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Abstract
Cancer cells generally exhibit re-programming of their pathways. The expression of certain genes that
directly control the rate of key metabolic pathways are drastically altered. Indeed, cancer cells show high
rates of aerobic glycolysis (known as the Warburg effect) and an increase in pentose phosphate pathway
activity due to the up-regulation of glucose-6-phosphate dehydrogenase (G6PD) in comparison to their
non-transformed counterparts. These alterations are usually considered as an adaptation of tumor cells;
however, they also contribute to the progression of tumor cells towards more aggressive phenotypes. Here
we will discuss the critical role of G6PD in neoplastic transformation focusing on its potential utility as
diagnostic marker as well as a novel potential therapeutic target.

 
Cancer cells exhibit quite abnormal behaviour by
re-programming their metabolic pathways. In a
normal cell, metabolism is balanced by at least
three pathways (glycolysis, lipogenesis and the
tricarboxylic acid cycle) closely linked to amino acid
and nucleotide synthesis. However, cancer cells
need higher rates of energy metabolism. Indeed,
they consume large quantities of glucose and
primarily use glycolysis for ATP production, even in
the presence of adequate oxygen, thus directing
glucose to biosynthesis and supporting their rapid
growth and rate proliferation. It is increasingly
evident that dysregulated expression of many genes
involved in metabolic pathways can play direct roles
in cancerogenesis and progression of tumor cells
resulting in more aggressive phenotypes [1].

Among these pathways the pentose phosphate
pathway (PPP), conventionally divided into an
oxidative and a non oxidative branch, has been
largely appreciated for its role as both a cellular
source of ribose 5-phosphate for nucleotides
biosynthesis, and reducing power to preserve redox
homeostasis. Glucose-6-phosphate dehydrogenase
(G6PD) is the first and rate-limiting enzyme of
the oxidative branch [2]. G6PD is a key enzyme
in the production of ribose-5-phosphate, which is
essential for RNA and DNA synthesis in rapidly
growing cells [3,4]. G6PD activity is also crucial in
order to produce nicotinamide adenine dinucleotide
phosphate (NADPH), which is an essential factor
for glycolysis, contributing to fatty acid synthesis
and to nucleotide synthesis [2]. The reducing
power of NADPH is necessary as well to neutralize
oxidative stress, for example to maintain the reduced
form of glutathione which serves to detoxify free
radicals and peroxides [5]. Therefore, G6PD is likely
to contribute to cancer growth and survival by

producing ribose and NADPH through PPP. Cancer
cells generally show high rates of aerobic glycolysis
(known as the Warburg effect) and an increase in
PPP activity due to the up-regulation of G6PD in
comparison to their non-transformed counterparts
[6]. Increased G6PD mRNA and protein is a hallmark
of many tumors [4,7,8]: in fact, elevated levels
of expression and activity of G6PD are frequently
observed in breast [9,10], colon [10], endometrial
[11], cervical [12], prostatic [13], and lung cancers
[14].

Interestingly, Kuo and colleagues demonstrate
a causative role of G6PD in cell proliferation
and neoplastic transformation, thus suggesting
that G6PD may act as oncogene. The ectopic
expression of G6PD in NIH 3T3 cells was
shown to significantly increase intracellular levels
of NADPH and GSH: G6PD-overexpressing cells
are not contact inhibited, proliferate more
rapidly, and exhibit anchorage-independent growth.
Furthermore, these cells were shown to be
tumorigenic as well as angiogenic in nude mice,
in which injection with fibroblasts overexpressing
G6PD can initiate neoplastic transformation [3,5].
Accumulating evidence indicates that the cellular
redox state regulates various aspects of cellular
function, including activation of transcription factors
and carcinogenesis. Therefore, it is possible that
changes in the intracellular redox status of G6PD-
overexpressing cells may alter the activities of some
transcriptional activators, which in turn regulate
many target/effector genes or other cellular factors
involved in cell proliferation and tumorigenesis.

It is now clear, many years after its discovery, that
G6PD is a critical enzyme under complex regulatory
control. The latest findings have elucidated G6PD
regulation thus pointing out important interactions
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with other proteins: the potential link with p53-
family proteins strongly supports, in my opinion,
its central role in cancer. The most frequently
mutated gene in human tumors, the tumor
suppressor p53, binds to G6PD preventing the
formation of the active dimer thus suppressing
glucose consumption, NADPH production and
biosynthesis. Tumor-associated p53 mutants lack
the G6PD-inhibitory activity: so, enhanced PPP
glucose flux due to p53 inactivation may increase
glucose consumption and direct glucose towards
biosynthesis in tumor cells [15]. In addition,
G6PD expression was elevated in various tumors,
correlating with the up-regulation of TAp73. Indeed,
TAp73 is a p53-related protein that is able to
induce the expression of G6PD, thus improving
cellular capability to withstand oxidative stresses
and supporting proliferation. Jiang and colleagues
discussed about the critical role of G6PD in TAp73-
mediated cell proliferation: findings that strongly
indicate that TAp73 may be a potential oncogene,
and that G6PD is likely a focal point of regulation
in oncogenic growth [16]. Moreover, recent work
demonstrated a potential link between G6PD and
patient survival rates and the co-expression of
TAp63, another member of the p53 family that seems
to play a central role in epithelial cancers [17].

Because of its role in the body’s protection
against oxidative stress and resistance/susceptibility
to apoptosis, G6PD activity seems to be involved
in tumor progression and therapy resistance. The
higher rate of glycolysis in cancer cells generates an
increased number of metabolites, such as hydrogen
ions and lactate, that induce acidification of the
cells by stimulating invasion, migration, mutagenesis,
and radioresistance. The PPP supplies the cells
with the NADPH that support antioxidant defenses.
NADPH is the limiting substrate for the glutathione
reductase (GSR), the enzyme that regenerates GSH
from the oxidized glutathione (glutathione disulfide,
GSSG), previously produced by the GSH peroxidase
(GSHPx)-catalyzed reaction. So, NADPH generation
and GSH recovery by G6PD may contribute to
cancer cell survival by maintaining the intracellular
pH and redox balance. Both carcinogenesis and
MDR phenotype are frequently associated with an
increased oxidative stress and activation of the
cellular redox metabolism: indeed, GSH plays a
pivotal role in cancer and multidrug resistance (MDR)
development [18]. Several studies demonstrated
an elevated PPP cycle, G6PD activity and cellular
GSH in human MDR cells, supporting a significant
correlation between PPP and MDR phenotype.
Moreover, MDR is generally associated with both
hypoxia, a common feature of many malignant
tumors, and hypoxia-inducible factor-1, that can
regulate MDR1 and G6PD gene expression.

As a matter of fact, due to their critical
role in tumorigenesis, G6PD could be considered
a promising diagnostic tumoral biomarker and
a potential target in cancer therapy. Indeed,
G6PD overexpression could imply a neoplastic
transformation or a more aggressive tumoral

phenotype. To date, however, only a few G6PD
inhibitors have been available. Buthionine S'R'-
sulfoximine, a GSH depletion agent, is known
to inhibit G6PD and is currently in phase I
clinical trial. Another promising inhibitor of G6PD
is 6-aminonicotinamide (6-AN), a NADP+ analog
that act as competitive inhibitor. Other G6PD
inhibitors used in experimental work are the
non-competitive ketosteroids epiandrosterone and
dehydroepiandrosterone (DHEA). DHEA and 6-AN
showed their efficacy in MDR reversion in a
doxorubicin-resistant human colon cancer cell line
(HT29-DX), which shows increased activity of G6PD
and intracellular GSH content, and in doxorubicin-
sensitive HT29 cells overexpressing G6PD [19].
Nevertheless, both classes of compounds that
ubiquitously inhibit G6PD have disadvantages (e.g.
the neurotoxicity for 6-AN and the lack of
specificity for androsterone derivatives), so new
pharmacological agents that could modulate G6PD
activity with tissue- and enzyme-specific targeting
are urgently required. Among natural products,
catechin gallates and rosmarinic acid have been
recently discovered and may represent the next
generation of PPP inhibitors. Recently, a high-
throughput screening assay to identify novel human
G6PD inhibitors has revealed new compounds that
presented ≥50% G6PD inhibition with IC(50) values
of <4 µM. Compared with the known G6PD inhibitors
DHEA and 6-AN, the newly identified inhibitors
were 100- to 1000-fold more potent [20]. Reducing
G6PD activity may be an efficient way to inhibit
or decelerate cancer growth in order to prevent
development, control its evolution and overcome
drug resistance. Therein, in my opinion, new efforts
in this research field are mandatory: development
or design of potent and selective G6PD inhibitors
would provide novel opportunity for cancer therapy
increasing the ratio between therapeutic benefits
and side effects.
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