic flux regulation making it an important target in cancer treatments that exploits 

uniqueness of cancer energy metabolism. Drugs that can influence the levels of the allosteric 

regulators provide an interesting way to target PFK activity. For example, inhibition of ATP 

dependent citrate lyase leads to increase in the citrate levels in cytoplasm due to increased 

accumulation of citrate
29

. Citrate is a well-known inhibitor of PFK hence inhibition of citrate 

lyase leads to inhibition of PKF and leads to reduction in glycolytic rate. Higher activity of 
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PFK-2/FBPase-2 is specific phenomenon found in cancer cells, thus making it a potential 

cancer specific target. 

 

2.4.Pyruvate kinase (PK) 

Cancer cells express embryonic M2 splice isoform of pyruvate kinase (PKM2) and this 

change is necessary for establishment of Warburg effect
30

. When M2 splice isoform is 

replaced with M1 isoform (PKM1), which is widely expressed in adult cells, there is a 

reversal of Warburg effect that is manifested through a reduction in the amount of lactate 

produced by the cancer cells as well as in their tumorigenicity
30

. PK can exist either as highly 

active tetramer or less active dimer
31

. Fructose 1, 6-bisphosphate levels play a key role in 

regulating the equilibrium between tetrameric and dimeric forms. Higher levels of fructose-1, 

6-bisphosphate shifts the equilibrium towards formation of tetrameric form thus leading to an 

increase in the rate of pyruvate production while at lower levels of fructose-1, 6-

bisphosphate, PKM2 exists predominantly in the less active dimeric form leading to 

accumulation of glycolytic intermediates
31

. Thus PKM2 provides an efficient a way to 

maintain a balance between energy generation and accumulation of glycolytic metabolites for 

biosynthesis. The tetrameric form of PKM2 has been reported to interact with various other 

glycolytic enzymes, which leads to ‘proximity effect’ i.e. preferential access to substrate 
32

. 

The equilibrium between tetrameric and dimeric forms of PKM2, which is sensitive to the 

availability of fructose-1, 6-bisphosphate plays an important role in cancer metabolism and is 

reportedly altered by various mechanisms. PKM2 contains a phosphorylated tyrosine peptide-

binding domain that is absent in the M1 splice form
33

. Binding of phosphorylated tyrosine 

peptide to PKM2 leads to the release of fructose-1, 6-bisphosphate resulting in a shift in the 

equilibrium towards the less active dimeric form. The mRNA for PKM1 and PKM2 are 

produced from same pre-mRNA by alternative splicing with the inclusion of exon9 for 
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PKM1 and exon10 for PKM2. Exon10 represents a phosphorylated tyrosine peptide binding 

site and it has been reported that heterogeneous nuclear ribonucleo-protein (hnRNP) proteins, 

poly-pyrimidine tract binding proteins (PTB, also known as hnRNPI), hnRNPA1 and 

hnRNPA2 bind to sequences flanking exon9, resulting in exon10 inclusion leading to the 

expression of M2 splice isoform of pyruvate kinase. Transcription of these three factors is up-

regulated by oncogenic transcription factor c-Myc, which has been reported to be 

dysregulated in various cancers
33

. In another regulatory mechanism, phosphorylation of 

PKM2 at tyrosine-105 by fibroblast growth factor receptor type-1 leads to the inhibition of 

the formation of PKM2 tetramer through disruption of its interaction with fructose-1, 6-

bisphosphate
34

. Phosphorylation of tyrosine-105 is common in several cancers and has been 

reported to be important for cancer growth. Generation of reactive oxygen species (ROS) can 

also affect the activity of PKM2 as it has been found that oxidation of cysteine-358 by ROS 

reduces PKM2 activity
35

. These regulatory mechanisms are exploited to various extents by 

cancer cells to change the levels of glycolytic intermediates in such a way to support 

proliferative state maintained by cancer cells. While PKM2 seems to be an ideal target for 

targeted therapy, inhibition of PKM2 leads to better proliferation in many cancers. This is 

because PKM2 inhibition leads to glycolytic intermediate accumulation, which leads to 

higher flux into biosynthetic pathways. In this case, targeting the allosteric mechanisms, 

which regulate the PKM2 activity, might prove to be beneficial. Thus understanding the role 

of metabolic changes in supporting cancer development is very important in developing 

strategies based on inhibition of cancer metabolism. 

 

2.5.Pyruvate dehydrogenase (PDH) 

Metabolic fate of pyruvate affects many biochemical properties of cells like substrate 

preference, red-ox state, etc. Entry of pyruvate into mitochondria is mediated by PDH-
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complex. Cancer cells prevent the entry of pyruvate into mitochondria and shuttle the flux 

into lactic acid production. Pyruvate dehydrogenase activity is regulated by pyruvate 

dehydrogenase kinase (PDK) that inactivates PDH through phosphorylation and pyruvate 

dehydrogenase phosphatase (PDP) that activates PDH through dephosphorylation
36

. Four 

isoforms of PDK have been identified (PDK1-4) and PDK3 is the most catalytically active 

and less sensitive to inhibition by high pyruvate levels. Hypoxia leads to higher PDK3 

expression thus promoting aerobic glycolysis by suppression of oxidative phosphorylation in 

oxygen deprived conditions. PDK1 is established to be one of the direct targets of hypoxia 

inducible factor (HIF1)
37

. Stabilization of HIF1 by hypoxia increases the expression of 

PDK1. Dysregulated c-Myc and HIF synergistically induce expression of PDK1 in cancer 

cells
38

. Inhibition of PDK activity by dichloroacetate (DCA) leads to increased PDH activity 

and increased oxidative phosphorylation
39

. Although use of DCA as independent 

chemotherapeutic agent is limited combinational administration of DCA with other anti-

cancer agents like omeprazole, tamoxifen and 5-flurouracil has provided promising results
40

. 

 

2.6.Lactate dehydrogenase (LDH) 

The fate of pyruvate depends on the availability of oxygen in normal cells. When 

mitochondrial function is diminished, regeneration of NAD
+
 for glycolytic requirements is 

mediated by conversion of pyruvate to lactate catalysed by LDH. There are several isoforms 

of LDH. Over-expression of LDH5 has been reported in several cancer types
41, 42

.  Hypoxic 

conditions in solid tumours and acidic pH in tumour microenvironment are related to high 

expression of LDH5
42

. LDH is up-regulated by accumulation of HIF1α and HIF2α. Up-

regulation of LDH by HIF is understandable because under hypoxic conditions, the 

regeneration of NAD
+
 for glycolysis is solely dependent on LDH enzymes. LDHA is over-

expressed in certain gliomas and inhibition of LDHA has been found to retard cancer 
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progression
43

. Fork-head box protein (FOXM1) is reported to up-regulate the expression of 

LDHA in pancreatic cancer at the transcription level by directly binding to LDHA gene 

promoter
44

. Krüppel-like factor 4 [KLF4], a tumour suppressor which is dysregulated in 

pancreatic cancers and several other cancers, has been reported to down-regulate the 

expression of LDHA
45

. LDHC, a germ cell specific enzyme has been identified in human 

cancer cells
46

. Lactate is the preferred substrate for LDHC and thus expression of LDHC may 

serve as a metabolic rescue mechanism to generate ATP from lactate.  However, the 

mechanism by which LDHC escapes from transcriptional repression is yet to be understood. 

Reduced LDH activity retards the ability of cancer cells to regenerate NAD
+
 necessary for 

glycolysis thus limiting the ATP generation by glycolysis. Knock-down of LDH leads to 

increase in oxidative phosphorylation, increase in oxidative stress and reduced proliferation 

thus making it a promising therapeutic target in treating cancer. Inhibition of lactate 

formation in cancers leads to reduced lactate accumulation in tumour microenvironment. 

Lactate accumulation has been linked to effects like reverse Warburg effect, vascular 

endothelial lactate shuttle and metabolic symbiosis
47

. Extracellular acidosis caused by 

accumulation of lactate under hypoxic conditions gives rise to physiological barriers thus 

contributing to cancer drug resistance
47

. Targeting LDH may therefore, have multiple 

advantages and can help in increasing the efficacy of other anti-cancer agents. 

 

 

2.7. Isocitrate dehydrogenase (IDH) 

Isocitrate dehydrogenase (IDH) catalyzes the oxidative decarboxylation of isocitrate to α-

ketoglutarate with NADP
+
 or NAD

+
 as electron acceptor. NAD

+
 dependent IDH3 catalyzes 

the irreversible decarboxylation of isocitrate to α-ketoglutarate while NADP
+
 dependent 

IDH1 and IDH2 catalyze the reductive carboxylation of α-ketoglutarate to isocitrate. IDH3 is 

Page 13 of 33 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

a multi-subunit enzyme localized on inner mitochondrial membrane and plays a major role in 

aerobic cellular energetics. IDH1 is localized on cytosol and peroxisomes and IDH2 is 

localized in the inner mitochondrial membrane 
48

. Several functional mutations in the active 

site of IDH1 and IDH2 enzymes have been reported in several cancer types like 

glioblastoma
48, 49

. IDH1-Arg 132 and IDH2-Arg140 mutations have been reported in acute 

myeloid leukemia (AML) 
50, 51

. These mutations lead to change in the function of IDH1 and 

IDH2 where the mutated enzymes convert α-ketoglutarate to 2-hydroxyglutarate (2-HG)
52

. 

Mutations in IDH1 and IDH2 have been linked to HIF-mediated cancer promotion in some 

recent studies 
53

. A possible link between IDH mutation and cancer development may be due 

to depletion of NADPH and α-ketoglutarate. α-ketoglutarate is an essential substrate for 

prolyl hydroxylase (PHD) enzymes that regulate the degradation of HIF1α. Depletion of 

NADPH may also cause oxidative stress leading to other mutations. Normal cells produce 

very low amounts of 2-HG while cancer cells produce abnormal quantities of 2-HG. This 

property of IDH-dependent cancer can be used for diagnostic applications. 2-HG has been 

reported to inhibit a number of enzymes of  2-oxoglutarate-dioxygenase class 
54

. These 

enzymes are involved in a variety of cellular processes including epigenetic modification.  

However, a complete understanding of the role played by 2-HG in cancer development is 

required in order to come up with novel therapeutic strategies targeting IDH. 

 

2.8. Succinate dehydrogenase and fumarate hydratase 

Although mitochondrial dysfunction has been linked to cancer development since the 

discovery of Warburg effect, direct biochemical evidences for the relationship between 

mitochondrial dysfunction and development of cancer have started to accumulate in recent 

years. Succinate dehydrogenase (SDH) and fumarate hydratase (FH) are enzymes that 
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catalyze two successive reactions in TCA cycle (succinate to fumarate and fumarate to malate 

respectively). Dysfunction of these two enzymes has been linked to development of various 

cancers in recent findings
55

. Germline mutations in FH gene has been linked to skin, renal 

and uterus cancers
56-58

.  FH inhibition by 3-nitro propionic acid  causes stabilization and up-

regulation of HIF
59

. Germline inactivating mutations in SDH gene has been linked to 

paraganglioma
60

.  Findings that link SDH and FH dysfunction to cancer development 

provides evidence that metabolites can be oncogenic. HIF has been reported to play a crucial 

role in development and survival of cancers with SDH and FH dysfunction
59

.Loss of SDH or 

FH function leads to accumulation of respective substrates succinate and fumarate. Both 

metabolites are capable of passing through inner mitochondrial membrane and entering 

cytosol where they inhibit the activity of PHD enzymes 
59, 61

. These enzymes are responsible 

for the degradation of HIF-1α under normoxia condition. Succinate is not only a substrate for 

SDH but also the product of reaction catalyzed by PHD enzymes. Fumarate due to its 

structural similarities with succinate also acts as an inhibitor of PHD enzyme. The role of HIF 

in cancer development and survival has been well documented in literature and reviewed 

elsewhere 
62

. Loss of SDH or FH function leads to a pseudo hypoxia even in the presence of 

oxygen thus linking mitochondrial dysfunction to cancer development. Although both SDH 

and FH loss seems to be functionally similar, the overall phenotype of cancers differ. This 

might be because the accumulated succinate and fumarate inhibit different PHD enzymes 

with different specificity.  

 

3. Branching pathways 

Changes in energy metabolism are complimented by changes in branching pathways thus 

leading to higher levels of biosynthesis in cancer cells. In the following section, few 
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examples of complementation between changes in energy metabolism and biosynthesis in 

cancer are discussed. 

 

3.1. Cancer nucleotide metabolism 

Nucleotide synthesis in cancer cells is almost exclusively dependent de novo pathway rather 

than the salvage pathway due to their proliferative nature. Synthesis of nucleotides by de 

novo pathway requires intermediates from glycolysis as precursors. Ribose-5-phosphate 

(R5P) is obtained from pentose-phosphate pathway (PPP), which utilizes glycolytic 

intermediates for synthesis of R5P.  The reversible nature of non-oxidative pentose-phosphate 

pathway renders it highly sensitive to changes in the levels of glycolytic intermediates. Many 

cancer cells possess the pyruvate kinase M2 splice isoform leading to accumulation of 

glycolytic intermediates. Therefore, they utilize the non-oxidative branch extensively for R5P 

synthesis. Under hypoxic conditions PFK activity is reduced by modification with O-linked 

β-N-acetyl glucosamine in a serine residue
63

. This modification is a fail-safe used by cancer 

cells to generate NADPH through PPP. Cancers depend on PPP for higher nucleotide 

synthesis and NADPH generation of reductive biosynthesis. Thus strategies to decrease the 

flux through PPP can be used in combination with nucleotide analogues that are used in 

conventional chemotherapy to overcome resistance. Figure 2 depicts a schematic 

representation of various pathways involved in cancer nucleotide metabolism. 
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Figure 2: Cancer nucleotide metabolism (Red arrows represent down regulated reactions 1) 

Glucose transporter 2) Hexokinase 3) Oxidative phase of pentose phosphate pathway 4) Non 

oxidative  phase of pentose phosphate pathway 5) Nucleotide biosynthesis 6) Serine 

biosynthesis 7) Exogenous serine 8) Folate pathway) 
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3.2. One carbon metabolism 

One carbon metabolism centred on folate has an important role in utilizing de novo or 

exogenous input of amino acids, glucose and vitamins to generate a wide range of output 

such as lipids, nucleotides, redox status maintenance apart from substrates for methylation 

reactions. The folate cycle and the methionine cycle together contribute to the one carbon-

metabolism and extensive crosstalk exists between these cycles. Carbon units for one-carbon 

metabolism are provided serine derived from a branch of glycolysis and serine imported by 

facilitated transport. 

 

Cancer cells use approximately 10% of the glycolytic intermediate 3-phosphoglycerateto 

produce serine precursors
64

. Accumulation of glycolytic intermediates leads to increased 

serine production. They use phosphoglycerate-dehydrogenase (PHGDH) to oxidize 3-

phosphoglycerate into 3-phosphohydroxypyruvate. This is followed by a transamination 

reaction mediated by phosphoserine-aminotransferase (PSAT1) and phosphate ester 

hydrolysis (PSPH) reactions to yield serine. Serine is converted to glycine by transfer of its 

side chain to folate, catalysed by hydroxymethyl-transferase (SHMT). PHGDH is normally 

found to be up-regulated in several cancers like melanoma and triple-negative breast cancer
65, 

66
. PHGDH suppression results in inhibition of cell proliferation, even in the presence of 

exogenous serine, suggesting that PHGDH, besides controlling intracellular serine levels 

participates in other metabolic processes
66

. Recent studies show that cancer cells selectively 

consume exogenous serine in the absence of which, exogenous glycine uptake was not able to 

support nucleotide synthesis
67

. Higher concentrations of glycine were found to exert a 

negative effect on cell proliferation due to the conversion of glycine to serine, diminishing 

the one-carbon pool
67

. It has also been found that a glycine cleavage system, which produces 

CO2, NH3 and a carbon unit used for the methylation of THF through a glycine 
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dehydrogenase-mediated cleavage of glycine, becomes active in certain cells, thus charging 

the folate cycle
68

. Aldol cleavage reaction of threonine catalysed by threonine dehydrogenase 

(TDH) and glycine C-acetyl-transferase (GCAT) to form glycine 
69

. Threonine thus enters the 

folate cycle via glycine cleavage. Abundant intracellular serine allosterically activates PKM2, 

which helps to utilize glucose through aerobic glycolysis. Serine deprivation reduces PKM2 

activity by diverting carbon units from the pyruvate to serine biosynthetic pathways
70, 71

In 

addition, the members of the p53 family namely, p53, p63 and p73 have been shown to 

activate the expression of glutaminase-2 (GLS-2), which in turn promotes glutaminolysis, 

thereby interfering with serine biosynthesis
72-76

. During serine starvation, p53–p21 axis is 

activated leading to cell cycle arrest, promoting cell survival by efficient channelling of 

depleted serine stores to glutathione synthesis
77

. Recent studies show that TAp73, a member 

of p53 family activates serine biosynthesis and increases intracellular levels of serine, 

glycine, and GSH
78

. Managing serine levels in cells can therefore be an attractive anti-cancer 

strategy. 

 

Methylation of dUMP (deoxyuridine monophosphate) by thymidylate synthase to produce 

dTMP (deoxythymidine monophosphate) requires methylated-tetrahydrofolate (mTHF) as a 

methyl donor. Purine biosynthesis also requires a folate pool. Methionine adenylation 

produces S-adenosyl methionine a methyl donor for methylation of histone, DNA and RNA, 

lysine, arginine, and polyamine synthesis. Current drugs that target folate pathway are mostly 

thymidylate synthase inhibitors. Not much research in the direction of exploiting the role of 

glycine and serine in one carbon metabolism has been carried out. 

. 
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3.3. Glutaminolysis 

Glutamine contributes to energy metabolism through the citric acid (TCA) cycle and also 

provides nitrogen and carbon skeletons for cancer cells that are actively proliferating. The 

extent to which the cancer cells utilize glucose and glutamine depends on its genotype. It is 

now established that transformation of pyruvate to acetyl-CoA catalysed by pyruvate 

dehydrogenase and its subsequent entry into mitochondria is down-regulated in many 

cancers. But, cancer cells use a truncated TCA cycle fuelled by glutamine to generate 

biosynthetic precursors. α-ketoglutarate produced in mitochondrial glutamine metabolism is 

used to produce citrate, which is then transported to cytosol where it is converted to acetyl 

CoA by ATP-citrate lyase thus providing acetyl CoA for de novo fatty acid synthesis
79

.  

 

Glutamine can be synthesized from glutamate and ammonia by glutamine synthetase.  Cancer 

cells with elevated glutamine synthetase therefore, do not require exogenous glutamine. Cell 

internalization of L-glutamine and its quick efflux in the presence of essential amino acids 

(EAA) occurs via the bidirectional transporter SLC7A5/SLC3A2
80

. Transport of glutamine 

across cell membrane is recognized as the rate-limiting step in glutamine metabolism and 

found to regulate mTOR activation. SLC1A5 regulates glutamine uptake, loss of which has 

been found to inhibit cell growth and activate autophagy
80

. Cells when cultured for more than 

two days in glutamine-containing medium exhibited increase in autophagy, which was 

neither due to nutrient depletion nor inhibition of mTOR. Conditioned medium obtained from 

these cells was found to contain a volatile factor, triggering autophagy in secondary cultures. 

This factor was identified to be ammonia derived from glutamine by glutaminolysis, which 

also protected cells from tumour necrosis factor alpha induced cell death
81

. Interestingly, 

ammonia has been shown to be sufficient for long-term survival and proliferation of human 

Hepatoma Cell (Hep3B) in the absence of glutamine
82

. It was also shown that glutamine 
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independent derivative of Hep3B exhibits high levels of glutamine synthetase. These 

evidences suggest that glutamate supplies the nitrogen rather than the carbon skeleton for cell 

proliferation. However, similar experiments on other cells lines demonstrated glutamine 

dependency suggesting that the mode of glutamine or utilization of glucose is influenced by 

the metabolic state of the cancer cells
82

.  

 

Myc oncogene is a well-known inducer of both aerobic glycolysis and glutaminolysis. It was 

observed that more potent triggering of cell death is induced by glutamine withdrawal rather 

than glucose withdrawal in Myc-transformed cells
83

. Myc directly regulates genes involved in 

glutamine metabolism and induces expression of mitochondrial glutaminase, an enzyme that 

converts glutamine to glutamate
84, 85

. Early stage mammalian embryos are shown to utilize 

aerobic glycolysis and glutaminolysis
86

. This suggests that highly undifferentiated cancer 

cells can revert to aerobic glycolysis and glutaminolysis. The role of glutamine varies 

depending upon genetic and epigenetic composition of various cancer cells. In some cases of 

cancer and mammalian cell types, isotopic studies demonstrate a role for glutamine in 

providing anaplerotic carbons
87, 88

. Reducing the activity of glutaminase using bis-2-(5-

phenylacetamido-1,2,4-thiadiazol-2-yl) ethyl sulphide has been shown to cause an increased 

accumulation of glycolytic intermediates for survival in IDH1-mutated glioblastoma cells
89

. 

Thus simultaneous inhibition of glutaminolysis and glycolysis might prove to be an efficient 

strategy against cancers with IDH1 mutation. Figure 3 shows a cartoon on the steps involved 

in the glutaminolysis pathway. 
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Figure 3: Glutaminolysis and fatty acid synthesis (Up-regulation and down-regulation are 

represented by green and red arrows respectively1) Glucose transport ↑2) Glycolysis ↑3) 

Pyruvate dehydrogenase ↓ 4) Citrate synthase 4i) Isocitrate dehydrogenase ↓5) 

SLC7A5/SLC3A2-Glutamine tra`nsporter↑ 6) Glutaminase ↑7) Glutamate dehydrogenase 8) 

ATP-citrate lyase ↑ 9) Fatty acid synthesis by FASN ↑) 
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4. Significance of metabolic changes 

In a multi-cellular organism, the freedom of each cell to replicate independently is 

compromised and they grow in a controlled and co-ordinate manner regulated by signalling 

mechanisms. The metabolic requirements of proliferative and quiescent cells are distinctly 

different. Cellular energy metabolism is a key process not only because it provides energy 

required to maintain the integrity of the cells but also provides precursors for the biosynthesis 

of building blocks required for producing macromolecular structures(nucleic acids, proteins, 

etc.,). It is well known fact that cancer cells become self-sufficient with respect to signals 

required for growth i.e. they are transformed into an independent entity whose growth is not 

controlled by signalling mechanisms as observed in normal cells
3
. Once cells overcome the 

barriers of regulated growth, Darwinian selection emerges as a key player in their 

transformation into cancerous cells. A proliferating cell needs to meet various requirements 

to double its cell mass. Transformed cells that do not satisfy these requirements perish, and 

cells best suited for rapid proliferation are selected. This natural selection may occur during 

the dormant stage of the cancer cells suggested by Warburg during which cells with higher 

glycolytic capacity are selected. But the reason for selection of the energy inefficient lactic 

acid fermentation over oxidative phosphorylation leaves one baffled. The answers to this 

intriguing choice may lie with the cellular metabolic requirements– few facets of which are 

discussed in the following sections. 

 

4.1. Finding the balance between energy generation and biosynthesis 

An important requirement for a cancer cell to retain its proliferative state is to maintain a 

balance between the energy generation and biosynthesis. In quiescent cells from which 

cancer cells arise there is a huge imbalance between these two processes. For example, the 

net reaction of fatty acid (palmitate) production by reductive biosynthesis is as follows: 

Page 23 of 33 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

 

 

One glucose molecule can yield 32 ATP molecules or 2 NADPH. It can be inferred that one 

glucose molecule can generate enough ATP to produce about five palmitate molecules while 

seven glucose molecules are required to generate sufficient NADPH for producing a single 

palmitate molecule. Thus, there is nearly a 35-fold imbalance between the generation of ATP 

and NADPH required for fatty acid synthesis. Decreasing the flux into TCA cycle and 

increasing the flux into pentose phosphate pathway may overcome this imbalance. This 

seems to be in operation in many cancer cells. In cancer cells, glucose carbon is shuttled into 

various biosynthetic pathways unlike the normal cells where most of the glucose carbon 

enters the TCA cycle to be eliminated as CO2. Also cancer cells use a truncated TCA cycle 

fuelled by glutamine to produce citrate that is exported to the cytosol where it forms 

oxaloacetate and acetyl-CoA in a reaction catalysed by ATP-dependent citrate lyase. This 

acetyl-CoA is further utilized for fatty acid synthesis by cancer cells. 

 

4.2. Early selection of cells with higher biosynthetic ability 

During the early stages of cancer development, it has been reported that several signalling 

pathways, which regulate cell cycle are dysregulated thereby forcing the cell to remain in a 

proliferative state
90

. Such proliferation without sufficient nucleotide pool leads to 

chromosomal instability caused due to stress on DNA replication. In cervical cancers caused 

by human papilloma virus (HPV) Rb-E2F pathway is dysregulated. Aberrant activation of 

Rb-E2F leads to DNA double strand breaks, which in turn leads to senescence and apoptosis. 

This is due to imbalance between the cell cycle and nucleotide biosynthesis. It has been 
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shown that this problem of genomic instability can be overcome by exogenous supply of 

nucleotides but this reduced the oncogene-induced transformation
90

. Lack of selective 

demand for higher rate of nucleotide biosynthesis might be the reason for the drastic 

reduction in the oncogene-induced transformation. It has also been shown that up-regulation 

of nucleotide biosynthesis by over-expression of c-Myc also helps to rescue the cells from 

chromosomal instability
90

. Though the importance of various cellular mechanisms that are 

altered during the cancer development is not understood completely, it is evident that certain 

change such as establishment of glycolytic phenotype, which helps to increase nucleotide 

biosynthesis, are essential. 

 

4.3.Using lipid synthesis to maintain pH and redox state of cells 

Embryonic cells rely on de novo fatty acid synthesis while it is suppressed in adult cells due 

to the surplus availability of nutritional fatty acids
91

. Interestingly, cancer cells also tend to 

rely on de novo fatty acid synthesis. While higher fatty acid requirement in the cancerous 

cells is understandable, it is puzzling to note that this need is not satisfied by the nutritional 

fatty acids present in the blood stream. As molecular mechanisms that establish the glycolytic 

phenotype and their involvement in fatty acid synthesis are now understood to a reasonable 

extent, it is likely that de novo fatty acid synthesis may have some interesting roles to play in 

cancer metabolism. Increased glucose uptake leads to increased lactate production resulting 

in a rise in the intracellular pH. Lipid metabolism can be used as a carbon sink to avoid 

excess lactate production thus helping to maintain intracellular pH. In another perspective, 

NADP
+
 produced during fatty acid synthesis can be used to maintain the redox state of cells. 

Some hypoxia tolerant organisms use NADP
+
 as electron acceptor in the absence of oxygen 

and cancer cells may adopt the same strategy under hypoxic conditions
92

. It has been 

proposed that under hypoxic conditions, NADP
+
 can contribute to availability of cytosolic 
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NAD
+ 93

. The enzyme IDH1 uses the NADP
+ 

in generation of α-ketoglutarate, which is then 

transported into the mitochondria where the reverse reaction is catalysed by IDH-2 with 

generation of NADP
+
. This NADP

+
 is used as electron acceptor in the absence of oxygen to 

maintain the NADH/NAD
+
 ratio by nucleotide trans-hydrogenase

93
. This NAD

+
 can be made 

available for glycolysis. 

 

4.4.Mitochondrial binding of hexokinase and evasion from apoptosis 

More than half of the HK expressed in cancer cells is associated with mitochondria thereby 

directly coupling glycolysis to oxidative phosphorylation. This helps HK to become 

insensitive to feedback inhibition by G6P and provides a preferential access for one of its 

substrates ATP (generated by oxidative phosphorylation). It has been reported that HK 

binding to VDAC protects cancer cell against apoptosis mediated by interaction of apoptotic 

proteins with VDAC
94, 95

. Outer mitochondrial membrane permeability, which is controlled 

by VDAC, plays a crucial role in apoptosis. VDAC has been reported to be important in 

release of cytochrome-c from mitochondria during apoptosis
96

. It has also been reported that 

it interacts with pro- and anti-apoptotic proteins of Bcl-2 family
97

. HK2 binding to 

mitochondria inhibits Bax-induced cytochrome-c release
95

. The mechanism by which binding 

of HK to VDAC promotes cell survival is not completely understood but a plausible 

explanation might be that the binding of HK to VDAC may inhibit its interactions with 

apoptotic signals thereby preventing the release of the pro-apoptotic cytochrome-c. 

 

5. Advantage of targeting cancer metabolism 

Sufficient body of literature exists to suggest that metabolic changes conferring multiple 

advantages to the cancer cells are selected during cancer progression. Although the origin of 
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cancer is different in various forms of cancer, changes in energy metabolism are similar in 

most cancers and these alterations play a central role in making cancer cells self-sufficient. 

Targeting energy metabolism as a strategy to treat cancer can be advantageous, in that it not 

only affects the cellular energy status but also affect biosynthetic ability of cells to support 

the proliferation of cancer cells. Proliferative property of cancer cells is exploited by most of 

the current cancer treatment strategies. They target DNA replication and aim to induce DNA 

damage but these strategies are limited due to development of drug resistance. One of the 

major causes for the onset of drug resistance in cancer cells is due to the selection of cells 

with higher biosynthetic capability from a heterogeneous population of cancer cells. On the 

other hand, targeting energy metabolism, specifically glycolysis, leads to selection of cells, 

which proliferate at a slower rate and have a functional OXPHOS pathway. Complementing 

drugs that target the proliferative property with glycolytic inhibitors have been proved to be 

very efficient. One best example of this concept is the use of the HK inhibitor, 2-deoxy 

glucose (2-DG), to increase the efficacy of the chemotherapeutic agent, 5-flurouracil (5-

FU)
98

. 2DG is a glucose analogue, which gets phosphorylated by HK but does not participate 

in subsequent reactions of glycolysis thus leading to ATP depletion. One of the mechanisms 

by which 2-DG potentiates the activity of 5-FU is that ATP depletion leads to activation of 

AMPK pathway and lowers the levels of phosphorylated Akt which in turn leads to leads to 

lower biosynthetic ability of treated cells. 

 

Another perspective where cancers are viewed as metabolic steady states established by 

genetic changes provides some interesting strategies in treating cancers. One such strategy 

based on planned diet is to replace glucose and glutamine, which are favoured nutrients for 

cancer cells, with alternatives like ketone bodies. Ketone bodies are generally produced in 

livers from lipids during the time of carbohydrate limitation to be used as energy source by 
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the body. Cells convert these compounds into Acetyl CoA, which is fed through TCA cycle 

for generation of energy
99

. As cancer cells depend heavily on glycolysis for generation of 

ATP, it has been reported that ketone body-rich diets lead to reduced glycolytic flux and 

reduced cancer cell proliferation
100, 101

. 

 

6. Conclusion 

The energy requirements of quiescent and proliferating cells are quite different. While TCA 

cycle and oxidative phosphorylation are used by non-proliferative cells for harvesting energy 

from glucose efficiently, proliferating cells resort to anaerobic glycolysis for various purposes 

like maintaining high rates of nucleotides synthesis, escaping apoptosis etc., and use TCA 

cycle for generation of biosynthetic precursors by fuelling TCA anaplerotically. The 

establishment and maintenance of proliferative metabolism requires number genetic changes. 

These changes need to be sequential because an imbalance between biosynthesis and cell 

division can be seriously damaging to proliferating cells. Although the sequential order in 

which these changes should be established is relatively unknown, there seems to be a 

convergent evolution when it comes to changes in cancer energy metabolism. This is because 

the metabolic requirements of all proliferation cells are similar. This may be the reason why 

embryonic cells have metabolic state similar to that of cancer cells. Cancers are not caused 

just by mutations but they evolve under a selective pressure to maintain higher rate of 

proliferation and to survive harsh environments. Treating cancer requires understanding of 

cancer as an altered metabolic phenotype. Identification of novel targets in the cancer 

metabolic pathways represents an emerging paradigm in the field of cancer therapeutics.   
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