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7.1 The Pentose Phosphate Pathway in Cell Metabolism

The pentose phosphate pathway (PPP) was first described in 1926 and constitutes an

essential metabolic pathway involved in the synthesis of nucleic acid precursors

and in the generation of reducing power, both indispensable to the maintenance of

cell integrity. It is classically divided into two parts, known as the oxidative

(ox-PPP) and the nonoxidative (nonox-PPP) branches (see Fig. 7.1). The ox-PPP

catalyses the irreversible transformation of glucose-6-phosphate into ribulose-5-

phosphate with the subsequent production of important amounts of NADPH and

CO2. The nonox-PPP branch is a reversible pathway that interconverts pentose

phosphate and other sugar phosphate, contributing to the synthesis of ribose-5-

phosphate as well as to the redirection of the excess of pentose phosphate towards

glycolysis. It has been estimated that the percentage of glucose metabolized

through PPP ranges from 5 to 30 % depending on the tissue, with higher percent-

ages in lipid-synthesizing tissues (such as the liver, white adipose tissue, lactating

mammary glands, adrenal glands, and gonads) and in red blood cells (Luzzatto and

Notaro 2001; Riganti et al. 2012). Throughout the next pages, a detailed view of the

PPP and the function that this pathway plays in cancer will be provided, with

particular emphasis in the role of the main enzymes of PPP in cancer cell biology.

7.1.1 The Oxidative Branch of the Pentose Phosphate
Pathway

The oxidative branch of the pentose phosphate pathway is a major source of

metabolic precursors for biosynthetic processes (i.e. for nucleic acid synthesis)

and reducing power (i.e. for lipid synthesis, maintenance of reduced pool of

glutathione, etc). It operates as an irreversible pathway which produces ribulose-

5-phosphate, NADPH, and CO2 by consuming glucose-6-phosphate and NADP+.

This pathway consists of three metabolic reactions which are considered to operate

as depicted in Fig. 7.1.

The first enzyme of the ox-PPP is glucose-6-phosphate dehydrogenase

(G6PD; EC 1.1.1.49). It catalyses the oxidation of glucose-6-phosphate to 6-

phosphoglucono-δ-lactone, a cyclic and unstable lactone ester of phosphogluconic

acid. This irreversible reaction produces NADPH from NADP+ and is highly

regulated, among others, by NADPH and palmitoyl-CoA both negatively modulat-

ing G6PD enzymatic activity (Fig. 7.2). G6PD can be active in human cells as a

dimer or tetramer (formed by the association of two dimers), each inactive mono-

mer being composed of 515 amino acids (Au et al. 2000; Riganti et al. 2012). The

amount of NADP+ is critical for the activity of this enzyme, since it is necessary for

stabilizing the dimer (Au et al. 2000). On the contrary, NADPH lacks stabilizing

effects (Kotaka et al. 2005) and its binding to G6PD instead of NADP+ leads to a

reduction of G6PD activity. Therefore, G6PD activity is directly modulated by the
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NADP+/NADPH ratio. Here, it is worth noting that G6PD usually works at 1–2 %

of its maximal potential in healthy subjects, because of the high concentration of

NADPH in resting conditions. Upon NADPH oxidation, NADP+/NADPH ratio

increases and G6PD shifts to the most active state, increasing ox-PPP flux (Eggle-

ston and Krebs 1974). Consistent with the role of G6PD in the synthesis of NADPH

for lipogenesis, a negative regulation of this enzyme by the lipid intermediate
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7 Role of the Pentose Phosphate Pathway in Tumour Metabolism 145



palmitoyl-CoA has also been described (Asensio et al. 2007; Kawaguchi and Bloch

1974; Taketa and Pogell 1966). Accordingly, G6PD deficiency, which is the most

common enzyme deficiency in the world (Cappellini and Fiorelli 2008; Luzzatto

and Notaro 2001), yields a diminution of NADPH and a subsequent decrease in

cholesterol synthesis (Rawat et al. 2012) and protection under oxidative stress

(Rajasekaran et al. 2007) due to a lower production of reduced glutathione from

NADPH. Besides regulation by direct binding of cofactors, G6PD is also modulated

by signalling pathways. Thus, G6PD activity is upregulated by the action of EGF

and PDGF (Tian et al. 1994; Stanton et al. 1991), whereas G6PD mRNA levels are

increased through the action of insulin via PI3K activation (Talukdar et al. 2005;

Wagle et al. 1998).

The second enzyme of the ox-PPP is 6-phosphogluconolactonase (6PGL; EC

3.1.1.31), which accelerates the spontaneous ring-opening hydrolysis of

6-phosphoglucono-δ-lactone to produce 6-phosphogluconate.

Finally, 6-phosphogluconate dehydrogenase (6PGD; EC 1.1.1.44) catalyses the

oxidative decarboxylation of 6-phosphogluconate and yields ribulose-5-phosphate,

CO2, and NADPH. The resulting ribulose-5-phosphate can be then converted into

Fig. 7.2 Main regulatory mechanisms of G6PD. G6PD is positively and negatively modulated

by different mechanisms. The figure shows simply the main positive and negative regulators of

G6PD as well as the transitions between the monomeric-dimeric-tetrameric states of the enzyme.

Dotted lines indicate indirect effects on the enzyme by the involvement of additional effectors.

G6P glucose-6-phosphate, 6PG 6-phosphogluconate, R5P ribose-5-phosphate, F6P fructose-

6-phosphate, G3P glyceraldehyde-3-phosphate, DHEA dehydroepiandrosterone, EGF epidermal

growth factor, PDGF platelet-derived growth factor
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ribose-5-phosphate by a reversible reaction of the nonox-PPP (see next section) and

used for the synthesis of nucleotides.

7.1.2 The Nonoxidative Branch of the Pentose Phosphate
Pathway

The nonoxidative branch of the pentose phosphate pathway is a reversible pathway

that interconverts different carbon length sugar phosphate by two- and three-carbon

unit exchange. This pathway includes four reversible enzymatic reactions.

Ribose-5-phosphate isomerase (RPI, EC 5.3.1.6.) interconverts ribulose-

5-phosphate and ribose-5-phosphate via production of an enediol intermediate.

Ribose-5-phosphate produced in this reaction is used in the biosynthesis of coenzymes

(including NADH, NADPH, FAD, and B12) and nucleic acids (DNA and RNA).

Ribulose-5-phosphate-3-epimerase (RPE, EC 5.1.3.1.) interconverts ribulose-5-

phosphate to another ketose, xylulose-5-phosphate. This reaction, as the previously

described one, proceeds also by an enediol intermediate.

Transketolase (TKT; EC 2.2.1.1.) is a thiamine pyrophosphate-dependent

enzyme that acts in two steps of the nonox-PPP transferring in both steps

two-carbon units from one sugar phosphate (donor) to another (acceptor). Its

mechanism of action involves the binding of a ketose phosphate substrate

(xylulose-5-phosphate), expulsion of the glyceraldehyde-3-phosphate product,

and transfer of the two-carbon unit to an aldose phosphate (ribose-5-phosphate),

yielding a molecule of sedoheptulose-7-phosphate. Transketolase can process a

variety of 2-keto sugar phosphates in a similar manner.

Transaldolase (TA, EC 2.2.1.2) reaction is similar to the glycolytic aldolase

reaction of glycolysis and catalyses the transference of three-carbon units. Its

mechanism of action involves the binding of a ketose phosphate substrate

(sedoheptulose-7-phosphate), expulsion of the erythrose-4-phosphate product, and

transfer of the three-carbon unit to an aldose phosphate (glyceraldehyde-3-phosphate)

to yield the product fructose-6-phosphate.

Despite the PPP was described almost a century ago, the precise reaction scheme

of the nonox-PPP remains controversial and incompletely understood. 14C-isotope

labelling experiments demonstrated that the degree of 14C-isotope incorporation in

carbon atoms of fructose-6-phosphate and its distribution differs from what is

predicted by the proposed scheme of individual reactions (Horecker et al. 1954).

Indeed, Horecker, who originally discovered the reactions of the nonox-PPP, wrote:

“From the results with labelled pentose phosphate, it is apparent that the

transketolase-transaldolase sequence of reactions is by itself insufficient to account

for the hexose monophosphate formation, since the distribution of isotope in the

product differs from that predicted by these reactions”. The discrepancies between

the widely accepted reaction scheme of the PPP and the observed experimental

results suggest that this pathway has not been properly characterized yet.
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Transketolase enzyme reaction is the rate-limiting step of the nonox-PPP

(Comin-Anduix et al. 2001; Sabate et al. 1995). The characterization of the reaction

modus and substrate specificity of TKT is of utmost interest to resolve the discre-

pancy between experimental results and PPP reaction schemes presented in text-

books. One possible explanation might lie on the existence of additional nonox-PPP

enzymes not yet considered in the reaction schemes, such as TKT isoforms, which

may carry out non-standard transketolase reactions. Throughout evolution of higher

vertebrates, genome duplication led to duplication of the TKT gene giving rise to

the transketolase-like 1 (TKTL1) precursor gene. This duplication was followed by

an integration of the TKTL1 precursor mRNA into the genome leading to the

intronless transketolase-like 2 gene (TKTL2). After this, the TKTL1 precursor

gene mutated creating the recent TKTL1 gene (Coy et al. 2005). In comparison to

known transketolase proteins, the TKTL1 gene encodes for TKTL1 protein isoform

harbouring a 38-amino acid deletion due to deletion of original TKT gene exon

3. This deletion results in the generation of a transketolase protein similar to His103

yeast mutant, which has been reported to be capable of catalysing one-substrate

reaction as well as to display a reduced affinity to thiamine (Selivanov et al. 2004).

This reaction transforms a five-carbon molecule into three- and two-carbon mole-

cules (Coy et al. 2005). Therefore, it is speculated on the possibility that TKTL1

enzyme catalyses also this reaction, although this hypothesis requires further

research. Thus, the existence of different TKT isoforms provides a greater com-

plexity in the operating modus of the nonox-PPP.

Several studies examined the effect of TKTL1 protein suppression on the total

transketolase enzyme activity of different cell lines and tissues (Hu et al. 2007;

Zhang et al. 2007; Yuan et al. 2010; Xu et al. 2009). In these studies, expression of

human TKTL1 protein was inhibited by RNA interference in different cell models

and a significant inhibition of transketolase reaction and/or associated glucose

metabolism was found. Therefore, these findings demonstrate that TKTL1 is an

active enzyme that clearly contributes to total transketolase activity in mammalian

cells. Moreover, several in vivo studies using RNA inhibitory experiments and

TKTL1 knockout mice clearly demonstrated at the highest level of evidence that

TKTL1 has an important function in colon mucosal repair (Bentz et al. 2011). Thus,

knockout of TKTL1 in mice led to suppression of mucosal repair and aggravates

murine experimental colitis (Bentz et al. 2011). Also, it has been reported that

TKTL1 plays an important and protective role against ROS allowing the mainte-

nance of redox homeostasis in vitro (Xu et al. 2009; Wanka et al. 2012) and in vivo

(Bentz et al. 2011). Recently, it has been demonstrated that downregulation of the

Werner syndrome protein (WRN) induced an increase in oxidative stress accom-

panied by the downregulation of TKTL1, as well as of G6PD, and isocitrate

dehydrogenase 1 (IDH1), further supporting the role of TKTL1 in redox homeo-

stasis (Baomin et al. 2014; Li et al. 2009). This data is also in line with the strong

expression of TKTL1 in germ cells (Rolland et al. 2013), the protective role of

TKTL1 in the brain (Wanka et al. 2012; Coy et al. 2005), and the evolution of

cognitive functions during transition from Neanderthals to Homo sapiens (Green
et al. 2010; Prüfer et al. 2014; Pääbo 2014).
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Depending on the cellular needs, the PPP can operate in different modus, and its

two branches (ox-PPP and nonox-PPP) can be partially decoupled. When both

ribose-5-phosphate and NADPH are needed, the main flux of carbons is driven

through the ox-PPP. However, when the need of ribose-5-phosphate is greater than

the need of NADPH, the carbon flux can be driven in a greater extent through the

nonox-PPP. On the contrary, when there is a high demand of NADPH but not that of

ribose-5-phosphate, the excess of this metabolite is directed towards glycolysis

through the nonox-PPP. In the same line, when both NADPH and ATP are needed,

but ribose-5-phosphate is not, glycolytic carbons are shunted into the ox-PPP and

subsequently into the nonox-PPP and glycolysis.

7.2 The Role of the Pentose Phosphate Pathway in Cancer

Metabolism

The widely recognized as the main characteristic of tumour cells is its accelerated

and uncontrolled proliferation. Accordingly, the requirements of nutrients are

particularly high in proliferating and tumour cells, since they need not only to

preserve their integrity and perform their physiological functions but also to

generate a new daughter cell. Then, as cancer is a tissue-proliferation disorder, it

is expected that cancer cells rewire metabolism at the service of proliferation to

provide themselves with energy and precursors of macromolecules (Ward and

Thompson 2012; Schulze and Harris 2012). Furthermore, development of malig-

nancy involves a metabolic reprogramming closely related to the acquisition of the

well-known cancer hallmarks, extending thus the role of metabolism beyond

growth and proliferation (Kroemer and Pouyssegur 2008; Hanahan and Weinberg

2011).

The metabolic feature associated to cell malignant transformation that has been

known for the longest time is the enhanced aerobic glycolysis, consisting in an

increased metabolism of glucose to lactate even in the presence of oxygen. This

phenomenon is commonly referred to as the “Warburg effect” due to Otto Warburg,

who first described it in the 1920s (Warburg et al. 1924, 1927). Although this

adaptation accounts for one of the essential metabolic requirements of cancer cells,

the high production of energy, two additional metabolic requirements must be

fullfilled by cancer cells to survive and proliferate: biosynthesis of macromolecules

and maintenance of redox homeostasis (Cantor and Sabatini 2012), two metabolic

processes in which PPP importantly participates in. In brief, cell division requires

high amounts of nucleic acids for DNA replication and significant synthesis

of lipids for membrane duplication. The former are produced from the pentose

phosphate generated through the PPP, and the latter are synthesized from acetyl-

CoA and NADPH partly produced by the ox-PPP. Thus, the PPP promotes nucleo-

tide and lipids synthesis but also allows carbon recirculation through nonox-PPP to

glycolysis in order to preserve the formation of other molecules with a significant
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role in tumour physiology such as ATP, amino acids, or lactate. Moreover, the

capacity of ox-PPP of producing NADPH allows the maintenance of the redox

balance, which is widely accepted to be altered in cancer cells and requires

additional mechanisms to be maintained (Trachootham et al. 2009; Sosa

et al. 2013).

7.2.1 Oxidative Branch of the Pentose Phosphate Pathway
in Cancer

As described earlier, the ox-PPP is an irreversible metabolic pathway driven by

GPGD, 6PGL, and 6PGD. Given that this pathway is involved in two cellular

essential processes related to anabolism and redox homeostasis (synthesis of ribose

and NADPH), the role of the ox-PPP and its constituent enzymes in tumour biology

has been mainly studied in the context of cell proliferation, transformation, and

maintenance of redox state of cancer cells.

7.2.1.1 Glucose-6-Phosphate Dehydrogenase

G6PD usually works at a low basal rate in non-transformed cells (Riganti

et al. 2012). Nevertheless, it can exert a strong proliferative role when it becomes

deregulated. The key role of G6PD in tumorigenesis is supported by the fact that

G6PD gene overexpression transforms NIH3T3 cells and induces tumours in nude

mice (Kuo et al. 2000). In accordance, it has also been described that cells

overexpressing G6PD proliferate more than wild-type cells, suggesting that

G6PD levels correlates with cell proliferation rate (Tian et al. 1999; Leopold

et al. 2003).

As described earlier, the ox-PPP branch is one of the main metabolic pathways

involved in the production of NADPH, which is essential to the maintenance of the

reduced antioxidant pool, such as reduced glutathione. In this sense, the essential

role of the enzyme G6PD in protection against oxidative stress is sturdily

documented (Gao et al. 2009; Ho et al. 2007; Cheng et al. 2004). Cells lacking

G6PD show increased propensity for oxidant-induced senescence and increased

sensitivity to diamide-induced oxidative damage. In fact, in an attempt to separately

evaluate the role of G6PD in ribose synthesis and redox homeostasis, it has been

concluded that G6PD is dispensable for pentose synthesis but essential to defence

against oxidative stress (Pandolfi et al. 1995). In this regard, it is widely accepted

that most tumours deal with increased levels of reactive oxygen species (ROS),

leading to conditions of high oxidative stress. Compared to normal cells, malignant

cells display higher levels of endogenous oxidative stress in vitro and in vivo

(Szatrowski and Nathan 1991; Kawanishi et al. 2006). Breast tumours are a

paradigmatic example, since they are characterized by persistent ROS generation
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(Brown and Bicknell 2001; Kang 2002) and reliance on ox-PPP branch to modulate

oxidative stress. In these tumours, markers of constitutive oxidative stress have

been detected in samples from in vivo breast carcinomas (Toyokuni et al. 1995;

Portakal et al. 2000) as well as elevated levels of 8-hydroxy-20-deoxyguanosine,
one of the major oxidatively modified DNA base products, compared with normal

control samples from the same patient (Toyokuni et al. 1995). Consequently, breast

tumours also display greater reliance on ROS detoxification systems, which

increases gradually as tumour progresses. Advanced breast tumours display an

increased need to detoxify ROS as demonstrated by the higher expression of the

ox-PPP enzymes detected in a genome-scale study based on the gene expression

analysis of a large cohort of clinical samples (Jerby et al. 2012). Also, metastases of

breast cancer display an increased expression of enzymes of the PPP such as G6PD

and 6PGL (Chen et al. 2007), and breast cancer cells MCF7 (derived from meta-

static pleural effusion) have an increased expression of G6PD compared with the

near-normal breast cancer cells MCF10 (Drabovich et al. 2012).

Given the important role of G6PD in healthy and cancer cell physiology, it is not

surprising that G6PD expression and activity is regulated by some of the most

important oncogenes and tumour suppressor genes. G6PD upregulation has been

reported in NIH3T3 fibroblast transfected with a mutated copy of K-RAS gene

(de Atauri et al. 2011; Vizan et al. 2005), indicating that K-RAS regulates G6PD

expression by a yet not described mechanism. Also, as mentioned above, G6PD is

positively regulated by PI3K, one of the most frequently activated oncogenes in

various types of cancer (Samuels et al. 2004; Luo et al. 2003). On the contrary,

G6PD activity is negatively regulated by tumour suppressor gene P53, which
impairs dimer formation by direct binding to the enzyme, therefore decreasing

G6PD activity (Jiang et al. 2011). However, tumour-associated P53 mutants lack

the G6PD-inhibitory activity, enhancing ox-PPP flux. Therefore, enhanced PPP

glucose flux due to P53 inactivation increases glucose consumption and direct

glucose towards biosynthesis in tumour cells. According to the role of G6PD in

oxidative stress, G6PD is also regulated by transcription factors involved in

response to cellular stress, such as NRF2, which has been recently described to

play a key role in tumorigenesis (DeNicola et al. 2011; Mitsuishi et al. 2012). This

transcription factor is frequently upregulated in various types of human cancers,

resulting in an overactivation of its target genes and providing cells with additional

capabilities of malignance (Singh et al. 2006; Solis et al. 2010; Tsai et al. 2008). A

significant portion of the NRF2 target genes are metabolic genes involved in PPP

and NADPH production, such as G6PD, PGD (phosphoglycerate dehydrogenase),

TKT, TALDO1 (transaldolase), ME1 (malic enzyme 1), and IDH1, all of them

containing antioxidant response element (ARE) sequences in their promoters.

This provides additional evidence of the relevant function that PPP and NADPH

production have in tumorigenesis.
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7.2.1.2 6-Phosphogluconate Dehydrogenase

The role of 6PGD in cancer was initially related to the detection and prognosis of

tumours. High 6GPD activity in primary breast tumours was associated to poor

relapse-free survival times when compared with those with low 6GPD activity

(Brocklehurst et al. 1986; Kolstad et al. 1967). More recently, several reports have

described a functional role of this enzyme in cancer pathogenesis. 6PGD inhibition

in lung cancer cell lines resulted in tumour growth inhibition by senescence

induction both in vitro and in vivo, what may be partly due to accumulation of

growth-inhibitory metabolic intermediates (Sukhatme and Chan 2012). Further-

more, it has been also described that 6PGD inhibition downregulate c-Met receptor

activation by inhibiting the phosphorylation of activating tyrosine residues. This

downregulation of c-Met receptor subsequently inhibited cell migration in vitro,

providing a functional role of 6PGD in cancer cell migration and c-Met signalling

(Chan et al. 2013).

7.2.2 Nonoxidative Branch of the Pentose Phosphate
Pathway in Cancer

As described above, the nonox-PPP is a metabolic pathway that consists of two

reversible enzymatic reactions: transketolase (TKT) and transaldolase (TA). It has

been reported that the TKT family includes genes encoding two other TKT-like

proteins (TKTL1 and TKTL2) in addition of TKT. Among them, TKTL1 has been

reported to be overexpressed in several cancer cell lines and tissues such as the

colon, lung bladder, thyroid, breast, liver larynx and brain (Langbein et al. 2006;

Zerilli et al. 2008; Zhang et al. 2007; Foldi et al. 2007; Völker et al. 2007) and its

expression correlates with poor prognosis of patients (Langbein et al. 2006;

Schwaab et al. 2011; Lange et al. 2012; Kayser et al. 2011; Völker et al. 2007;

Grimm et al. 2013) and resistance to radio- and chemotherapy (Schwaab et al. 2011).

The reversibility of this branch confers great versatility to the pathway, allowing

the cell to activate ribose-5-phosphate synthesis or glycolytic recirculation of

the PPP intermediates depending on its metabolic requirements. Thereby, if

ox-PPP is active and nucleotide precursors are synthesized efficiently, nonox-PPP

is able to reincorporate the excess of pentose phosphate into the glycolytic pathway,

guaranteeing energy obtaining and the supply of many metabolic precursors

(glycerol, amino acids, acetyl-CoA, . . .) essential to cell proliferation. On the

other hand, if the ox-PPP is not active, the nonox-PPP can produce the required

amount of ribose-5-phosphate. However, if the activation of the ox-PPP is not

accompanied by the activation of the nonox-PPP, pentose phosphate may accumu-

late, and tumour requirements would not be fulfilled. Therefore, nonox-PPP, apart

from playing its own role, is important to enable the activation of the ox-PPP during

tumorigenesis.
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Given the reversibility of the reactions involved in the nonox-PPP, the Warburg

effect can enhance the use of this branch (Pelicano et al. 2006). In experiments

in vitro using pancreatic adenocarcinoma cells, around 85 % of the ribose has been

reported to be synthesized through the nonox-PPP (Boros et al. 1997). Accordingly,

in experiments in vivo using pancreatic ductal adenocarcinoma mouse model,

ribose biogenesis is mainly carried out through the nonox-PPP, being this pathway

essential to tumour progression in vivo (Ying et al. 2012). Furthermore, the function

of the nonox-PPP in cancer is also demonstrated by additional studies reporting

the involvement of this pathway in oncogenic transformation (Smith et al. 2009;

Xu et al. 2009; Sun et al. 2010) and several processes accompanying it, such as

metabolic reprogramming, uncontrolled tumour cell proliferation invasiveness and

metastasis (Frederiks et al. 2008; Kohrenhagen et al. 2008; Krockenberger et al.

2007; Langbein et al. 2006, 2008; Schwaab et al. 2011; Kayser et al. 2011; Zerilli

et al. 2008). The specific role of each enzyme is described below.

7.2.2.1 Transaldolase

The role of TA in cancer cells remains unclear, since available data supports both

pro- and anti-tumorigenic role of this enzyme. Higher rates of TA expression have

been reported in specific groups of head and neck squamous cell carcinoma

(HNSCC) (Chung et al. 2004) and in lung epithelium of smokers in comparison

with non-smokers (Hackett et al. 2003). A role of TA, but not necessarily its

overexpression, has also been described in many other tumours (Samland and

Sprenger 2009). Furthermore, it has been reported that in vivo, TA forms a complex

with two enzymes of the ox-PPP, G6PD and 6PGD, being this complex upregulated

in cancer (Huang et al. 2005). This finding led some researchers to propose the

overexpression of TA as a biomarker for cancer development (Riganti et al. 2012).

However, the overexpression of TA in the above-mentioned tumours is frequently

related to better prognosis and recurrence-free survival rate (Chung et al. 2004).

Thus, despite the enzymatic complex in which TA has been identified might be

involved in carcinogenesis, the presence of G6PD in the complex might largely

explain the role of this complex in carcinogenesis, while TA might be a mere

bystander. In accordance with this reasoning, TA overexpression led to contrary

metabolic effects than those induced by G6PD overexpression, i.e. it accelerated the

turnover of NADPH, decreased the amount of reduced glutathione, and increased

the cell sensitivity to ROS-induced apoptosis (Banki et al. 1996). According to this

data, a tumour suppression role of TA is more likely than an oncogenic role. In fact,

TALDO1 is located in chromosome 11 (11p15.5–p15.4) (Banki et al. 1997), a

region containing tumour suppressor genes that is frequently deleted in cancers,

such as oesophageal cancer (Lam et al. 2002), and its expression has been reported

in differentiating and maturating processes that are totally opposed to malignant

transformation (Grossman et al. 2004). In conclusion, there are indications that may
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lead to suggest a possible role of TA as tumour suppressor gene; however, further

studies are required in order to validate this hypothesis.

7.2.2.2 Transketolases

The role of transketolases in cancer development has been more clearly described

than TA’s. TKT activity has been reported as the PPP enzymatic activity with the

highest control coefficient of tumour growth in mice with Ehrlich’s ascites tumour

(Comin-Anduix et al. 2001) as well as to be increased in (pre)neoplastic lesions in

rat liver (Frederiks et al. 2008). Also, inhibition of TKT by oxythiamine led to a

decrease of 90 % in final tumour mass in mice hosting Ehrlich’s ascites tumour

(Boros et al. 1997). These findings clearly prove the essential role that TKT plays in

tumorigenesis.

From the two active transketolases described in tumours, TKT and TKTL1, the

latter has been suggested as novel candidate oncogene (Smith et al. 2009) and a

putative drug target for those tumours in which it is overexpressed (Riganti

et al. 2012; Sun et al. 2010). Moreover, increased TKTL1 is activated by

hypomethylation (Sun et al. 2010), and its levels correlate with activated prolifer-

ation and tumour progression (Diaz-Moralli et al. 2011; Krockenberger et al. 2010;

Zerilli et al. 2008; Langbein et al. 2008), whereas TKTL1 silencing leads to

inhibition of glucose metabolism, cell proliferation, and tumour growth

(Hu et al. 2007; Zhang et al. 2007; Xu et al. 2009; Sun et al. 2010). Also a protective

role for TKTL1 under starvation conditions has been reported. Recently, Wanka

et al. demonstrated that Tp53-induced glycolysis and apoptosis regulator (TIGAR)

protect glioma cells from starvation-induced cell death only when TKTL1 protein is

present (Wanka et al. 2012).

The role of transketolases in cancer cells has been related to the hypoxia-

inducible factor 1α (HIF-1α), the master regulator of the response to hypoxia that

is deeply involved in tumour physiology (Sun et al. 2010; Zhao et al. 2010). It has

been reported that TKT participates in a component of HIF-1α-dependent imatinib

(Gleevec) resistance in chronic myeloid leukaemia cells (Zhao et al. 2010). The

inhibition of TKT expression by shRNA in imatinib-resistant cells led to their

resensitization, whereas the same treatment in cells overexpressing TKTL1 was

ineffective. These results showed that both TKT and TKTL1 play a similar role in

conferring resistance to imatinib (Zhao et al. 2010). Moreover, it has been also

reported a collaborative role of HIF-1α and TKTL1 in the metabolic

reprogramming of TKTL1-mediated head and neck squamous cell carcinoma

tumorigenesis, where TKTL1 contributes to carcinogenesis through increased

aerobic glycolysis and HIF-1α stabilization (Sun et al. 2010), reinforcing the idea

of a physiological connection between transketolases and HIF-1α in cancer. Also,

hypoxia (Bentz et al. 2013) as well as chemotherapy (Wanka et al. 2012) induce the

expression of TKTL1.
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7.3 The Pentose Phosphate Pathway as Potential Cancer

Therapeutic Target

The significance of cancer and its worldwide impact have revealed the need of

developing effective therapies to fight against this fatal disease. As mentioned

above, one of the first and most obvious cancer features is the accelerated and

uncontrolled proliferation of tumour cells. Given that cell division requires genome

replication, researchers have developed pharmacologic strategies targeted to hinder

the synthesis of nucleotides in order to impair tumour growth (Farber and Diamond

1948; Heidelberger et al. 1957). Molecules such as aminopterin, methotrexate, and

5-fluorouracil have been long and widely used in cancer therapy due to the

capability of these molecules of inhibiting either nucleotide synthesis or DNA

replication, thus impairing primarily cancer cell proliferation (Farber and Diamond

1948; Heidelberger et al. 1957). Their effectiveness opened the door to study other

potential therapeutic targets in the pathway of synthesis of the sugar component of

nucleotides, as is the PPP. This pathway has been considered a rational therapeutic

target because it meets two essential requirements of cancer cells: ribose synthesis

for nucleotides production and NADPH synthesis for redox homeostasis mainte-

nance and lipogenesis (Butler et al. 2013; Vander Heiden 2011). Accordingly, the

main enzymes of the PPP, G6PD, and TKT have been proposed as potential

therapeutic targets in cancer (Boros et al. 1997; de Atauri et al. 2011; Rais

et al. 1999; Ramos-Montoya et al. 2006), and inhibitors of the two enzymes have

been designed and assessed. Therefore, the inhibitor of G6PD, dehydroepiandro-

sterone (DHEA), and the inhibitor of TKT, oxythiamine (OT), have been described

as potential antitumoral agents (Rais et al. 1999; Ramos-Montoya et al. 2006;

Cascante et al. 2002).

Deficiency in G6PD is found in approximately 400 million people worldwide,

with patients suffering mild anaemia but no other serious health issues, which opens

a potential therapeutic window for inhibition of this enzyme in cancer treatment.

The reduction of G6PD levels seems to exert different effects on cell proliferation.

In cancer cells, inhibition of G6PD leads to a clear decrease in proliferation

(Li et al. 2009). Also, G6PD inhibition in human foreskin fibroblast reduces cell

growth and induces cellular senescence (Ho et al. 2007). Nevertheless, the complete

absence of the enzyme in G6PD-deleted embryonic stem cells does not reduce

proliferation, but makes cells more sensitive to strong antioxidants (Fico

et al. 2004). In accordance to that, the inhibition of the ox-PPP is especially

attractive since it not only targets the production of nucleotide precursors but also

the ROS protection system of cancer cells. Targeting cancer cells with

ROS-mediated mechanisms has been proposed as an interesting therapeutic

approach. As mentioned earlier, cancer cells usually work with increased levels

of ROS and acquire protective and compensating mechanisms by activation of ROS

detoxification mechanisms. Moderate levels of ROS can promote many aspects of

tumour biology (Cairns et al. 2011). However, a delicate balance exists between

ROS-producing and ROS-removing reactions. Since this equilibrium is forced in
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cancer cells, they are more sensitive to further external insults affecting this

balance, promoting ROS formation, inhibiting ROS removal reactions, or both

actions simultaneously (Trachootham et al. 2009). Thus, given the role of G6PD

in ROS detoxification, inhibition of this enzyme is likely to break this equilibrium,

dismantling the ROS adaptive response and causing cell death. This hypothesis is

fully supported by the fact that G6PD-deficient cells show enhanced oxidative

stress and increased sensitivity to oxidative damage, indicating that G6PD plays a

fundamental role in controlling ROS levels, and that it might be a potential target in

a ROS-based cancer therapy approach (Cheng et al. 2004; Gao et al. 2009; Ho

et al. 2007).

The above-mentioned crucial roles of G6PD in cell physiology have led

researchers to assess the efficacy of the G6PD inhibitor DHEA against breast cancer

by performing several clinical trials (search for clinical trial identifier

NCT00972023 and NCT02000375 at www.clinicaltrials.gov/ct2/search).

Also, TKT has been explored as potential therapeutic target. It has been

observed that inhibition of the nonox-PPP provokes a greater decrease in tumour

proliferation than the inhibition of the ox-PPP. In vivo testing of OT and DHEA in

C57BL/6 mice hosting Ehrlich’s ascites tumour cells revealed a 90.4 and a 46 %

decrease in the final tumour mass, respectively, after 3 days of treatment (Boros

et al. 1997). Likewise, the administration of OT and DHEA resulted in cell cycle

arrest in Ehrlich’s ascites tumour in vivo, and the combined administration of both

drugs displayed a synergic effect (Rais et al. 1999).

However, several limitations complicate the interpretation of OT-mediated TKT

inhibition experiments as well as hinder the efficacy of OT in cancer treatment:

first, the lack of specificity caused by the fact that OT is an antimetabolite of

thiamine that potentially affects all thiamine-dependent enzymatic activities, such

as pyruvate dehydrogenase and α-ketoglutarate dehydrogenase; second, the versa-
tility of the nonox-PPP and the bidirectional activity catalysed by TKT, which

means that the inhibition of the enzyme does not necessarily lead to an inhibition of

the synthesis of pentose phosphates; and third, the above-mentioned evidence that

the transketolase mainly overexpressed in cancer cells might be TKTL1, whose

activity is not clearly reported to be thiamine dependent and, therefore, might be

insensitive to OT-mediated inhibition. To overcome the lack of specificity of OT,

recently, diphenyl urea derivatives have also been reported as transketolase inhi-

bitors by likely interfering with the enzyme dimerization. This new family of

inhibitors represent a new avenue for the design of more selective inhibitors of

TKT/TKTL1 with a novel binding mode, which is not based on mimicking the

thiamine pyrophosphate cofactor binding (Obiol-Pardo et al. 2012).

On the other hand, clinical and experimental data support the requirement of

thiamine to sustain enhanced nonox-PPP flux in tumours, being this fact further

supported by the signs of thiamine deficiency in cancer patients. Thus, it has been

hypothesized that thiamine supplementation in cancer patients may promote

tumour growth (Boros et al. 1998). Certainly, evidence of significant stimulatory

effect on tumour proliferation by thiamine supplementation has been provided

using an Ehrlich’s ascites tumour mouse model (Comin-Anduix et al. 2001).
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Interestingly, it has also been reported in this study that overdoses of thiamine

(2,500 times the recommended dietary intake (RDI)) slightly decreases tumour cell

proliferation, suggesting that cancer patients requiring thiamine to treat thiamine

deficiency should receive overdoses of thiamine to avoid the range of thiamine

concentrations that supports proliferation. Other studies in breast cancer also have

shown that tumour latency was significatively longer in animals fed with a

low-thiamine diet compared with animals with normal-thiamine diet (Daily

et al. 2012). The importance of the thiamine availability in cancer and its relation

with tumour growth through promoting TKT and other thiamine-dependent path-

ways is an open area of research that might bring new opportunities for therapeutic

intervention and dietary modification to reduce disease progression in cancer

patients (Zastre et al. 2013).

Conclusion

In summary, an evolving body of evidence indicates that PPP plays a funda-

mental role both in healthy and cancer cells physiology. However, given the

particular metabolic requirements and biochemical architecture of cancer

cells, ox- and nonox-PPP are likely to play a critical role in some types of

tumours. A better knowledge of the biochemistry and regulation of PPP in

cancer cells as well as the identification of those tumours largely reliant on

PPP will surely culminate in novel and interesting findings with clinical

relevance. Also, further research on the promising role of TKTL1 in cancer

biology will likely provide new and interesting knowledge of the mechanisms

underlying tumour metabolic reprogramming.
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