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Abstract

In recent years there has been a growing interest among cancer biologists in cancer metabolism.
This Review summarizes past and recent advances in our understanding of the reprogramming of
glucose metabolism in cancer cells, which is mediated by oncogenic drivers and by the
undifferentiated character of cancer cells. The reprogrammed glucose metabolism in cancer cells
is required to fulfil anabolic demands. This Review discusses the possibility of exploiting the
reprogrammed glucose metabolism for therapeutic approaches that selectively target cancer cells.

Until two decades ago, cellular glucose metabolism, and cancer metabolism in general, were
not considered to be major branches of cancer biology. However, in the past 15 years, there
has been a growing interest in cancer metabolism, particularly glucose metabolism in cancer
cells; these topics have now become an integral part of cancer biology, similarly to signal
transduction and transcription. Considering that accelerated aer obi ¢ gl ycol ysi s has
been known to distinguish cancer cells from normal cells for many decades and that this
distinction has been exploited to detect and image tumours 7 vivo, it is surprising that high
cellular glucose metabolism has only recently been recognized as one of the hallmarks of
cancer by cancer biologists. This renewed interest in glucose metabolism is coupled with the
realization that one of the consequences of certain oncogenic drivers is increased cellular
glucose metabolism and, indeed, metabolism in general. Perhaps one of the reasons for this
renewed recognition is the realization that the PI3K-AKT-mTOR complex 1 (nTORC1)
signalling pathway, which has an evolutionarily conserved function in metabolism, is also
frequently activated in cancer cells.

The discovery of high rates of aerobic glycolysis in cancer cells by Otto Warburg in the late
1920s led him to assume that respiration, through the process of oxi dat i ve

phosphor yl at i on (OXPHO), is impaired or damaged in cancer cells}=3. In subsequent
years, this idea that OXPHO in the mitochondria is suppressed in cancer cells was debated.
Most notable is the debate between Warburg and Sidney Weinhouse*®, in which Weinhouse
disputed the assumption that tumour cells cannot oxidize glucose. Weinhouse and colleagues
carried out isotope-tracing experiments to show that glucose can be oxidized to CO5. In

Competing interests statement
The author declares no competing interests.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hay

Page 2

other words, that OXPHO can occur in cancer cells at a rate similar to that in normal
cells®8. Retrospectively, it became clear that the data obtained by Warburg himself did not
support the idea that respiration is diminished in cancer cells®. Instead, high rates of glucose
metabolism and glycolysis are maintained in cancer cells despite the occurrence of OXPHO.
Whereas most normal cells obey the Crabtree effect — which posits that if a high rate of
glycolysis is maintained OXPHO is not — cancer cells do not. They maintain high rates of
both glucose metabolism and OXPHO to fulfil the high demand for anabolic processes?0.
However, during tumour growth, the cells in the core of the tumour become hypoxic and
only under these conditions are rates of OXPHO decreased while glycolysis is increased.

Glucose metabolism involves not only glycolysis but also other pathways that require
glucose. These include the pent ose phosphat e pat hway (PPP), which generates
pentose phosphates for ribonucleotide synthesis and NADPH; the hexosani ne pat hway,
which is required for glycosylation of proteins; glycogenesis, which generates glycogen for
glucose storage; the serine biosynthesis pathway, which generates amino acids; which is
followed by the one- car bon met abol i smcycle, which generates NADPH, and which is
required for purine and glutathione biosynthesis, and for methylation. This Review
summarizes the mechanisms by which glucose metabolism is reprogrammed in cancer cells
and how this reprogramming could be exploited to selectively target cancer cells.

Reprogramming of glucose metabolism

Committed reactions in glucose metabolism

The canonical glycolysis pathway comprises several reversible enzymatic reactions and
three irreversible reactions, which are known as the committed steps. The first committed
step is catalysed by hexokinases that phosphorylate glucose to produce glucose-6-phosphate
(G6P). This reaction is perhaps the most important step in glucose metabolism — first,
because it traps glucose inside cells, which could otherwise be exported by the glucose
transporters, and second, because G6P is at the convergence point of not only glycolysis but
also the PPP, the hexosamine pathway and glycogen synthesis (FIGS 1, 2).

The PPP is composed of two branches: oxidative and non-oxidative. The oxidative branch
generates NADPH and ribulose-5-phosphate in three irreversible reactions. The non-
oxidative branch generates pentose phosphates for ribonucleotide synthesis in a series of
reversible reactions that also recruit additional metabolites, such as fructose-6-phosphate
(F6P) and glyceraldehyde-3-phosphate (G3P) (reviewed in REFS 11.12) (FIG. 2a). Because
the PPP produces NADPH, which is required to maintain intracellular redox homeostasis
and fatty acid synthesis, as well as pentose phosphates, which are required for RNA and
DNA synthesis (FIG. 2a), it has a pivotal role in cancer metabolism. The PPP is modulated
by several metabolites, and in proliferating cancer cells both the oxidative and non-oxidative
branches of the PPP are increased by several oncogenic drivers (reviewed in REFS 11.12),
The extent to which the oxidative branch versus the non-oxidative branch is modulated
depends on the redox and metabolic status of the cell.

The hexosamine pathway, which is initiated with G6P and F6P, is followed by four
subsequent reactions that also use glutamine, acetyl-CoA and UTP to generate UDP- /-
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acetylglucosamine (UDP-GIcNACc) (FIG. 2b). UDP-GIcNACc is a sugar donor for the
glycosylation of proteins!3-15, In glycogenesis, glycogen, a branched polymer of glucose
that functions as a repository of glucose units, is synthesized from G6P (FIG. 2c). Glycogen
is synthesized mainly in the liver and skeletal muscles, but many cells have the capacity to
synthesize glycogen, which can be a source of glucose for cancer cells in conditions in
which glucose is limited (reviewed in REF. 16).

Cancer cells facilitate the first committed step in glucose metabolism by increasing glucose
uptake and inducing high-level expression of hexokinase 2 (HK2) in addition to HK1, which
is already expressed in normal cells1”18, There are four main hexokinases in mammalian
cells — HK1-4, which are encoded by different genes®-21 — and a recently identified fifth
hexokinase, hexokinase domain-containing protein 1 (HKDC1), which has not yet been fully
characterized?2:23, HK1-3 are all high-affinity hexokinases, but HK1 and HK2 have the
unique ability to bind to mitochondria in a voltage-dependent anion channel (VDAC)-
dependent manner (FIG. 2a). HK1-3 are inhibited by their own catalytic product, G6P,
which also induces a conformational change that dissociates HK1 and HK2 from the
mitochondria. By binding to the outer mitochondrial membrane and VDAC, HK1 and HK2
preferentially use ATP derived from mitochondria to phosphorylate glucose, thereby
coupling OXPHO with glycolysis (reviewed in REF. 19) (FIG. 2a). HK3 has the highest
affinity for glucose but is also inhibited by glucose at physiological levels, and its role in
glucose metabolism in cancer cells is not clear. HK4 (also known as glucokinase) has a low
affinity for glucose and is not inhibited by G6P, and its expression is restricted to the
pancreas and liver!921, HK1 is the most ubiquitous isoform and is found in most adult
tissues, whereas HK2 is expressed at high levels only in skeletal muscle, heart and adipose
tissues, although it is also highly expressed in embryonic tissues. However, HK2 expression
is induced in cancer cells to increase the glucose flux into various metabolic pathways24:2°,
It is not completely clear why in most cancer cells only HK2 expression is induced without
further increase in HK1 expression. One possibility is that the /K2 locus in the genome is
more accessible to transcriptional manipulation. Interestingly, both HK1 and HK2 possess
two tandem catalytic domains but only one of them is active in HK1, whereas both are active
in HK2 (REF. 26).

The second committed step of glycolysis is catalysed by phosphofructokinase 1 (PFK1), and
the third committed step is catalysed by pyruvate kinases. PFK1 catalyses the conversion of
F6P into fructose-1,6-bisphosphate (F1,6BP), and pyruvate kinases convert
phosphoenolpyruvate (PEP) into pyruvate (FIG. 1). The first two committed steps consume
ATP whereas the third committed step generates ATP. Cancer cells use several mechanisms
to increase the flux of glucose in glycolysis, with the exception of the third and last
committed step (which generates ATP and pyruvate), which is attenuated in cancer cells
(FIG. 1). The attenuation of the last committed step is achieved, in part, by predominantly
using the low-affinity pyruvate kinase M2 (PKM2) isoform to catalyse this reaction?’. There
are four pyruvate kinase isoforms in mammalian cells — PKM1, PKM2, PKR and PKL —
which are encoded by two separate genes28. The same gene, PKLR, encodes PKR and PKL
through the use of alternative promoters. PKR expression is restricted to red blood cells,
whereas PKL is expressed at high levels in the liver and to some extent in the kidney. PKM1
and PKM2 are encoded by another gene, PKM, through alternative splicing. The active
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pyruvate kinases are tetramers, but whereas PKML1 is a constitutively active tetramer, the
tetrameric active form of PKM2 is allosterically regulated by various metabolites?”. The
activity of PKM2 can therefore be modulated to enable cancer cells to adapt to conditions
that require different sets of metabolites for different anabolic processes. The expression of
PKM?2 varies between different types of cancer, and in a subset of breast cancer samples, its
expression is hardly detected?’. In a mouse model of breast cancer, the deletion of Pkm2
does not inhibit tumour development2?, and similarly, PKM2 was found to be dispensable
for the growth of colon cancer cells30. By contrast, PKM2 is required for the development of
leukaemia3L. The low level of PKM2 activity in cancer cells suggests that there is an
alternative mechanism by which PEP is converted into pyruvate. One such mechanism is
mediated by phosphoglycerate mutase 1 (PGAM1), which is known to catalyse the
conversion of 3-phosphoglycerate (3PG) into 2-phosphoglycerate (2PG) in glycolysis. It was
shown that PGAML converts PEP into pyruvate, possibly by transferring the PEP phosphate
to the catalytic histidine of PGAM1 (REF. 32).

The attenuation of the last committed step of glycolysis diverts metabolites into the
branching pathways, such as the PPP and the serine biosynthesis pathway, to generate
sufficient metabolic intermediates and to augment the anabolic reactions required for cell
growth and proliferation. Although the last committed step (the conversion of PEP into
pyruvate) is attenuated, the subsequent conversion of pyruvate into lactate is markedly
increased, and most of the lactate is secreted (FIG. 1). The increased conversion of pyruvate
into lactate despite the inhibition of pyruvate generation might seem to be counterintuitive
but this response has probably evolved to regenerate NAD* and to maintain the flux to the
branching pathways (see below). The enzymes that catalyse the reversible conversion of
pyruvate into lactate are lactate dehydrogenases (LDHSs) and are encoded by four separate
genes (LDHA, LDHB, L DHC and LDHD). The two highly expressed isozymes, LDHA and
LDHB, can form either homotetramers or heterotetramers. LDHA has a higher affinity for
pyruvate, and LDHB has a higher affinity for lactate; thus, LDHA favours the forward
reaction, and LDHB favours the reverse reaction. LDHA is the predominantly expressed
LDH in cancer cells33:34, Because of the reversible activity of LDH, the secretion of lactate
from the cell through monocarboxylate transporters (MCTS) is required to drive the reaction
forward as well as to prevent a highly acidic intracellular environment. Also, because lactate
inhibits the activity of PFK1 (REF. 35), it is important to prevent its intracellular
accumulation to avoid inhibition of the second committed step in glycolysis. However, the
secreted lactate could have supporting roles for the cancer cells. First, local acidification of
the tumour microenvironment could potentially support tumour invasion3®, in part through
an increase in the level of extracellular vascular endothelial growth factor A (VEGFA)37:38
and proteases3940, Second, the lactate can be taken up by adjacent stromal cells and used as
an energy substrate to support growth or to generate pyruvate, which is then extruded by the
stroma and taken up by the cancer cells#142, Under conditions of low glucose availability,
cancer cells can use the extracellular lactate or pyruvate to support the t ri car boxyl i c
acid cycl e (TCA cycle) and to provide citrate and acetyl-CoA for fatty acid synthesis.

The increased pyruvate to lactate flux in cancer cells is catalysed by LDHA, in a reaction
that generates NAD* from NADH (FIG. 1). NAD* is converted into NADH in glycolysis
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and is required to maintain a high flux of glucose metabolism. The replenished NAD* is
required as a coenzyme for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which
catalyses the conversion of G3P into 1,3-bisphosphoglycerate (1,3BPG). Subsequently,
1,3BPG is converted into 3PG by phosphoglycerate kinase 1 (PGK1) in a reaction that
generates ATP (FIG. 1). 3PG is not only used to generate PEP in the subsequent reaction of
glycolysis but also participates in the serine biosynthesis pathway that branches from
glycolysis to generate non-essential amino acids (FIGS 1, 3). The first step in the serine
biosynthesis pathway, catalysed by phosphoglycerate dehydrogenase (PHGDH), also uses
NAD™ to oxidize 3PG to the serine biosynthesis precursor, 3-phosphohydroxypyruvate.
Thus, it would be interesting to determine whether inhibiting LDHA affects the serine
biosynthesis pathway.

If the slow conversion of PEP into pyruvate, catalysed by PKM2, increases channelling to
the serine biosynthesis pathway in cancer cells, it would require more NAD*, which in turn
would increase NADH levels. This may explain, at least in part, why there is increased
conversion of pyruvate into lactate (which generates NAD*) when the PEP to pyruvate flux
is low*3. Notably, despite the slow conversion of PEP into pyruvate, cancer cells seem to
have sufficient pyruvate to import into the mitochondria for the TCA cycle, which is further
facilitated by exogenous glutamine®4.

Interestingly, in many cancer cells, the first steps in the serine biosynthesis pathway are
augmented by either overexpression or gene amplification of PHGDH*>~49, It is not clear
why cancer cells accelerate the first steps of the serine biosynthesis pathway, as PHGDH
seems to be required for cancer cell proliferation regardless of the presence or absence of
exogenous serine?®:50, One possible explanation is that the subsequent reaction in the serine
biosynthesis pathway, catalysed by phosphoserine aminotransferase (PSAT1), converts 3-
phosphohydroxypyruvate into serine, but also generates a-ketoglutarate (a-KG) from
glutamine by transamination (FIG. 3). It was reported that in cells with overexpression of
PHGDH, this transamination reaction supplies a significant portion of a-KG to the TCA
cycle8. Another potential explanation for the requirement of PHGDH despite exogenous
serine, is due to reduced purine biosynthesis®® (see below). Notably, although PHGDH is
required for cancer cell proliferation and tumour initiation of breast cancer cells, it was
reported that it is dispensable for the tumour maintenance of oestrogen receptor (ER)™ breast
cancer cells overexpressing PHGDH%3,

The subsequent conversion of serine into glycine by serine hydroxymethyltransferase 1
(SHMTL) in the one-carbon metabolism cycle in the cytosol is coupled to the conversion of
tetrahydrofolate (THF) into 5,10-methylene-THF (CH,-THF). Then, CH,-THF is converted
into 5,10-methenyl-THF (CH-THF), which enters the f ol at e cycl e (FIG. 3). CH,-THF is
also converted into 5-methyl-THF (CH3-THF), which provides the methyl group to generate
S-adenosylmethionine in the met hi oni ne cycl e (FIG. 3). SSAdenosylmethionine is a
substrate for methyltransferases, which methylate metabolites, nucleic acids and proteins.
The conversion of CH,-THF into CH-THF is catalysed by methylenetetra hydrofolate
dehydrogenases (MTHFD1 and MTHFD?2) in both the cytoplasm and mitochondria in a
reaction that generates NADPH. CH-THF can also be converted into 10-formyl-THF (10-
CHO-THF), which participates in purine biosynthesis, or to THF in a reaction that generates
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NADPH (FIG. 3). Recently, it was shown that folate metabolism is an important source of
NADPH in cancer cells in addition to the PPP32:53, However, unlike the PPP, the reaction
that generates NADPH in the folate cycle, which is catalysed by MTHFDL1 in the cytoplasm
and MTHFD?2 in the mitochondria, is reversible (FIG. 3). Notably, if the therapeutic
inhibition of the serine biosynthesis pathway increases the intracellular levels of 3PG it
might also inhibit NADPH production by the PPP, as 3PG was shown to inhibit 6-
phosphogluconate dehydrogenase (6PGDH), which catalyses the second step in the
oxidative PPP%4, Finally, glycine, together with 10-CHO-THF, contributes to the generation
of purine nucleotides in a series of reactions that use ribose-5-phosphate generated from the
PPP as the initial substrate. Glycine is also used together with glutamate and cysteine to
generate glutathione (FIG. 3). It was recently reported that when PHGDH is inhibited
glycine is converted back into serine by the cytoplasmic SHMT1, and this reversed reaction
occurs even when glycine is derived from exogenous serine. The reversed reaction also
consumes CH,-THF?L (FIG. 3). Therefore, less glycine and 10-CHO-THF are available for
the synthesis of purines®L. This could explain, at least in part, why PHGDH is required
despite the availability of exogenous serine. It is not completely clear, however, why
SHMT1 continues to regenerate glycine from serine when both serine and glycine are
available from exogenous sources. It also remains to be determined whether PHGDH
inhibition reduces the flux of glycine into glutathione and the generation of NADPH by the
cytoplasmic folate pathway (FIG. 3).

In summary, glycolysis is accelerated in cancer cells to feed the branching pathways that
generate nucleotides, amino acids and fatty acids for the anabolic processes that generate
nucleic acids, proteins and membranes. Notably, the activities of many of the glycolytic
enzymes are positively and negatively regulated to maintain homeostasis. Cancer cells often
exploit these regulatory pathways to fulfil their anabolic needs and for adaptation to various
microenvironments.

Regulation of glycolytic enzymes

The enzymes that catalyse the committed steps of glycolysis are tightly controlled and
allosterically regulated, both positively and negatively. As indicated above, the
mitochondria-associated high-affinity HK1 and HK2 enzymes that catalyse the first
committed step are allosterically inhibited by their own catalytic product, G6P, which causes
them to dissociate from mitochondria. However, it is likely that this feedback inhibition is
minimal in rapidly dividing cancer cells, because G6P is rapidly consumed by the increased
flux of downstream pathways.

The tetrameric PFK1 that catalyses the conversion of F6P into F1,6BP (the second
committed step in glycolysis) is controlled by multiple positive and negative regulators. The
PFK1 subunits are encoded by different genes — PFKM in muscle, PFKL in liver and PFKP
in platelets®®. PFK1 is allosterically activated by fructose-2,6-bisphosphate (F2,6BP), which
is generated from F6P by 6-phosphofructo 2-kinase/fructose-2,6-bisphosphatase (PFK2/
F2,6BPase or PFKFB). PFKFB contains two tandem domains with opposing activities. One
domain has a kinase activity that phosphorylates F6P to F2,6BP, and the other domain has a
phosphatase activity that dephosphorylates F2,6BP back to F6P. Because F2,6BP is an
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allosteric activator of PFKZ1, the relative kinase to phosphatase activities of PFKFB can
determine PFK1 activity, and the relative intracellular levels of F6P and F1,6BP. There are
four major isoforms of PFKFB (PFKFB1-4), which are encoded by separate genes. The
relative kinase to phosphatase activity of each isoform is different, and their relative
expression levels vary in different mammalian tissues and in different types of cancer
(reviewed in REF. 56). In general, the PFKFB3 isoform, which has greater kinase activity
than phosphatase activity, is increased in cancer®’, thereby increasing the intracellular level
of F2,6BP and the allosteric activation of PFK1.

PFKZ1 is inhibited by PEP, lactate, citrate, palmitoyl-CoA and ATP, which are downstream
products of glycolysis (FIG. 4). It is possible that the inhibition of PFK1 by these products,
in particular citrate and palmitoyl-CoA, has evolved to redirect glucose into the PPP to
generate sufficient NADPH levels for lipogenesis and to combat oxidative stress, as well as
sufficient ribose-5-phosphate for ribonucleotide biosynthesis. Interestingly, PFK1 activity is
inhibited by glycosylation at serine 529, the same amino acid that is required to bind to its
allosteric activator F2,6BP38. Therefore, glycosylation prohibits the allosteric activation of
PFK1 by F2,6BP.

The two major activators of PKM2, which catalyses the third committed step of glycolysis,
are F1,6BP (the catalytic product of PFK1) and serine (FIG. 4). Both F1,6BP and serine
increase the abundance of the tetrameric active form of PKM2 by direct binding (reviewed
in REF. 27). The metabolic advantage of this activation is not obvious. However, high levels
of F1,6BP and serine could indicate that there is no need to shunt F6P back to the PPP or to
shunt other metabolites to the serine biosynthesis pathway, and therefore that glycolysis can
move forward to generate ATP. The activation of PKM2 by F1,6BP could, however, be
balanced by pro-proliferation signals that increase tyrosine kinase activity. Phosphorylation
of PKMZ2 on tyrosine 105 or the binding of PKM2 to phosphotyrosine peptides inhibits its
binding and activation by F1,6BP. Importantly, PKM2 activity is inhibited by reactive
oxygen species (ROS) through the oxidation of cysteine 358 and thus is regulated by the
redox state of the cell®®. This inhibition of PKM2 could potentially channel metabolites to
the serine biosynthesis and one-carbon metabolism pathways, and possibly increase the flux
of glucose to the oxidative PPP%9 to combat oxidative stress. Under oxidative stress
conditions, the channelling of metabolites to the oxidative PPP is further exacerbated by the
oxidative inhibition of GAPDH activity89. Other mechanisms that activate or inhibit PKM2
are described elsewhere?’,

Mechanisms of reprogramming

There are no universal mechanisms known to be used by all types of cancer cells to
reprogramme glucose metabolism, but there are several common mechanisms by which
cancer cells modulate and hijack the three committed steps in glycolysis, as well as glucose
uptake, to fulfil their anabolic demands. Individual oncoproteins and tumour suppressors can
affect glucose metabolism in cancer cells by multiple mechanisms. Some of these
mechanisms overlap with the mechanisms mediated by hypoxia and the transcription factor
hypoxia inducible factor 1 (HIF1) to accelerate glucose metabolism61. HIF1 increases the
expression of the glucose transporter GLUT1 (also known as SLC2A1) and of HK2 to
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increase glucose uptake and glucose phosphorylation (the first committed step of
glycolysis), respectively?>:62, Similarly, oncogenic KRAS, oncogenic BRAF and activated
AKT increase the expression and translocation to the plasma membrane of GLUT1 and
other glucose transporters®3-66, HK2 expression is markedly induced in cancer cells by
multiple mechanisms and oncogenic drivers and is transcriptionally upregulated by

MY C18:67-69 AKT promotes the association of HK1 and HK2 with the mitochondria’®, and
HK2 is phosphorylated by AKT, which in turn increases the association of HK2 with
mitochondria’! and possibly increases its intracellular activity.

The expression of PFKFB3, which generates F2,6BP, the allosteric activator of PFK1, is
induced by HIF1, and PFKFB3 is overexpressed in cancer cells even in normoxic
conditions’2-75, AKT activates PFK1 by the phosphorylation and activation of PFKFB2
(REF. 56). However, constitutive activation of PFK1 may not be beneficial for cancer cells in
all conditions. For example, under oxidative stress conditions, it may be important to
attenuate the activity of PFK1 to divert glucose into the PPP and to generate NADPH to
combat oxidative stress. Similarly, activated PFK1 in cancer cells should still be susceptible
to inhibition by citrate and palmitoyl-CoA when they are present at excess levels to shunt
F6P back into the PPP and to provide NADPH for lipogenesis.

HIF1 also increases the expression of LDHA and MCT4 to increase the conversion of
pyruvate into lactate and its secretion from the cell, respectively8L. Similarly, expression
levels of LDHA, MCT1 and MCT4 are increased in cancer (FIG. 1). MYC, which is
frequently deregulated in various types of cancer, transcriptionally increases the expression
of LDHA and MCT1 (FIG. 5). The roles of MYC in cancer metabolism are reviewed
elsewhere’®-78_ Finally, both the oxidative and non-oxidative branches of the PPP are
regulated by several oncoproteins and tumour suppressors (reviewed in REF. 11) (FIG. 5).

Both wild-type and gain-of-function mutants of the tumour suppressor p53 have been
implicated in the control of glucose metabolism (reviewed in REFS 79:80) (FIG. 5). For
example, p53 induces the expression of 7P53-induced glycolysis and apoptosis regulator
(TIGAR), which, similarly to PFKFB, can decrease the level of F2,6BP, the allosteric
activator of PFK1. Consequently, F6P levels are increased as a result of decreased PFK1
activity and F6P is redirected to the PPP to generate NADPH, maintain the redox state of the
cell and increase the level of ribose-5-phosphate for ribonucleotide synthesis. Because the
conversion of G6P into F6P is reversible, the accumulation of F6P could also increase the
steady-state level of G6P and therefore, the inhibition and detachment from the
mitochondria of hexokinases. However, TIGAR binds to HK2 and promotes its activity at
the mitochondria through a PFKFB-independent mechanism, especially under hypoxic
conditions®L. A gain-of-function mutant p53 was shown to increase the plasma membrane
translocation of GLUT1 by affecting RHOA—-Rho-associated protein kinase (ROCK)
signalling®2.

Perhaps the best and most comprehensive example of the reprogramming of glucose
metabolism in cancer cells is found in hepatocellular carcinoma (HCC) (FIG. 6). The
primary function of normal differentiated hepatocytes is to regulate the circulating levels of
glucose. Therefore, their intracellular glucose metabolism is adapted to this function.
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Normal hepatocytes not only consume glucose but also export it; their predominant glucose
transporter is GLUT2, which is characterized by high levels of reversible flux. The
phosphorylation of glucose is mediated by the low-affinity hexokinase, HK4. Normal
hepatocytes store glucose as glycogen or break it down depending on systemic needs.
Hepatocytes are also distinguished from most other cells in the body by their ability to carry
out gluconeogenesis, which runs in the opposite direction to glycolysis and is catalysed by
enzymes that override the committed steps in glycolysis. These enzymes are glucose 6-
phosphatase (G6Pase; also known as G6PC), fructose-1,6-bisphosphatase 1 (FBP1) and
phosphoenolpyruvate carboxykinase (PEPCK; also known as PCK), which override the first,
second and third committed steps of glycolysis, respectively (FIG. 6). In HCC, however,
extensive reprogramming of these metabolic pathways occurs. First, the main glucose
transporter in HCC is GLUT1, not GLUT2, which has a relatively high reversed glucose
flux83, Second, and perhaps the most profound change, is the suppression of HK4
expression and the induction of the high-affinity hexokinase HK2 (REF. 84). Third, there is
an isoform switch of aldolase, the enzyme that reversibly cleaves F1,6BP to
dihydroxyacetone phosphate (DHAP) and G3P. There are three aldolase isoforms, which are
encoded by three different genes (ALDOA, ALDOB and ALDOC). Aldolase B is the major
isoform in normal differentiated hepatocytes, but its expression is suppressed in HCC,
whereas aldolase A expression is induced®>86, Aldolase B catalyses the condensation of
DHAP and G3P to F1,6BP more efficiently than aldolase A, whereas aldolase A is more
efficient at cleaving F1,6BP compared with aldolase B8”. Thus, aldolase B is better suited to
gluconeogenesis in differentiated hepatocytes, whereas aldolase A is better suited to the
glycolytic flux in HCC. Aldolase A is also the predominant isoform expressed in other types
of cancer88, It is associated with F-actin, and recently, it was reported that PI3K activation
mediates the dissociation of aldolase A from the actin cytoskeleton in an AKT-independent
manner. The dissociation from the actin cytoskeleton increases the abundance and activity of
aldolase A in the cytoplasm8. Fourth, the expression of gluconeogenic enzymes is markedly
suppressed in HCC cells. In addition, whereas the pyruvate kinase isoform, PKL, is the
predominant isoform in normal hepatocytes, PKM2, which is more suited to cancer cells, is
the main isoform in HCC cells®192, Finally, to increase the flux of pyruvate to lactate the
expression level of LDHA is increased in HCC cells compared with normal hepatocytes®L.
Similarly to HCC cells, clear cell renal cell carcinoma (ccRCC) cells undergo extensive
reprogramming of glucose metabolism compared with their cells of origin®3. Differentiated
kidney cells, like differentiated hepatocytes, express gluconeogenic genes that are
suppressed in ccRCC93. Most notable is the ubiquitous loss of FBP1 in ccRCC, which was
attributed not only to the loss of its catalytic activity but specifically to the loss of its non-
catalytic activity in the nucleus%4.

Interestingly, under certain conditions when glucose and nutrients are limited, cancer cells
may adapt by using gluconeogenic enzymes to generate glycolytic intermediates. For
example, the mitochondrial isoform of PEPCK, PEPCK-M (also known as PCK2), which is
expressed in breast and lung cancer cells, as well as in several other cancer cell lines, was
reported to be increased and activated under limited glucose conditions>-97. It was also
reported that the cytosolic form of PEPCK, PEPCK-C (also known as PCK1) is
overexpressed in colon cancer, and it accelerates the generation of glycolytic
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intermediates®8. Surprisingly, cytoplasmic PEPCK-C also increased the use of glucose by a
mechanism that may involve the activation of mMTORCL that is not fully understood.

Glucose metabolism and cancer cell survival

Glucose deprivation can lead to energetic stress and to the selective death of cancer cells
compared with normal cells. However, the energetic stress per se may not be the main cause
of this selective cell death. Glucose deprivation reduces the intracellular redox power of
cancer cells because it decreases the production of NADPH from the PPP and from glucose-
derived one-carbon metabolism. Thus, glucose deprivation markedly increases the
intracellular level of ROS. Because, in general, highly metabolic cancer cells have higher
levels of ROS than normal cells, they may be more vulnerable to ROS-induced cell death®®.
Interestingly, during extracellular matrix detachment, cells markedly decrease glucose
uptake. Therefore, during solid tumour formation when cancer cells detach from the
extracellular matrix or when breast cancer cells migrate to the lumen of the mammary gland
(FIG. 7), they cease to consume glucose and undergo energetic stress and decreased ATP
production1®. In addition, NADPH levels decline, and thus, intracellular ROS levels are
increased. Under these conditions, cancer cells may be more susceptible to cell death than
other cells. However, as a consequence of the energetic stress and reduced intracellular ATP
levels, AMP-activated protein kinase (AMPK), the sensor of ATP levels, is activated. In turn,
AMPK inhibits acetyl-CoA carboxylase 1 (ACC1; also known as ACACA) and ACC2 (also
known as ACACB), which are required for fatty acid synthesis (FAS) and for the inhibition
of fatty acid oxidation (FAO). Thus, AMPK activation inhibits FAS while promoting FAO.
By inhibiting FAS, AMPK reduces NADPH consumption. By promoting FAO, AMPK
increases the flux from malate to pyruvate, which generates NADPH, and promotes the
conversion of isocitrate into a-KG by isocitrate dehydrogenase 1 (IDH1), which also
generates NADPH10L (FIG. 7). Thus, AMPK activation, following reduced glucose
consumption, prevents a sharp increase in intracellular ROS that may kill the cancer cells.

Interestingly, similarly reduced glucose consumption and enhanced energetic stress may
occur during metastasis, when cancer cells migrate from the primary tumour site to the
metastatic site. Indeed, it was recently shown that during metastasis, ROS levels increased in
circulating melanoma cells102, The reason for the increased ROS was not clearly elucidated,
but it may be due to a decrease in glucose consumption. It was reported that to combat ROS
and to maintain cell survival, the circulating melanoma cells increased NADPH levels by
promoting the folate pathway in one-carbon metabolism192, However, it is also possible that
AMPK is activated in the circulating melanoma cells and thus reduces NADPH consumption
by FAS and regenerates NADPH through malate-to-pyruvate and isocitrate-to-a-KG
reactions by promoting FAO.

Exploiting glucose metabolism for therapy

As described in this Review, it is clear that the reprogramming of glucose metabolism in
cancer cells distinguishes them from their cells of origin and from most other normal cells in
the body. This distinction is exploited for visualizing tumours /n vivo by imaging their
uptake of the radiolabelled glucose analogue [*8F] fluoro-2-deoxyglucose (FDG) using
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positron emission tomography (PET). The question then arises, if elevated glucose
metabolism in cancer cells is exploited to selectively detect them, can it be exploited to
selectively eradicate them? The simplest answer to that question is that although glucose
metabolism is increased in cancer cells, they mostly use the same glycolytic enzymes as
normal cells. Thus, the inhibition of glycolytic enzymes as a cancer treatment may increase
the risk of adverse and undesirable consequences. Nevertheless, it might be possible to target
glucose transporters and glycolytic enzymes that are preferentially used by cancer cells
compared with normal cells.

Glucose transporters

There are 14 glucose transporter isoforms, with different affinities for glucose and other
hexoses, encoded by different genes in humans103-105, The four main classical glucose
transporters are GLUT1, GLUT2 (also known as SLC2A2), GLUT3 (also known as
SLC2A3) and GLUT4 (also known as SLC2A4), which have different affinities for glucose.
In principle, glucose transporters are reversible, but of the four main glucose transporters,
only GLUT2 is highly reversible. The relative expression levels of the different isoforms
vary in different mammalian tissues and are often suited to the function of the tissue in the
context of the whole body. Although GLUTZ1, which has a high affinity for glucose, is
overexpressed in many cancers, cancer cells also express GLUT2 and GLUT3 (REF. 104).
Interestingly, GLUT4 is a predominantly expressed isoform, which is required for glucose
uptake in multiple myelomal®. As indicated earlier, oncogenic KRAS was reported to
induce the expression of GLUT1, and cancer cells expressing oncogenic KRAS or
oncogenic BRAF require GLUT1 (REF. 63). There are several small molecules that inhibit
GLUT1, and they have been shown to selectively kill cancer cells in vitrot97:108, However,
the widespread expression of GLUTL in different types of normal mammalian cells may
preclude the clinical use of these inhibitors. Germline deletion of G/utZ in mice causes
embryonic lethality, and mice with heterozygous deletion of G/ut1 survive but have seizures,
hypogl ycor r hachi a and impaired motor activity0%. However, the consequences of
systemic deletion of G/utI in adult mice have yet to be determined.

GLUT1, together with other glucose transporters, is also a transporter for the oxidized form
of vitamin C (ascorbic acid), dehydroascorbic acid (DHA)M0111 |nside cells, DHA is
reduced to vitamin C and thus increases the consumption of reduced glutathione (GSH) and
NADPH. It was recently reported that high doses of DHA deplete intracellular GSH levels in
colorectal cancer (CRC) cells that carry activating KRAS or BRAF mutations and express
high levels of GLUT1 (REF. 112). Consequently, intracellular levels of ROS were increased,
which in turn oxidized and inhibited GAPDH!2, The inhibition of GAPDH suppressed the
subsequent steps in glycolysis and the LDHA-mediated conversion of NADH to NAD* that
is required for GAPDH activity. Further depletion of NAD™* was possibly due to the
consumption of NAD™ in the activation of poly-(ADP-ribose) polymerase 1 (PARP1)112.113,
It was therefore concluded that DHA selectively kills CRC cells that carry activating KRAS
and BRAF mutations by inducing an energy crisis. These results suggest the possibility of
selectively targeting cancer cells that express high levels of glucose transporters on their
plasma membranes. High doses of vitamin C have been reported to benefit patients with
cancer, and there have been several preclinical and clinical studies assessing the use of
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vitamin C114.115 (see also ClinicalTrials.gov), but the exact mechanism by which it exerts its
effect is unknown. The recently proposed mechanism could raise several issues. First, the
inhibition of GAPDH could divert glucose into the PPP to generate higher levels of NADPH,
which would then reduce the oxidized glutathione to GSH and reactivate GAPDH. Second,
oxidation by ROS would inhibit PKM2, and metabolites could then be diverted from
glycolysis to the one-carbon metabolism cycle and the folate pathway that generates
NADPH. Third, the depletion of ATP would activate AMPK, which increases NADPH levels
by reducing FAS, which consumes NADPH, and inducing FAO, which generates ATP and
NADPH.

Because cancer cells have high intracellular ROS levels, DHA could selectively kill cancer
cells by increasing ROS above critical levels. Indeed, it was documented that cancer cells
carrying activated RAS, BCR-ABL or activated PI3K-AKT signalling have high levels of
ROS, and they can be selectively eradicated by exposure to f-phenethyl isothiocyanate
(PEITC)M6.117 PEITC is present in relatively high quantities in cruciferous vegetables, and
it increases intracellular ROS levels by conjugation with GSH, which is then extruded from
the cells, thereby rapidly depleting both cytoplasmic and mitochondrial GSH116.118,

Hexokinases

The ability of the FDG-PET scan to selectively detect cancer cells is not dependent solely
on the high level of glucose transporters in cancer cells, because the reversible glucose
transporters could export FDG unless it is phosphorylated and trapped inside the tumour
cells. The phosphorylation of FDG is catalysed by hexokinases. As cancer cells have higher
hexokinase activity than most normal cells, the FDG-PET scan could be an indirect readout
for the high hexokinase activity of cancer cells.

The high hexokinase activity in cancer cells is due largely to the induction of HK2
expression. As HK2 is not expressed in most normal adult cells, its systemic ablation could
selectively target cancer cells. Indeed, although germline deletion of Hk2 causes embryonic
lethality, its systemic deletion in adult mice is well tolerated!®119, Moreover, systemic
deletion of HkZ2after tumour onset inhibited tumour development in mouse models of
cancer18, Importantly, no compensatory induction of HK1 expression was observed. These
results have provided genetic proof of concept that HK2 can be systemically inhibited to
treat cancer without adverse physiological consequences. However, because of the structural
similarities between HK1 and HK2 (REFS 19-21), developing small-molecule inhibitors that
preferentially inhibit HK2 could be challenging.

Nevertheless, the allosteric inhibition of HK1 and HK2 by their own product, G6P, could be
exploited to preferentially target HK2. Although G6P inhibits both HK1 and HK2, its
inhibitory effect on HK2 increases in the presence of orthophosphate, whereas the inhibition
of HK1 is decreased?l. Thus, it might be possible to develop G6P mimetics that
preferentially inhibit HK2. Importantly, both HK1 and HK2 are high-affinity hexokinases,
and normal cells may not need their full activation, whereas cancer cells do. As indicated
above, HCC cells are distinct from normal hepatocytes by the suppression of HK4
expression and the induction of HK2 expression. Thus, systemic delivery of an HK2
inhibitor, even if it also inhibits HK1, could lead to accumulation of the drug at relatively
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high levels in the liver and could selectively target HCC cells and not normal hepatocytes,
which do not express HK2. This strategy may also apply to other glycolytic enzymes that are
expressed only in HCC cells and not in mature hepatocytes.

In addition to their roles in glucose metabolism, HK1 and HK2 promote cell survival by
binding to mitochondria’%120-122 The mitochondrial binding is inhibited by G6P, and thus,
a G6P mimetic or other small molecules that detach HK2 from mitochondria could increase
the sensitivity of cancer cells to chemotherapeutic drugs.

The second committed step

Targeting the PFK1 isoforms that catalyse the second committed step in glycolysis might not
be feasible because of their essential role in this process. However, it might be possible to
preferentially inhibit the second committed step in cancer cells by an indirect mechanism.
F2,6BP, which is an allosteric activator of PFK1 (FIG. 1), is generated by PFKFBs that
possess both kinase and phosphatase activities. F2,6BP levels are dependent on the relative
kinase and phosphatase activities of the different PFKFB isoforms. Thus, inhibiting their
kinase activity while retaining their phosphatase activity will inhibit PFK1 activity by
decreasing levels of F2,6BP. Cancer cells express relatively high levels of PFKFB3, which
has higher kinase activity than phosphatase activity. Thus, small-molecule inhibitors that
inhibit the kinase activity of PFKFB3 could preferentially inhibit PFK1 in cancer cells.
Indeed, a selective inhibitor of PFKFB3 kinase was developed, and it selectively inhibited
the proliferation of cancer cells23124 PFKFB4 is also expressed in cancer cells, and its
expression might be increased to compensate for inhibition of PFKFB3. Recently, PFKFB4-
specific inhibitors were developed!25, and therefore, both PFKFB3 and PFKFB4 could be
inhibited to effectively inhibit PFK1 in cancer cells. As the PFKFB3 inhibitor was also
shown to inhibit angiogenesis of endothelial cells and vessel sprouting126:127  systemic
inhibition of PFKFB3 could also inhibit the supply of nutrients and oxygen to the tumour
cells. The inhibition of PFK1 by PFKFB inhibitors could increase the flux to the PPP but
also the intracellular level of G6P, and therefore could also inhibit hexokinase activity.

The last committed step

On the basis of recent results showing that a low level of PKM2 activity is beneficial for
cancer progression, it is not clear whether inhibitors or activators of PKM2 should be
developed for cancer therapy. Finally, inhibitors of lactate metabolism are being developed.
LDHA inhibitors deplete NAD* and therefore inhibit glycolysis. MCT1 and MCT4
inhibitors inhibit the export of intracellular lactate. These inhibitors could force the
intracellular re-conversion of lactate into pyruvate and therefore deplete NAD* levels, but
they could also be cytotoxic by decreasing the intracellular pH below a crucial level
(reviewed in REF. 31).

Serine biosynthesis and one-carbon metabolism

The inhibition of PHGDH in some cancer cells that carry amplification or overexpression of
PHGDH could selectively target these cells and, recently, small-molecule inhibitors of
PHGDH have been identified®1128, |t was shown that these inhibitors preferentially inhibit
the proliferation and tumorigenesis of cancer cells that have high levels of de novo serine
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biosynthesis. Finally, there are several inhibitors of the enzymes involved in one-carbon
metabolism. Some of these inhibitors have been approved for cancer therapy and some are in
clinical trials (reviewed in REF. 129).

Conclusions and future directions

The exploitation of the reprogrammed glucose metabolism to selectively target cancer cells
may provide attractive and effective therapeutic approaches. However, one concern with this
approach is the existence of multiple isoforms of the glycolytic enzymes and the fact that
small-molecule inhibitors may not distinguish between the predominant isoform expressed
by cancer cells and the isoforms expressed by normal cells. Even if relative specificity of the
inhibitor is achieved, expression of the other isoforms might be induced in response to
inhibition of the cancer-specific isoform.

Another concern is that the adaptation of metabolic pathways in conjunction with the use of
alternative nutrients could overcome the inhibition of glucose metabolism in cancer cells. It
is likely that in many cases in which glycolysis is inhibited, cells will respond by increasing
OXPHO. One way to circumvent this compensation is to combine the glycolytic inhibitor
with an inhibitor of OXPHO. Perhaps the most effective combination would be with
metformin, which inhibits mitochondrial complex I, and which is being used for the
treatment of diabetes.

To avoid the adaptation and resistance of cancer cells to glycolytic inhibitors, it might be
better to use these inhibitors as an adjuvant therapy to an already-approved therapy to
increase their efficacy. One attractive strategy is the combination of glycolytic inhibitors
with immunotherapy. Recent reports have shown that there is competition between tumour-
infiltrating T cells and tumour cells, whereby the highly glycolytic tumour cells deprive the
microenvironment of glucose and other nutrients:30:131, Because tumour-infiltrating
activated T cells also have high levels of aerobic glycolysis, the glucose-depleted tumour
microenvironment inhibits their activity, thereby dampening the ability of infiltrating T cells
to respond to the tumour cells. Another known mechanism by which tumour cells evade T
cell surveillance is through tumour cell surface expression of the ligand, programmed cell
death 1 ligand 1 (PDL1; also known as CD274) for the programmed cell death 1 (PD1; also
known as PDCD1) receptor on the surface of T cells132, Thus, the combination of a therapy
that targets reprogrammed glucose metabolism in cancer cells with a recently approved
immunotherapy, such as PD1- or PDL1-targeted antibodies, could further improve cancer
therapy.

In sum, the growing interest in reprogrammed glucose metabolism in cancer cells will
probably lead to innovative approaches that exploit the high glucose flux in cancer cells for
cancer therapy. These approaches could be challenging because they will be required to
overcome the compensatory and adaptive responses mediated by the tangled and
sophisticated nature of glucose metabolism.
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Aerobic glycolysis
Conversion of glucose into lactate that takes place in the presence of oxygen

Oxidative phosphorylation
(OXPHO). A metabolic process of nutrient oxidation that generates ATP in mitochondria

Pentose phosphate pathway
(PPP). A metabolic process in which glucose is used to generate NADPH and ribose-5-
phosphate for nucleotide biosynthesis

Hexosamine pathway
A metabolic process in which an amine group is added to hexoses to generate a sugar donor
for the glycosylation of proteins

One-carbon metabolism

Biochemical reactions catalysed by a set of enzymes and coenzymes in which the transfer of
one-carbon groups occurs to provide precursors for purine synthesis and the methionine
cycle

Tricarboxylic acid cycle

(TCA cycle). A series of chemical reactions that start with oxidation of acetyl-CoA to
generate precursors for certain amino acids and a reducing agent for oxidative
phosphorylation

Folate cycle
A metabolic pathway, included in one-carbon metabolism, that uses tetrahydrofolates as
cofactors and precursors for purine synthesis and the methionine cycle

Methionine cycle
Part of one-carbon metabolism, the methionine cycle generates S-adenosylmethionine,
which is a substrate for methyltransferases

Hypoglycor rhachia
An abnormally low glucose level in the cerebrospinal fluid
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Figure 1. Changesthat occur in glucose metabolism of cancer cells
Compared with normal cells (left), the flux of glucose metabolism and glycolysis is

accelerated in cancer cells (right) by preferential expression of transporters and enzyme
isoforms that drive glucose flux forward and to adapt to the anabolic demands of cancer
cells. Enzymes that catalyse the metabolic reactions are shown in ovals. Enzymes that are
predominant in cancer cells are shown in bold. The thickness of the arrows indicates relative
flux. 1,3BPG, 1,3-bisphosphoglycerate; 2PG, 2-phosphoglycerate; 3PG, 3-
phosphoglycerate; a-KG, a-ketoglutarate; AcCoA, acetyl-CoA; ALDO, aldolase; DHAP,
dihydroxyacetone-phosphate; ENO, enolase; F1,6BP, fructose-1,6-bisphosphate; F2,6BP,
fructose-2,6-bisphosphate; F6P, fructose-6-phosphate; FAS, fatty acid synthesis; G3P,
glyceraldehyde-3-phosphate; G6P, glucose-6-phosphate; HK, hexokinase; LDH, lactate
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dehydrogenase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GCK, glucokinase;
GLUT, glucose transporter; glycerol-3P, glycerol-3-phosphate; GPI, glucose-6-phosphate
isomerase; MCT, monocarboxylate transporter; OAA, oxaloacetate; PEP,
phosphoenolpyruvate; PFK1, phosphofructokinase 1; PFKFB, 6-phosphofructo 2-kinase/
fructose-2,6-bisphosphatase; PGAML1, phosphoglycerate mutase 1; PGK1, phosphoglycerate
kinase 1; PK, pyruvate kinase; PPP, pentose phosphate pathway; TCA, tricarboxylic acid;
TPI, triosephosphate isomerase.
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Figure 2. Branching pathways from glucose-6-phosphate
Mitochondrial hexokinase 1 (HK1) and HK2 phosphorylate glucose to glucose-6-phosphate

(G6P) by preferentially using ATP derived from oxidative phosphorylation (OXPHO) in
mitochondria. a | The pentose phosphate pathway (PPP), which generates NADPH and
pentose phosphates. b | The hexosamine pathway that generates metabolites for
glycosylation. c | Glycogenesis, which stores glycogen as an intracellular source of G6P.
6PG, 6-phosphogluconate; 6PGDH, 6-phosphogluconate dehydrogenase; 6PGL, 6-
phosphogluconolactonase; AcCoA, acetyl-CoA; ANT, adenine nucleotide translocator;
F1,6BP, fructose-1,6-bisphosphate; F6P, fructose-6-phosphate; FAS, fatty acid synthesis;
G1P, glucose-1-phosphate; G3P, glyceraldehyde-3-phosphate; G6PDH, glucose-6-phosphate
dehydrogenase; GFAT, glutamine:fructose-6-phosphate amidotransferase; GIcN-6P,
glucosamine-6-phosphate; GSH, reduced glutathione; NAcGIcN-1P, A-acetyl D-
glucosamine-1-phosphate; NAcGIcN-6P, A-acetyl D-glucosamine-6-phosphate; PP;,
inorganic phosphate; Rib-5P, ribose-5-phosphate; UDP-Glc, UDP-glucose; UDP-GIcNAC,
UDP-N-acetylglucosamine; VDAC, voltage-dependent anion channel.
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Figure 3. The serine biosynthesis pathway and extensions to the one-car bon metabolism, the
methionine cycle, the purine biosynthesis pathway and the generation of glutathione

3-phosphoglycerate (3PG) generated by glycolysis provides the initial substrate for serine
biosynthesis. In the first step in the serine biosynthesis pathway, 3PG is oxidized by
phosphoglycerate dehydrogenase (PHGDH) in a reaction that consumes NAD™. The second
step is catalysed by phosphoserine aminotransferase (PSAT1) in a reaction that is coupled to
deamination of glutamate (Glu) to a-ketoglutarate (a-KG). The last step is catalysed by
phosphoserine phosphatase (PSP). The conversion of serine to glycine generates 5,10-
methylenetetrahydrofolate (CH,-THF), which is then used in folate metabolism and in the
methionine cycle. Glycine is used to generate glutathione (GSH), and together with
ribose-5-phosphate (Rib-5P) to generate purines. The folate pathway can generate NADPH,
and 10-formyl-THF (10-CHO-THF). 10-CHO-THF together with Rib-5P and glycine
participates in the generation of purines. Demethylation of 5-methyl-THF (CH3-THF)
contributes one carbon to the methionine cycle by the methylation of homocysteine (Hcys)
to generate methionine (Met). Methionine is converted into S-adenosylmethionine (SAM)
and is used by methyltransferases. Demethylation of SAM generates S
adenosylhomocysteine (SAH), which is converted back into Hcys by deadenylation. The
thickness of the arrows indicatesrelative flux. 1,3BPG, 1,3-bisphosphoglycerate; 3P-HydPyr,
3-phosphohydroxypyruvate; 3P-serine, 3-phosphoserine; CH-THF, 5,10 methenyl-THF;
F1,6BP, fructose-1,6-bisphosphate; F6P, fructose-6-phosphate; G3P, glyceraldehyde-3-
phosphate; G6P, glucose-6-phosphate; MTHFD1, methylenetetrahydrofolate dehydrogenase
1; PPP, pentose phosphate pathway; SHMT1, serine hydroxymethyltransferase 1.
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Figure 4. Positive and negative regulation of enzymesin glucose metabolism
Metabolites can either positively or negatively regulate the activities of enzymes in glucose

metabolism. Reactive oxygen species (ROS) are known to oxidize and inhibit
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and pyruvate kinase M2 (PKM2)

activities. PKM2 is also inhibited by tyrosine phosphorylation (Ptyr) or by acetylation
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(Acetyl). Positive regulators are in green boxes and negative regulators are in blue boxes.

2PG, 2-phosphoglycerate; 3PG, 3-phosphoglycerate; 6PGDH, 6-phosphogluconate

dehydrogenase; F1,6BP, fructose-1,6-bisphosphate; F2,6BP, fructose-2,6-bisphosphate; G6P,
glucose-6-phosphate; GICNAc, NV-acetylglucosamine; HK, hexokinase; PEP,

phosphoenolpyruvate; PFK1, phosphofructokinase 1; PHGDH, phosphoglycerate
dehydrogenase; SAICAR, phosphoribosylaminoimidazolesuccinocarboxamide.
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Figure 5. Regulation of glucose metabolism by oncoproteins and tumour suppressors
Several oncoproteins (in blue boxes) are known to either elevate the expression or induce the

activity of enzymes and transporters that facilitate a high rate of glucose metabolism in
cancer cells. The tumour suppressor p53 (in dark red boxes) is known to inhibit certain
glucose metabolism pathways. Enzymes that are predominant in cancer cells are shown in
bold. The thickness of the arrows indicates relative flux. 1,3BPG, 1,3-bisphosphoglycerate;
2PG, 2-phosphoglycerate; 3PG, 3-phosphoglycerate; ALDO, aldolase; DHAP,
dihydroxyacetone phosphate; ENO, enolase; F1,6BP, fructose-1,6-bisphosphate; F2,6BP,
fructose-2,6-bisphosphate; F6P, fructose-6-phosphate; FAS, fatty acid synthesis; G3P,
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glyceraldehyde-3-phosphate; G6P, glucose-6-phosphate; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; GLUT, glucose transporter; glycerol-3P, glycerol-3-phosphate;
GPI, glucose-6-phosphate isomerase; HK, hexokinase; LDH, lactate dehydrogenase; MCT,
monocarboxylate transporter; mMTORC1, mTOR complex 1; mtp53, mutant p53; PEP,
phosphoenolpyruvate; PFK1, phosphofructokinase 1; PFKFB, 6-phosphofructo 2-kinase/
fructose-2,6-bisphosphatase; PGAM1, phosphoglycerate mutase 1; PGK1, phosphoglycerate
kinase 1; PK, pyruvate kinase; PPP, pentose phosphate pathway; TPI, triosephosphate
isomerase.
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Figure 6. Reprogramming of glucose metabolism in hepatocellular carcinoma
Differentiated hepatocytes use the reversal glucose transporter, GLUT2, for the uptake and

export of glucose. The first committed step in glucose metabolism is attenuated because it is
catalysed by the low-affinity hexokinase, HK4 (also known as glucokinase). The three
committed steps in glucose metabolism could be reversed by the gluconeogenic enzymes
(dark red). Glucose-6-phosphatase (G6Pase) dephosphorylates glucose-6-phosphate (G6P)
back to glucose. Fructose-1,6-bisphosphatase (FBP1) dephosphorylates fructose-1,6-
bisphosphate (F1,6BP) back to fructose-6-phosphate (F6P) and phosphoenolpyruvate
carboxykinase (PEPCK) reverses the last committed step in glycolysis by converting
oxaloacetate (OAA) to phosphoenolpyruvate (PEP), both in the mitochondria by the
mitochondrial enzyme, PEPCK-M, and in the cytoplasm by PEPCK-C. In hepatocellular
carcinoma the suppression of HK4 expression and the induction of the high-affinity
hexokinase HK2 and by suppressing the expression of gluconeogenic (HCC), glucose
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metabolism is accelerated by the expression of GLUT1, enzymes. Unlike differentiated
hepatocytes, HCC cells express relatively high levels of aldolase A (ALDOA), they express
pyruvate kinase M2 (PKM2) instead of PKL, and they elevate the expression of lactate
dehydrogenase A (LDHA,; shown in bold). The thickness of the arrows indicates relative
flux. 1,3BPG, 1,3-bisphosphoglycerate; 2PG, 2-phosphoglycerate; 3PG, 3-
phosphoglycerate; a-KG, a-ketoglutarate; AcCoA, acetyl-CoA; F2,6BP, fructose-2,6-
bisphosphate; F6P, fructose-6-phosphate; FAS, fatty acid synthesis; G3P, glyceraldehyde-3-
phosphate; GPI, glucose-6-phosphate isomerase; PFK1, phosphofructokinase 1; PFKFB, 6-
phosphofructo 2-kinase/fructose-2,6-bisphosphatase; PPP, pentose phosphate pathway;
TCA, tricarboxylic acid.
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Solid tumour formation
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Figure 7. Energetic and oxidative stress during solid tumour formation
During migration to the lumen, tumour cells suppress glucose uptake. Consequently

NADPH and ATP levels decline. The decline in NADPH level increases the intracellular
level of reactive oxygen species (ROS), which can cause cell death. The decline in ATP level
induces the activation of AMP-activated protein kinase (AMPK), which in turn inhibits fatty
acid synthesis (FAS) and induces fatty acid oxidation (FAO). The inhibition of FAS reduces
NADPH consumption, and the induction of FAO could generate malate independently of
pyruvate. The conversion of malate into pyruvate regenerates NADPH. Therefore NADPH
homeostasis is maintained to reduce the elevated ROS. A similar scenario may occur in
circulating metastatic cells. ANT, adenine nucleotide translocator; CPT1, carnitine -
palmitoyltransferase; G6P, glucose-6-phosphate; OXPHO, oxidative phosphorylation; PPP,
pentose phosphate pathway; TCA, tricarboxylic acid; VDAC, voltage-dependent anion
channel.
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