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Abstract: In rapid proliferating cancer cells, there is a 
need for fast ATP and lactate production, therefore cancer 
cells turn off oxidative phosphorylation and turn on the so 
called "Warburg effect". This regulating the expression of 
genes involved in glycolysis. According to many studies, 
glucose transporter 1, which supplies glucose to the cell, is 
the most abundantly expressed transporter in cancer cells. 
Hexokinase 2, is one of four hexokinase isoenzymes, is also 
another highly expressed enzyme in cancer cells and it 
functions to enhance the glycolytic rate. The up-regulation 
of these two proteins has been established as an important 
factor in promoting development and metastasis in many 
types of cancer. Furthermore, other enzymes involved in 
glycolysis pathway such as phosphoglucose isomerase 
and glyceraldehyde 3-phosphate dehydrogenase, exhibit 
additional functions in promoting tumor growth in a non-
glycolytic way. This review demonstrates the pivotal role 
of GLUT1, HK2, PGI and GAPDH in cancer development. 
In particular, we look at how the multifunctional proteins, 
PGI and GAPDH, affect cancer cell survival. We also present 
various clinical cancer cases in terms of the overexpression of 
selected proteins, which may be considered as a therapeutic 
target.
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Introduction
The Warburg effect is associated with various types of cancer 
and causes an uptake of glucose into the cell. Thus, anaerobic 
glycolysis is characteristic cancer metabolism [1, 2]. Studies 
have shown that alterations in the metabolism of cancer cells 
plays a critical role in the cells survival and proliferation. 
With the growth of the neoplasm, blood flow to cells located 
inside the tumor decreases, which leads to hypoxia, and a 
decrease of ubiquitin-dependent degradation of the HIF-1 
α transcription factor. This results in transcription which 
adapts cancer cells to hypoxic stress. Due to the decrease 
of aerobic respiration, the expression of glycolysis pathway 
enzymes and glucose transporters increases in response to 
HIF-1 (hypoxia inducible factor 1) [3, 4]. 

The increased expression of glucose transporter 
1 (GLUT1) occurs as a result of hypoxic conditions. 
Furthermore, transport of vesicles with the GLUT1 
transporter and its incorporation into the cell membrane 
increases under hypoxia [5]. The overexpression of the 
GLUT1 transporter contributes to the increase of glucose 
up-take, lactate production, and cancer development. 
This demonstrates that GLUT1 plays a critical role in 
carcinogenesis [6].

Hexokinase 2 (HK2) overexpression is another factor 
which contributes to the enhanced glycolytic rate and 
tumor progression. In tumors, when activated by HIF-1, 
HK2 interacts with the voltage dependent anion channel 
(VDAC) [7, 8]. This inhibits proapoptotic proteins and 
the initiation of apoptosis. The initial overexpression of 
HK2 under hypoxic conditions may confer a resistance to 
apoptosis to cancer cells [9]. 

PGI maintains equilibrium in glucose related 
processes such as glycolysis, gluconeogenesis, pentose 
phosphate pathway, and non-glycolytic processes. Its 
overexpression, which occurs in cancer, affects the 
glycolysis rate and also processes independent with 
glucose metabolism, with both functions involved in 
promoting cancer development [10]. 

GAPDH is regulated by many different factors, as 
well as by the enzyme itself and it can control various 
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Hexokinase 
Hexokinases (HKs) (EC 2.7.1.1) catalyze the first and most 
important step in the process of glucose catabolism. In the 
cell, glucose is phosphorylated by HKs, with concomitant 
dephosphorylation of ATP, to produce glucose-6-
phosphate (G-6-P). G-6-P itself acts as a forerunner for 
glycolysis (ATP), but also for glycogenesis, pentose 
phosphate pathway, and biosynthesis of hexosamine. 
Thus, HK plays an essential role in the synthesis and 
break-down of metabolic processes [16]. Four isoforms of 
hexokinase have been characterized in humans: HK 1, 2, 
3 and 4. While they possess similarities in their structure, 
all isoforms vary from each other significantly through 
expression pattern, regulatory properties, and cellular 
localisation. Hexokinase 2 (HK2), is abundantly expressed 
during embryo development, but has also been found to 
be elevated primarily in tissues such as adipose tissue, 
skeletal muscles, cardiac muscles, and in lungs [17, 18]. 
It has been shown that hexokinase 1 and 2 are able to 
bind to mitochondria via VDAC, the outer mitochondrial 
membrane protein, which is essential for mitochondria 
homeostasis. This binding to the VDAC occurs through 
the mitochondrial binding motif at the N-terminus. This 
induces a release of cytochrome c from the mitochondrial 
intermembrane space, leading to apoptosis [19].

Phosphoglucose isomerase
Phosphoglucose isomerase (EC 5.3.1.9) (PGI) is a 
ubiquitous, cytosolic enzyme, which catalyzes the second 
step in glycolysis, the reversible conversion of glucose-6-
phosphate (G6P) to fructose-6-phosphate (F6P). Apart from 
glycolysis, PGI is also engaged in the pentose phosphate 
pathway and glucose synthesis [20]. It plays a role in 
glucose metabolism, and has demonstrated activities 
similar to a cytokine. Molecular cloning and sequencing 
have characterized PGI as sperm antigen-36, myofibril-
bound serine proteinase inhibitor (MBSPI), neuroleukin 
(NLK), maturation factor (MF), and autocrine motility 
factor (AMF) [21]. NLK is known as a support of spinal and 
sensory neuron survival, as it is able to bind to a surface 
component of the sensory neuron [22, 23]. The cDNA 
sequence has shown that the neuroleukin gene is highly 
homologous to human PGI [24]. Maturation factor is a 
54.3-kD peptide which functions to induce differentiation 
of myeloid leukemia HL-60 cells to terminal monocytic 
cells [25]. The amino acid sequence showed a 100% 
homology to neuroleukin and phosphoglucose isomerase 
and further data show that the 54.3-kD maturation factor 

cellular processes. In the nucleus, the enzyme binds to 
nucleic acids, facilitating RNA export to the cytoplasm, 
and protects mRNA from degradation. Furthermore, 
GAPDH stabilizes telomere structure, increases genome 
integrity and is involved in cancer cell proliferation [11, 
12]. The, multifunctional GAPDH contributes to cancer 
development in a more complex way compared to the 
previous proteins.

The purpose of this review is to describe the expression 
and function of the selected proteins within the glycolysis 
pathway and how they contribute to carcinogenesis. 
We show that GLUT1 transporter, hexokinase 2, 
phosphoglucose isomerase and glyceraldehyde 
3-phosphate dehydrogenase is differentially regulated in 
cancers. We also list how these proteins mediate cancer 
development in both a glycolytic and non-glycolytic way 
within clinical and in vitro cases.

Functional analysis of GLUT1, HK2, 
PGI and GAPDH
GLUT1 interacts with glucose by transporting sugar 
through the membrane to the cell, while hexokinase 
2  transforms glucose into glucose 6-phosphate. As the 
initiators of glycolysis, these two may be considered 
as the most important proteins within the pathway. 
However, the role of phosphoglucose isomerase (PGI) and 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) are 
also essential for maintaining an equilibrium in glucose 
catabolism. Many studies demonstrate that PGI and 
GAPDH are multifunctional enzymes and are involved in 
non-glycolytic processes to maintain cell homeostasis. 

GLUT1 
Glucose transporter 1 belongs to the GLUT transporter 
family which is in charge of facilitating the influx of 
hexose sugars to the cell. The class I transporters includes 
four glucose transporters designated 1 to 4, which have 
been extensively analyzed with regards to their structure, 
properties and tissue localization [5, 13]. Glucose 
transporter 1 was the first facilitative sugar transporter 
to be identified in the HepG2 cell line, but the real 
research began when GLUT1 was purified from the human 
erythrocyte membrane. GLUT1 is prominently expressed 
in the brain and erythrocytes, but a smaller amount 
is also present in muscle, liver and adipocytes [13, 14]. 
Additionally, apart from glucose, GLUT1 is also involved 
in the transport of galactose and ascorbic acid [15]. 
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functioning of the protein changes. Interestingly, as a 
gene encoding a single 38-kDa protein without alternate 
splicing, GAPDH displays various functions independent 
of its role in energy generation [30, 31]. It is involved 
in vesicular tubular complex (VTC) formation and 
membrane-trafficking from the endoplasmic reticulum 
(ER) to the Golgi compartment. Another function is 
maintaining the integrity of DNA through transcriptional 
regulator Apurinic/Apyrimidinic Endonuclease (APE-1) 
and is necessary for maintaining the stability of colony-
stimulating factor (CSF-1) mRNA. It has been shown that 
elevated mRNA and protein levels of CSF-1, occurs within 
ovarian cancer cells, and this promotes its proliferation and 
invasive differentiation [32]. Another regulatory function 
of GAPDH is controlling the activity of angiotensin II, an 
essential cardiovascular protein. The enzyme can also 
bind to phosphatidylserine (PS) and through this, inhibits 
the formation of the nuclear membrane [31, 32]. Another 
interaction of GAPDH is the binding to telomerase RNA 
component (TERC), which is able to control genome 
and chromosome integrity as well as maintain telomere 
homeostasis [12, 30]. Beside these varied processes, 
GAPDH is involved in nuclear tRNA transport, export 
of RNA from the nucleus, protecting mRNA from 
degradation [11], apoptosis, DNA repair, DNA replication 
in the nucleus, vesicular transport, membrane fusion, 
microtubule bundling, cell invasion, carcinogenesis and 
iron metabolism [33, 34]. Not surprisingly, many studies 
present GAPDH as a contributor in the development of 
various human pathologies. It has been confirmed, that 
reciprocal action between GAPDH and proteins like LAPP 
(L-amyloid precursor protein), huntingtin, atrophin, 
ataxin and AR (androgen receptor) occurs; where each 
protein is involved in varying degrees in the development 
or progression of these disorders [35].

Changes in gene expression 
Carcinogenesis is a process whereby normal cells transform 
into cancerous cells. The genesis of this transformation lies 
in the mutation of DNA in the cell. These mutations lead 
to changes in gene expression and can disrupt the balance 
between cell proliferation and apoptosis pathways. 
Proliferating cancer cells require an increased amount of 
energy. This can be obtained by increasing glycolysis, and 
as a result, leads to the upregulation of glycolytic proteins, 
such as GLUT1, HK2, PGI and GAPDH. Numerous studies 
have confirmed that changes in specific gene expression 
profiles, promote cancer cell development, tumor growth 
and metastasis. Proteins within the glycolysis pathway are 

has PGI enzymatic activity as well [26]. Extracellularly, 
PGI behaves like a potent cytokine and is known as 
an autocrine motility factor. It functions to induce the 
mitogenic, motogenic pathway, cell differentiation, tumor 
progression and the stimulation of metastasis [27]. Amino 
acid sequencing of purified mouse AMF showed PGI, 
NLK and AMF sequence compatibility [23]. Interestingly, 
murine AMF possesses the enzymatic features of PGI 
and was able to induce motility of mouse PGI-stimulated 
fibrosarcoma cells, which was further confirmed by 
using specific PGI inhibitors [28]. AMF/PGI exhibits its 
multifunctional growth factor-like activity via a unique 
cognate 78 kDa (gp78) seven-transmembrane glycoprotein 
receptor (autocrine motility factor receptor, AMFR) [20]. 
Moreover, some studies have shown that the human PGI/
AMF is a phosphoprotein, which is phosphorylated at 
Ser185 by casein kinase 2 (CK2) and that phosphorylation 
inhibits its enzymatic activity [21]. It was also confirmed, 
that in normal and cancer cells, PGI, AMF, NLK, MF 
exhibit the identical cDNA sequences. This is surprising 
as enzyme secretion is completely unrelated to alternative 
splicing or maturation process in cancer cells [23].
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Fig. 1. Diverse roles of phosphoglucose isomerase (PGI).

GAPDH 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is 
an enzyme within the glycolytic pathway and is responsible 
for the oxidation of 3-phosphoglycerate aldehyde (GAP) 
to 1,3-bisphosphoglycerate (1.3BPG), this results in the 
simultaneous production of NADH [11, 29]. GAPDH as a 
protein may undergo post-translational modification like 
S-nitrosylation, acetylation, phosphorylation, as well as 
O-linked N-acetyl glucosamine (O-GlcNAc) and oxidative 
modifications. As a result of these modifications, the 
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a subsequent increased risk of metastasis [6, 38]. The 
isoform 1 of glucose transporter has been shown to be 
overexpressed in various types of human cancers and 
this is usually associated with poor patient outcomes. 
In contrast, the insulin-sensitive GLUT4 expression is 
significantly decreased in cancer cells. The disruption in 
balance between glucose transporter 1 and 4 expression 
may lead to insulin independent sugar uptake in cancer 
cells [36, 38]. There are also studies that have reported 
associations between GLUT expression and proliferative 
indices, whilst others suggest that GLUT expression may 
be of prognostic significance [39]. 

Hexokinase 2 targets apoptosis
Hexokinase 2 isoform is a unique glycolytic enzyme 
in tumor metabolism. Under conditions when there is 
limited access to oxygen in cancer cells or in solid tumors, 
when there is a complete lack of oxygen, hexokinase 2 
mRNA and protein level is significantly increased. In 
some cases, HK2 expression is increased by as much as 
10-times. This then causes an increase of the glycolytic 
pathway and, subsequently, enhanced glucose uptake 
by GLUT1 [40, 41]. It has been demonstrated that oxygen 
deprivation results in the activation of HIF-1, which binds 
to c-Myc to transactivate HK2. Then, the phosphorylated 
hexokinase 2 binds to VDAC1 (voltage-dependent anion 
channel 1) at the outer mitochondrial membrane. The 

involved in a number of functions, GLUT1 is involved in 
increasing up-take of glucose by cancer cells. On the other 
hand, beyond converting glucose to G-6-P, Hexokinase 2, 
is engaged in inhibition of apoptosis. While both PGI and 
GAPDH possess functions which contribute to cancer cell 
survival.

GLUT1 causes an up-regulation in 
glucose up-take 
It has been demonstrated that expression of glucose 
transporter 1 is notably enhanced at both the 
transcriptional (mRNA) and posttranscriptional 
(protein) level in response to hypoxia [5]. The control 
at the transcriptional level engages transactivation via 
Sp1 and suppression through Sp3. The ratio of these 
two transcriptional factors establishes the final levels 
of GLUT1 mRNA and protein [15]. Moreover, glucose 
transporter 1 has been shown to be regulated not only by 
HIF-1, but also through c-Myc and protein kinase B (PKB) 
[36]. Tumor cells enhance glucose uptake via induction of 
GLUT1 and sodium/glucose cotransporter 1 (SGLT1) and 
coordinate the increased entry of glucose with increased 
glycolysis [37]. The elevated levels of GLUT1, which occurs 
primarily in hypoxic tumors, results in an enhanced influx 
of glucose to the cell. As a result this leads to an increase 
of the glycolysis rate. This aids in tumor progression and 
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Fig. 2. Diverse functions of glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
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Factors affecting PGI gene 
up-regulation 
The enzyme, PGI/AMF, is involved in stimulating 
cell motility and the growth of cancer cells [44]. This 
stimulation is achieved through PGI/AMF attachment 
to the cell surface receptor, gp78. The binding by PGI/
AMF activates the protein kinase C (PKC) pathway which 
promotes cell locomotion by enhancement arachidonic 
acid synthesis. Numerous studies confirm, that elevated 
expression of AMF and gp78 is associated with tumor 
malignancy [28, 45]. The upregulation of PGI/AMF 
is known to activate the ERK signaling pathway and 
this leads to an elevated expression of Cyclin D1. This 
results in increased metastasis and a decrease in patient 
survival [46-48]. The up-regulation of PGI/AMF induces 
activation of the SNAIL promoter and an increased 
expression of the transcription factor SNAIL. This causes 
a decrease in E-cadherin expression and an increase 
in cell motility [20, 27, 49]. Moreover, regulating SNAIL 
expression contributes to EMT (ephitelial to mesenchymal 
transition), MET (mesenchymal to ephitelial transition) 
and cancer invasion [50]. HER2 receptor overexpression is 
known to enhance AMF secretion in breast cancer, which 
increases tumor aggressiveness and drug resistance [51]. 
The upregulation of PGI/AMF is also associated with an 

interaction between HK2 and VDAC1, inhibits the binding 
of the proapoptotic protein, Bax to VDAC1. This prevents 
the formation of the channel through which cytochrome 
c (cyt c) can escape from the mitochondria to trigger 
apoptosis. The increased expression of HK2 in cancer cells 
induces a specific shift from HK1 to HK2, which brings a 
huge metabolic advantage by granting protection from 
apoptosis [36]. Through mitochondrial binding, HK2 is 
constantly active and directly stimulated by ATP from 
the oxidative phosphorylation (OXPHOS). This allows 
the enzyme to conduct glucose phosphorylation more 
efficiently, independent of ATP supply from glycolysis. 
Apart from regulation of glucose flux to the cell, the 
mitochondrial location of hexokinase 2 plays a major role 
in regulating life and death of cancer cells [42]. In cancer 
cells the amount of HK2 binding to the outer mitochondrial 
membrane is significantly elevated. Some studies have 
established that in liver tumor cells, hexokinase 2 protein 
level was elevated more that 500-times compared to 
normal cells [17]. Furthermore, another study confirmed 
that in tumor cells, hexokinase 2 is associated with the 
mitochondrial surface even in 80% of its total amount [43]. 
In cancerous cells where there is a significant increase in 
HK2 expression, chemical agents that down-regulate HK2 
activity and prevent its binding to the voltage dependent 
anion channel 1 are able to kill off cancer cells [42].
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Fig. 3. Hexokinase 2 (HK2) transactivation by c-myc (via HIF-1) leads to HK2 binding to VADC1, and Bax protein binactivation arrests the 
release of cytochrome c (cyt c) to inhibit apoptosis.
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that are associated with the onset of EMT/migration/
invasion [57]. 

GAPDH role in cancer development 
It has been established that in rapidly dividing neoplastic 
cells, expression of GAPDH is strongly dependent on the 
proliferative phase of the cell [36]. During oxygen deprivation, 
mRNA levels of GAPDH are significantly elevated. This 
up-regulation is associated with enhanced HIF-1α activity, 
which has been observed in vascular endothelial cells (EC) 
and in alveolar epithelial cells [29, 58]. GAPDH up-regulation 
in EC appears in the nucleus, particulate, and cytosolic 
fractions [59]. Hypoxia activates the PI3K/AKT pathway, 
phosphorylating and activating AKT (p-AKT). This leads to 
an increase in HIF-1α expression causing an upregulation of 
glycolytic enzymes. It was also shown that insulin mediated 
AKT activation, leading to GAPDH phosphorylation and the 
promotion of glycolysis. Interestingly, in neoplastic cells, 
GAPDH acts together with activated PKB and inhibits its 
dephosphorylation, which leads to Bcl-xl overexpression 
and as a result, protects cancer cells from CICD (caspase-
independent cell death) [34].

It is known that GAPDH undergoes regulation via 
endogenous NO and p53 transcription factor. NO and 

increase in DNA-binding activity of NF-κB (nuclear factor 
kappa-light-chain-enhancer of activated B cells), which 
increases ZEB1 and ZEB2 expression, resulting in the 
induction of EMT [52].

Under hypoxic conditions, the mRNA level of PGI/
AMF expression increases in different human cancer 
cell lines and appears to be controlled via the vascular 
endothelial growth factor (VEGF), which is mediated 
by HIF-1α [10, 53, 54]. Some studies indicate that HIF-1α 
induces PGI/AMF expression during oxygen deprivation, 
in a PI3K-dependent way. Under hypoxic conditions a 
dramatic increase of PGI/AMF levels are observed in the 
nucleus [10]. The secretion may be caused by PGI/AMF 
phosphorylation at serine 185 by CK2, which is likely due 
to conformational changes [22].

Other studies suggest that AMF stimulation activates 
matrix metalloproteinase-3 (MMP3) expression through a 
MAPK signaling pathway and this results in increased cell 
motility [55, 56]. The PGI/AMF overexpression contributes 
to new micro vessel formation and cells treated with AMF 
express gp78, which is associated with motility [45]. It 
has been shown that gp78 expression was significantly 
increased in neoplastic cells, which may lead to increased 
efflux [23]. Moreover, the inactivation of the gp78 receptor, 
diminishes the activation of the transduction pathways 
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many reasons why anti-androgens are unsuccessful in 
tumor growth suppression and instead has the opposite 
effect [33]. 

Appearance in cancer and clinical 
cases
Many studies indicate that GLUT1 and HK2 are considered 
to be the most important proteins in the Embden-Meyerhof-
Parnas pathway. This is because many clinical cancer 
cases have established the presence and overexpression in 
various cancer types. In most cases, GLUT1 and hexokinase 
2 up-regulation is caused by tumor hypoxia and HIF-1α 
overactivity. Notwithstanding, phosphoglucose isomerase 
and GAPDH seem to be involved in many clinical cases as 
well, but their appearance is not always dependent on 
hypoxia.

GLUT1 expression increases via 
HIF-1α
Various studies have demonstrated that GLUT1 expression 
is regulated in many types of cancers throughout the body 
[66, 67]. Glucose transporter 1 was found to be involved 
in enhancing the malignant potential and invasiveness, 
in colorectal, gastric, lung, ovarian and urinary bladder 
cancers [66, 68]. An altered level of GLUT1 has also 
been observed in breast cancer [67]. Interestingly, both 
endometrial and breast poorly differentiated tumors 
had significantly increased levels of GLUT1 and GLUT3 
expression when compared to well-differentiated tumors. 
GLUT1 and GLUT3 seem to be important markers in 
endometrial and breast tumor differentiation [68]. 

Additionally, enhanced expression of GLUT1 is 
related with negative estrogen receptor (ER), progesterone 
receptor (PR), and higher nuclear grade. Moreover, breast 
cancers with positive GLUT1 expression were found to 
act more aggressively and have increased malignant 
features [66]. Thus, glucose transporter 1 may be taken 
into consideration as a predictor of poorer prognosis 
among breast cancer patients [66]. Glucose transporter 
1 expression in squamous cell carcinomas differs from 
adenocarcinomas, both in localization and cellular 
occurrence. 

It has been estimated that significant cytoplasmic 
expression was found in gastric, breast, prostate, 
thyroid papillary and follicular adenocarcinomas. The 
positive GLUT1 cytoplasmic pattern has been shown 
in gastric adenocarcinomas, including diffuse and 

p53 contribute to GAPDH overexpression, translocation 
and enhances its binding to SIAH1, which leads to the 
induction of apoptosis [42]. It was recently demonstrated 
that GAPDH increases its activity in response to ethanol 
stimulation. It translocates to the nucleus and interacts 
with TIEG2, which leads to TIEG2- mediated gene 
transcription for MAO B and the neuron apoptosis 
[60]. This demonstrates the important role that GAPDH 
plays in apoptosis. Another apoptotic pathway involves 
TNF-related apoptosis-inducing ligand (TRAIL). TRAIL 
is cytotoxic to most thyroid cancer cells and induces 
GAPDH NO-mediated S-nitrosylation. This leads to 
GAPDH nuclear translocation and initiation of apoptosis 
[61]. The Sp1 transcription factor is known to bind to the 
GC-box in breast cancer cells in the presence and lack 
of oxygen. The knockdown of Sp1 decreases hypoxia-
increased promoter activity and GAPDH expression in 
MCF-7 cells [62]. It was also shown that in MCF7 human 
breast cancer cells, estradiol induced a statistical increase 
in GAPDH expression [63]. GAPDH is also engaged in the 
up-regulation of Sp-1 mediated SNAIL expression, leading 
to epithelial to mesenchymal transition (ETM) [64]. 

The suppression of c-Jun/AP-1 or Ca2+/calmodulin-
dependent protein kinases activity causes a 
downregulation of GAPDH mRNA levels. The increased 
concentration of intracellular Ca2+ elevates expression of 
the GAPDH gene via the AP-1-dependent pathway [59]. 
The enzyme is also known to promote mRNA stability 
of colony-stimulating factor-1 (CSF-1) by binding to its 
AU-rich terminal 144nt region. This cytokine is associated 
with carcinogenesis and leads to a worse prognosis among 
patients with ovarian carcinoma [65]. It also has been 
proven, that GAPDH elicits aging in cancer cells, causing 
a down-regulation of telomerase activity and repression 
of the telomere length shortening process. Interaction 
between enzymes is down-regulated via NAD+ and G3P, 
best known as GAPDH substrates. This demonstrates that 
its substrates act as a significant check to stop GAPDH 
shifting from glucose breakdown process to telomere 
signaling [30]. When GAPDH binds to telomeres, it 
regulates telomerase activity. This results in suppression 
of the telomere length shortening process. GAPDH also 
functions to stabilize the structure of chromosomes 
and the integrity of the genome, and thus maintains 
equilibrium of cancer cells proliferation [12]. The 
overexpression of GAPDH interacts with the polyQ tract 
of the androgen receptor (AR) which mediates prostate 
cancer development and growth. GAPDH elevates AR 
transactivation, by initiating endogenous PSA (prostate-
specific antigen) expression. For this reason, enhanced 
GAPDH expression in prostate cancer can be one of the 
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neuroblastoma, metastatic features [74]. The disruption 
of HK2 activity in GBM cells restores oxidative glucose 
metabolism and increases apoptosis [19]. 

PGI/AMF/NLK/MF in clinical cancer 
cases
PGI/AMF is secreted by tumors and has been shown 
to be involved in tumor progression [75]. Initially, PGI 
was characterized as an autocrine motility factor (AMF) 
from the conditioned medium of human melanoma. It 
is involved in proliferation, invasion, migration, tumor 
survival, and neovascularization [76]. The levels of PGI/
AMF and its cell surface receptor gp78/AMFR expression 
are associated with the pathologic stage, grade, and 
degree of tumor penetration to surrounding tissues. It 
has been shown to be overexpressed along with PGI/AMF 
in various metastatic tumors [77]. The presence of both 
receptor and enzyme in the serum acts as a biomarker as 
it is associated with cancer progression [21]. 

However, AMF has not yet been observed as a 
secretory protein in normal cells. Many clinical reports 
indicate that the enzymatic activity of AMF was present 
in the serum and urine of patients with malignant tumors 
like breast, lung, colorectal, kidney and gastrointestinal 
carcinomas [77]. Moreover, abnormally elevated activity 
of PGI/AMF was observed in the plasma of patients with 
acute myelogenous leukemia [26]. In metastatic cancer 
biopsies it was found that there were elevated levels of 
PGI/AMF. [57]. Another study has shown that the PGI/
AMF concentration in urine is increased in patients 
with transitional cell bladder carcinoma [78]. Autocrine 
motility factor expression has also been detected in 
tissue specimens from 119 patients with pulmonary 
adenocarcinoma. AMF expression was correlated with 
lymph node metastasis. It was found that the prognosis 
of AMF-positive patients was poorer than that of AMF-
negative patients. Within pulmonary adenocarcinomas, 
the expression of AMF is associated with tumor 
aggressiveness [79]. Overexpression of PGI was also 
found in paraffin sections from 10 colon cancer patients 
by immunohistochemistry. Strong cytoplasmic staining 
of the PGI protein was detected in cancer specimens, but 
weakly expressed in normal colonic epithelium. Strongly 
increased PGI expression was observed in the cytoplasm 
of cancer cells but not in that of normal colonic cells 
[50]. The stage IV malignant breast cancer biopsies also 
exhibited an elevated amounts of PGI/AMF, at 60-times 
normal [57]. It was established that oxygen deprivation 
increases the mRNA expression of the autocrine motility 

intestinal tumors. Membranous expression was found 
in cervix uterine squamous cell carcinomas as well as in 
neck and head carcinoma [15]. Nonetheless, sarcomas, 
lymphomas, hepatoblastomas, and melanomas have 
shown no observable GLUT1 expression, suggesting, that 
in these particular types of cancers, a different GLUT 
family member controls sugar transportation, or that 
GLUT1 expression appears at a specific phase of cancer 
development [15].

Hexokinase 2 in clinical reports
Hexokinase 2 was found to be up-regulated in many types of 
cancer, resulting in an increased glycolytic rate, which is a 
phenotype for cancer cells [69]. HK2 overexpression is seen 
in many tumors, for example, breast and cervical cancer, 
as well as pancreatic. Furthermore, there is potential for 
it to be involved in the metastatic cascade. Other studies 
have shown that increased expression of HK2 is involved 
in the progression of CCA (cholangiocellular carcinoma) 
and HCC (hepatocellular carcinoma) [70, 71]. The HK2-
immunohistochemistry of CCA patients demonstrated 
that the HK2 gene was expressed at low levels in normal 
stromal tissue. In contrast, the expression is significantly 
elevated in hyperplasia, dysplasia and CCA. In this 
particular study, HK2 was observed in the cytoplasm 
however the enzyme’s irregular expression was perceived 
in precancerous and CCA samples, suggesting HK2 plays 
a critical role in development of this specific cancer [72]. 
Hexokinase 2 expression is also up-regulated in lung 
carcinomas and is required by proliferating cancer cells 
caused by the impairment of tumor progression following 
its downregulation [73]. Furthermore, it has been found 
to be highly expressed in laryngeal carcinoma and oral 
squamous cell carcinoma. Moreover, the expression 
of HIF-1α was observed to influence hexokinase gene 
expression in gastric adenocarcinoma [34]. The increased 
expression of HK2 occurs in ovarian, liver, and colon 
carcinoma as well as in non-Opisthorchis viverrini 
(Ov) associated CCA [70-72]. Elevated levels of HK2 are 
correlated with poor outcomes, with respect to tumor 
size and increased metastatic potential [72]. Hexokinase 2 
expression is increased in human glioblastoma multiforme 
(GBM), the most common malignant brain tumor [19]. 
It also has been established that elevated expression 
of hexokinase 2 occurs in metastatic neuroblastoma 
forms and in samples from stage 4 neuroblastoma 
patients when compared to local variants and samples 
from stage 1 patients. This increased HK2 expression 
is clearly associated with tumor malignancy and gives 
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carcinoma, hepatoma, lung adenocarcinoma epithelial 
cell lines, and colon cancer cell lines [80]. Independently 
from HIF-1α expression, GAPDH and Na+/K+-ATPase were 
observed on the cell surface of breast primary cancer cells 
and another two breast cancer cell lines [83]. Elevated 
levels of GAPDH has also been demonstrated in epithelial 
ovarian carcinoma cells [65]. Additionally, it was shown 
that S-nuclear transportation of GAPDH and accumulation 
of protein carbonyls (a marker of oxidative damage) in 
TRAIL-sensitive thyroid cancer cells [61]. appropriate The 
regulation of GAPDH under hypoxic condition, suggest 
that enzyme cannot be consider as an therapeutic. On the 
other hand, there is still plenty of evidence that confirms 
GAPDH overexpression in clinical cases. 

GAPDH overexpression has been demonstrated in 
almost 50% of 256 ovarian and fallopian tube cancer 
samples. Co-expression with CSF-1 has also been found in 
ovarian carcinoma [65]. Additionally, serum CSF-1 levels 
were found to be valid tumor marker, with enhanced the 
likelihood of foreshadowing relapse of disease and its 
progression. Increased concentration of both serum and 
ascitic CSF-1 levels are associated with a worse prognosis. 
GAPDH’s role in prognosis was examined in breast cancer, 
where the GAPDH mRNA expression in samples correlated 
with a reduction of patient survival [65]. In human 
prostate cancer, GAPDH overexpression was observed, in 
an increased amount in the nuclei of high-grade prostate 
tumors, when compared to normal prostate tissue. 
Moreover, bone metastases from prostate cancer exhibited 
significantly augmented cytoplasmic enzyme expression 
[81]. According to the prostate cancer study, in 13 prostate 
cancer samples, diverse nuclear and cytoplasmic GAPDH 
staining was observed, but it was not noticeable in the 
normal tissues [84]. Another study demonstrated that, in 
prostate cancer the expression of GAPDH was dependent 
on the stage of the disease, and it was particularly 
increased in advanced disease phases [85]. The same study 
provided evidence that GAPDH is overexpressed in cervix 
and breast cancer. In these cervix, breast, and prostate 
cancer cases, overexpression of GAPDH has been found 
in membrane, cytoplasmic and particularly in the nuclear 
compartment [85]. The GAPDH gene was also observed 
in a huge amount of unselected primary breast cancers, 
and in MCF7 cells treated with estradiol. In the samples 
of primary breast cancers, it was found that expression of 
the enzyme’s gene was statistically significantly related 
with estradiol and progesterone receptor concentrations. 
Elevated GAPDH expression was also correlated with 
decreased general survival and relapse-free survival 
in patients with primary breast cancer. Nonetheless, 
statistical estimations revealed that GAPDH cannot be 

factor in numerous cancer cells and also enhanced the 
motility of pancreatic cancer cells [20, 53]. 

The expression of AMF/PGI/NLK mRNA in the 
pancreatic, colon, lung, hepatoma and ovarian cancer 
cell lines was elevated more during oxygen deprivation, 
suggesting that the enhanced AMF/PHI/NLK expression 
in hypoxia was common in various cancer cells [53]. 
Moreover, in hepatoma cell lines treated with exogenous 
PGI/AMF, there was increased migration of Huh7 and 
HepG2 cells with MMP-3 as a mediatory factor of this 
process. However PGI/AMF does not affect Hep3B cells 
[55]. Another report revealed that in the human colon, 
bladder, fibrosarcoma, prostate and breast cancer cell line, 
PGI/AMF mRNA presented an increased concentration in 
hypoxia (10-fold) than in normoxia, which was similar 
to the increased level of HIF-1α in response to oxygen 
deprivation [10]. Increased expression of PGI also 
correlated with the enhancement of tumor formation and 
metastasis of human colon cancer cells [50]. In breast 
carcinoma, hypoxia increased expression of the HIF-1α, 
which led to PGI/AMF overexpression and was down-
regulated via phosphatidylinositol 3-kinase signaling 
pathway inhibitors [10]. This study showed that the cell 
motility factor PGI/AMF is a hypoxia-inducible gene in 
various cancer cell lines, resulting in its elevated secretion 
following induction of cell motility.

GAPDH clinical and in vitro cancer 
reports 
To maintain a fast rate of proliferation, escape from the 
immune system, and avoidance of apoptosis, cancer cells 
are required to switch to a high glycolytic rate. As a result, 
there is an increased expression of proteins involved 
in glycolysis. With the increase in energy, there is an 
increase in tumor size, and this leads to hypoxia. It is well 
documented and confirmed by many studies in cancer 
cells, that hypoxic conditions contribute to an increase of 
HIF-1α expression and causing changes of glyceraldehyde 
3-phosphate dehydrogenase expression. Thus, GAPDH is 
overexpressed during a lack of oxygen in many cancer cell 
lines like AR-positive prostate adenocarcinoma cells [33], 
alveolar epithelial cells and spontaneous cervical cancer 
cells and brain capillary endothelial cells [80], prostate 
[81], and lung cancer cell line [82]. 

However, it has been observed that GAPDH is not 
always overexpressed under conditions where there is a 
lack of oxygen. In many neoplastic cell lines, the enzyme 
expression seems to be independent from HIF-1α activity. 
It was present in malignant glioma cells, hepatocellular 
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Conclusion
We presented an important role of GLUT1, HK2, PGI and 
GAPDH in cancer progression. While, in cancer, GLUT1 
enhances glucose up-take and glycolytic rate, HK2 seems 
to be major regulator of apoptosis. It has been proved that 
PGI participates in cancer metastasis and invasion and 
GAPDH affects cancer cell survival. Nevertheless, not all of 
them are considered to be good prognostic factors in cancer 
development. According to clinical reports, GLUT1 and 
hexokinase 2 appeared in most clinical cases and should be 
taken into consideration in the context of a good target for 
cancer therapy, but further investigation is necessary. 
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