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Abstract

Purpose of review—Transformed cells exhibit a high rate of glucose consumption beyond that
necessary for ATP synthesis. Glucose aids in the generation of biomass and regulates cellular
signaling critical for oncogenic progression. A key rate-limiting step in glucose utilization is the
transport of glucose across the plasma membrane. This review will highlight key glucose
transporters (GLUTS) and current therapies targeting this class of proteins.

Recent findings—GLUTS, enabling the facilitative entry of glucose into a cell, are increasingly
found to be deregulated in cancer. Although cancer-specific expression patterns for GLUTS are
being identified, comprehensive analyses substantiating a role for individual GLUTSs are still
required. Studies defining GLUTS as being rate-limiting in specific tumor contexts, the
identification of GLUT1 inhibitors via synthetic lethality screens, novel engagement of the insulin-
responsive GLUT4 in myeloma and identification of GLUT9 being a urate transporter, are key
advances underscoring the need for continued investigation of this large and enigmatic class of
proteins.

Summary—Tumor cells exhibit elevated levels of glucose uptake, a phenomenon that has been
capitalized upon for the prognostic and diagnostic imaging of a wide range of cancers using radio-
labeled glucose analogs. We have, however, not yet been able to target glucose entry in a tumor
cell-specific manner for therapy. GLUTSs have been identified as rate-limiting in specific tumor
contexts. The identification and targeting of tumor-specific GLUTS provide a promising approach
to block glucose-regulated metabolism and signaling more comprehensively.
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INTRODUCTION

Glucose is a major source of energy in mammalian cells, generating ATP through glycolysis
and oxidative phosphorylation. It is also a precursor of amino acids, nucleotide and lipids
[1]. The transport of glucose across the plasma membrane into the cytosol is a rate-limiting
step in glucose metabolism and is mediated by a family of glucose transporters (GLUTS) [2—
4]. Facilitative GLUTSs enable the ATP-independent, bi-directional transportation of glucose
across a hydrophobic cell membrane, down its concentration gradient [2,3]. This review will
aim to outline the GLUT gene family, their functions and role in cancer metabolism and
highlight therapeutic interventions that target them.

GLUCOSE METABOLISM AND GLUCOSE TRANSPORTATION IN CANCER

One of the hallmarks of cancer cell development is the increased dependence on glucose to
fuel aerobic glycolysis for the increased production of cellular metabolites required for
generation of new biomass and to facilitate nutrient signaling. One of the earliest reports of a
possible role for glucose metabolism in cancer proliferation was described by Otto Warburg
in the early 1900s [5]. Warburg described a phenomenon in which cancer cells resort to the
preferential use of glycolysis as a means of generating ATP even in the presence of oxygen.
Normal cells on the contrary metabolize glucose to generate energy mainly through
oxidative phosphorylation, and resort to the glycolytic pathway under anaerobic conditions
[6-8]. The process of aerobic glycolysis (also known widely as the Warburg phenomenon)
that occurs in nonhypoxic conditions also entails the generation of lactate [9]. This finding is
surprising given that aerobic glycolysis is far less efficient than mitochondrial respiration
and in recent years researchers have determined other reasons why cancer cells utilize this
pathway. One of such reasons is that cell signaling pathways that are important in cancer cell
growth are also indicated in the regulation of metabolic pathways [1,10™]. The importance
of this regulation of the metabolic pathways is that this facilitates the incorporation of
nutrients essential for cell proliferation into biomass [1]. It has also been shown that
activation of certain oncogenes, for example, c-myec, rasand src, and transcription factors,
such as hypoxia inducible factor-1a, can induce overexpression and the activity of glycolytic
enzymes and GLUTs [11,12].

This property of increased glucose uptake in cancer cells is the basis of using [*8F]fluoro-2-
deoxyglucose (FDG) PET in the diagnosis and monitoring of some types of cancers. FDG-
PET is routinely used in the staging, evaluation of local disease and recurrence in
malignancy [13]. Intracellular FDG concentration, which is measured via PET, directly
correlates with glucose uptake [14]. Of note, FDG uptake is not limited to malignancy and
can be seen in some benign tumors, and it has been suggested that this is as a result of
microvascular density and vascular permeability instead of over-expression of GLUT [15].
Examples of benign tumors in which there can be increased FDG uptake include
schwannomas and leiomyomas [15].

There are also recent studies /n vivo that suggest that short-term starvation and, therefore,
glucose restriction during chemotherapy promotes tumor retardation, potentiates
chemotherapy and increases cancer-free survival in mice with breast cancer, melanoma and
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neuroblastoma [16™ ™] due to reduced toxicity in normal tissues, underscoring the benefits
of targeting glucose utilization for cancer therapy.

THE GLUCOSE TRANSPORTER FAMILY

The GLUTSs’ main function is to ensure that there is constant availability of glucose for
metabolism, and they do this by controlling the movement of glucose between intracellular
and extracellular compartments [2,17]. The genes of the GLUT family belong to the 2A
solute carrier family, and they have the gene symbol SLC2A. There are currently 14
isoforms of the GLUT genes described, and these isoforms can be grouped into three classes
based on their primary sequences [3,4,17]. The first class of genes (class I) are known as the
classical transporters and they are made up of GLUT 1-4 and GLUT 14, which is considered
to be a gene duplicate of GLUT 3. Class Il is made up of GLUTS5, 7, 9 and 11, whereas
class 111 is composed of GLUTS6, 8, 10, 12 and 13. GLUT 13 is also known as the H*
myoinositol transporter (HMIT) [3].

Although many isoforms of the GLUTS exist, they have similar transmembrane anatomy,
with a large, highly conserved transmembrane domain and an asymmetric, less conserved
cytoplasmic and exoplasmic domain [2]. They, however, differ in their functions in respect to
subcellular localization, substrate recognition and transport Kinetics [2,3]. The 14 isoforms
have 14-63% identical protein sequences among themselves with 30-79% of them being
conserved [17]. All the isoforms also have 12 transmembrane helices that are based on the
original hydropathy plot for GLUT 1. The different GLUTSs have varied distribution in tissue
and are usually cell-specific. They also have different affinities for glucose and other
hexoses, such as fructose and galactose [2,3,17].

GLUCOSE TRANSPORTER CLASS |

This family of GLUTSs was the first group to be described and is the most characterized.
GLUT 1 and GLUT 4 are the most commonly studied [18]. In 1985, GLUT 1 was the first
isoform to be cloned. GLUT 1 is expressed in erythrocytes, placenta, endothelial cells and,
therefore, regulates entry across the blood—brain barrier; it has been found to be altered in
conditions of cellular differentiation and transformation, in the presence of growth factors,
insulin and stress [19]. Compared with the other GLUTs, GLUT1 has a high affinity for
glucose and, therefore, plays a significant role in tissues that are highly dependent on
glucose for energy [20]. GLUT 1 has been found to be overexpressed in a variety of both
solid and hematological malignancies [19-21]. The variety of cancers in which GLUT 1 has
been over-expressed include but are not limited to diffuse large B-cell lymphoma, colorectal
carcinomas, hepatocellular carcinoma, head and neck cancer, gastrointestinal stromal tumor
(GIST), prostate carcinoma, thyroid carcinoma, renal cell cancer, lung cancer, pancreatic
cancer, sarcomas and laryngeal carcinomas. In these cancers, there are data that are for and
against the concept that the degree of GLUT 1 overexpression correlates with the grade of
tumor, stage of cancer and clinical outcome [20,22-28].

GLUT 4 is found in tissues that are generally insulin-sensitive tissue such as cardiac, skeletal
and muscular tissue. It has been studied widely in type Il diabetes mellitus and obesity, and
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its role in tumori-genesis to a lesser extent [17]. The stimulation of GLUT 4 and its
subsequent uptake of glucose in tissue has been linked to activation of the
phosphatidylinositol 3-kinase-AKT pathway. Studies in our laboratory have demonstrated a
key role for GLUT 4 in sustaining multiple myeloma cell viability and proliferation [29™].
It has also been shown that in GIST cells after treatment with imatinib, there is a decrease in
GLUT 4 present in the plasma membrane [30]. This was thought to be as a result of
endocytosis of GLUT 4 from the plasma membrane, or sequestration of intracellular
microsomes, and was independent of expression of constitutively active AKT [30], also
underscoring a role for GLUT4 in maintenance of these cancers.

GLUT 2 with a K, of approximately 17 mmol/l [17,27] has the lowest affinity for glucose.
It has been expressed in the cancer cell lines of the small intestine, kidney, breast,
insulinoma, colon and pancreas. GLUT 2 and GLUT 5 are the transporters primarily
indicated in fructose transport in humans, albeit GLUT 2 to a lesser extent than GLUT 5
[2,17,22]. GLUT 3 is another transporter in this class, which has been relatively well studied
and has been found to be expressed predominantly in the brain. It is, however, also found in
tissues that have high glucose demand, such as the placenta and testes [17]. Cancer cell lines
in which GLUT 3 has been investigated include the breast, choriocarcinoma, ovarian,
colorectal, retinoblastoma and rhabdomyosarcoma [2]. There have been conflicting reports
of the role of tumor protein 53 (P53) in the regulation of GLUT 3; there have been reports
that GLUT 3 expression is regulated via a p53-independent pathway, whereas another group
suggests that the overexpression of p53 wild-type led to GLUT 3 suppression [31,32].

GLUCOSE TRANSPORTER CLASS i

This group of GLUTS is sometimes referred to as the ‘odd’ GLUTSs and a major
characteristic of this class is their ability to transport fructose [2]. GLUT 2 and GLUT 5
were historically the transporters indicated in human fructose transport, more recently
though the other GLUTS in this class role in fructose transport has been described [17,22].

GLUT 5 is found abundantly in the kidneys, testes, small intestine, muscle and adipose
tissue. It is quite specific in its action of transporting fructose and lacks the ability to
transport other hexose sugars [33™]. GLUT 5 has been postulated to be important in
tumorigenesis and has been found to be overexpressed in some types of cancer compared
with normal cells, for example, renal cell carcinoma (RCC), breast and prostate cancer
[22,33™ 34™ ®]. The role of fructose in the form of 6-deoxy-6-[18F]fluoro-D-fructose ([18F]
(FDF) has been evaluated as an alternative PET radiotracer in cancers in which [18F]-FDG-
PET is not ideal, for example, breast cancer [34™ ™]. GLUT 7 was the last member of this
family to be cloned, is expressed in the small intestine, colon and the prostate and testis to
lesser extent. It has a high affinity for both glucose and fructose in humans, and its role in
cancer metabolism is yet to be elucidated [17,35].

GLUT 9 is found primarily in the liver and kidney, but has also been found in the lung,
leucocytes and the small intestine. There are variable reports on its ability to act as a
glucose/fructose transporter; it recently was reported to be a high affinity transporter of urate
[36] with implications in hyperuricemia. It has been postulated that its ability to act as a high
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capacity transporter of urate is in part due to enabling exchange with hexose sugars [17,36].
GLUT 11, the last transporter in this group, is primarily localized in the plasma membrane
and can be found in a variety of tissue cells, including but not limited to the heart, placenta,
kidney, skeletal muscle, adipose tissue and pancreas [17,29™]. To date, three isoforms have
been described: GLUT 11A, GLUT 11B and GLUT 11C, and they are known to have a
relatively low affinity for fructose and glucose compared with other GLUTs [17,29™].

GLUCOSE TRANSPORTER CLASS I

On review of the literature, this group of GLUTS’ role in cancer is less well characterized.
GLUT 6 is found predominantly in the brain, spleen and white blood cell [17]. The only
report of GLUT 6 overexpression in a malignancy was found in chronic lymphocytic
leukemia that was associated with trisomy 12, and this overexpression was determined not to
be significant [37]. GLUT 8 is routinely expressed in the testis, adrenal gland, liver, spleen
and lung. Most recently, however, it has been reported to be overexpressed in multiple
myeloma as well [17,29™]. Recent studies from our laboratory suggest that GLUT 8 may
play a role in intracellular glucose transport in the endoplasmic reticulum to potentially
regulate protein glycosylation [29™]. GLUT 12 is found to be localized in the perinuclear
region and plasma membrane of prostate and breast cancer cell lines. It has also been
expressed in heart, small intestine and skeletal muscle [3,17]. GLUT 10 and GLUT 13
(HMIT) are yet to be characterized in specific cancer cells/lines.

TARGETING GLUTS AS A THERAPEUTIC INTERVENTION IN CANCER

It has been observed that cancer cells are more susceptible to glucose deprivation compared
with normal cells. Various studies have demonstrated that inhibition of glucose transport
results in apoptosis and can also decrease cancer cell proliferation [38,39™]. Taking a step
further, investigators have attempted to inhibit various steps in the glycolytic process so as to
induce apoptosis. Examples of enzymes that have been targeted include pyruvate
dehydrogenase, lactate dehydrogenase and hexokinase [38].

Although elevated expression levels of GLUT 1 are detected across numerous cancers, the
actual contribution of this transporter can be determined only by specific ribonucleic acid
interference approaches. GLUT1 is responsible for basal glucose transport in all cell types,
and it has been shown that its level of expression correlates with the degree of invasion and
metastatic potential of cancers [38,39™]. Treatment of various lung and breast cancer cell
lines with anti-GLUT 1 antibodies was found to induce apoptosis. There have also been
reports of synergistic effects after these drugs were combined with existing cancer
chemotherapeutic agents [38]. Given the widespread expression patterns of GLUT 1 and its
role in transport of glucose across the blood-brain barrier, it is preferable to target
transporters with far more limited expression profiles.

GLUT-SPECIFIC INHIBITORS

STF-31 belongs to the second class in the group of compounds pyridyl anilino thiazoles,
referred to as the 3-series class. Its main mechanism of action is to inhibit glucose uptake

Curr Opin Oncol. Author manuscript; available in PMC 2019 February 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Adekola et al.

Page 6

and utilization. Chan et a/.[26] investigated the effect of STF-31 in RCC, and they found that
it was cytotoxic in RCC expressing GLUT 1. They also found that RCC was rescued from
the cytotoxic effects of STF-31 if they expressed high amounts of GLUT 2.

Genistein is a naturally occurring isoflavone compound (a derivative of soy) [40,41], which
showed that it has a direct competitive inhibitory effect on GLUT 1, which results in
inhibition of the transport of hexoses and dehydroascorbic acid across the plasma cell
membrane [42]. Of note, genistein and other isoflavones have natural tyro-sine kinase
inhibitory activities [43].

Fasentin is the death receptor stimuli and FAS-sensitizing compound that was described by
Wood et al. [44]. Fasentin was found to bind directly to GLUT 1 and, thereby, inhibited
glucose uptake of prostate cancer cells (PPC1) and U-937 leukemia cells, sensitizing these
cells to FAS. Fasentin’s inhibitory effect on the other GLUTSs still needs to be elucidated.

Histone deacetylase inhibitors are a group of therapeutics that have recently been found to
play a role in alteration of cancer cell metabolism. They were found to inhibit glucose
uptake in multiple myeloma cells and acute promyelocytic leukemia cells, resulting in
reduction of GLUT 1 expression leading to apoptosis [45].

Protease inhibitors, such as ritonavir and associated compounds, were first made famous for
their use in the treatment of HIV/AIDS. It has been demonstrated that they have off-target
inhibitory effects on GLUT 4, thereby decreasing glucose consumption in cancer [29™].

CONCLUSION

There is a recent resurgence of interest investigating glucose metabolism in cancer. A greater
understanding of the reliance of cancers on individual GLUTs will likely lead to new
targeting modalities for cancer therapy. In addition, establishing GLUTS as rate-limiting
checkpoints across a broader spectrum of cancers, identifying alternate roles for GLUTS that
are not high-affinity transporters and a role for compensatory metabolism in overcoming
glucose-deprivation elicited stress are aspects that need to be considered in order to
effectively target GLUTS for therapy. The preferred outcome would be to discover new
therapeutic agents that are specific to the cancer cell’s metabolism without causing untoward
effect on the metabolism of the host.
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KEY POINTS

. A myriad of cancers exhibit increased glucose uptake and aerobic glycolysis,
that is, the Warburg effect.

. Glucose transporters are rate-limiting checkpoints, abnormally regulated in
cancer.

. Glucose transporters can be targeted in a relatively tumor cell-specific manner
to block glucose-regulated processes more comprehensively for cancer
therapy.
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