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The notion that tumor cells display characteristic alterations of metabolic pathways
has significantly changed our understanding of cancer. While the first description of
tumor-specific changes in cellular energetics was published over 90 years ago, the
causal significance of this observation for the pathogenesis of cancer was only
discovered in the post-genome era. The first 10 years of the twenty-first century
were characterized by a rapid gain in knowledge on the functional role of
cancer-specific metabolism as well as the underlying molecular pathways. Various
unanticipated interrelations of metabolic alterations with cancer-driving pathways
were identified and are awaiting translation into diagnosis and therapy of cancer.
Velocity, quantity, and complexity of these new discoveries render it difficult for
researchers to keep up-to-date with the latest developments. This textbook provides
concise chapters of internationally renowned experts on various important aspects
of cancer-associated metabolism and hence a comprehensive platform for an
overview of the central features of this exciting research field.



Charlene Brault and Almut Schulze

Abstract

One of the prerequisites for cell growth and proliferation is the synthesis of
macromolecules, including proteins, nucleic acids and lipids. Cells have to alter
their metabolism to allow the production of metabolic intermediates that are the
precursors for biomass production. It is now evident that oncogenic signalling
pathways target metabolic processes on several levels and metabolic repro-
gramming has emerged as a hallmark of cancer. The increased metabolic
demand of cancer cells also produces selective dependencies that could be
targeted for therapeutic intervention. Understanding the role of glucose and lipid
metabolism in supporting cancer cell growth and survival is crucial to identify
essential processes that could provide therapeutic windows for cancer therapy.

Keywords
Glucose metabolism - Lipid metabolism - Cancer - Fatty acids - Lipid
peroxidation - Oncogenic signalling pathways

1 Glucose Metabolism in Cancer Cells

The german biochemist Otto Warburg already established in the first half of the last
century that cancer tissue consumes large amounts of glucose irrespective of the
availability of oxygen (Warburg et al. 1924). This observation led to the definition
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of aerobic glycolysis in cancer cells, meaning that the relative use of oxidative and
non-oxidative glucose metabolism is uncoupled from oxygen levels, which is now
better known as the ‘“Warburg effect’. It was initially thought that increased gly-
colytic ATP production in cancer cells is the consequence of reduced mitochondrial
function, potentially caused by the mutation of the mitochondrial genome. How-
ever, it is now clear that the increased glucose uptake and glycolytic activity in
cancer cells allow the redirection of glucose-derived metabolites into biosynthetic
pathways (Fig. 1).
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Fig. 1 Glucose metabolism in cancer cells. Overview of the major biosynthetic pathways fuelled
by glucose in cancer cells. Phosphorylation of glucose by hexokinase 2 (HK2) retains glucose
within the cell. Glucose-6-phosphate (G6P) can enter glycolysis, pentose phosphate pathway or
glycogen biosynthesis. Regulation of the levels of the allosteric activator fructose-2,6-bisphosphate
(FR2,6BP) by phosphofructokinase-2/fructose-2,6-bisphosphatase (PFKFB3 and PFKFB4) con-
trols the activity of phosphofructokinase 1 (PFK1). Redirection of 3-phosphoglycerate (3PG) into
serine biosynthesis by phosphoglycerate dehydrogenase (PHGDH) fuels the production of glycine,
purines and lipid head groups as well as the one-carbon metabolism. The low activity of the M2
isoform of pyruvate kinase (PKM2) controls the last step of the glycolytic cascade, thereby allowing
the use of glycolytic intermediates into biosynthetic reactions. Production of NADPH from
NADP + by glucose-6-phosphate dehydrogenase (G6PDH) and 6-phosphogluconate dehydroge-
nase (6PGD), two enzymes within the oxidative arm of the pentose phosphate pathway, provides
reducing equivalents for lipid biosynthesis and antioxidant production

lipid head groups
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Many oncogenic signalling pathways affect glycolytic activity in cancer cells.
The expression of many glycolytic enzymes is induced by the oncogenic tran-
scription factor c-Myc and the hypoxia-inducible factor (HIF) (Cairns et al. 2011).
One of the best-studied pathways is the phosphatidylinositol 3-phosphate kinase
(PI3K) pathway, which is frequently activated in human cancer. In normal cells,
PI3K is activated in response to growth factor binding to receptor tyrosine kinases
at the cell surface. This stimulates the lipid kinase activity of PI3K and leads to the
generation of phosphatidylinositol 3,4,5-trisphosphate (PIP3), a lipid second mes-
senger (Vanhaesebroeck et al. 2012). This activates several downstream effectors
including the serine/threonine kinase Akt (c-Akt/PKB). Akt is one of the major
mediators of insulin signalling and has a number of important metabolic target
proteins in different tissues, thereby controlling the removal of glucose from the
bloodstream (Manning and Cantley 2007). In cancer cells, Akt increases glucose
uptake by enhancing the localisation of the glucose transporters 1 and 4 (GLUT1
and GLUT4) to the plasma membrane. Akt also leads to the phosphorylation of
hexokinase 2 (HK2), the enzyme that catalyses the first and irreversible step of the
glycolytic cascade, and enhances its localisation to the mitochondrial membrane
(Gottlob et al. 2001; Majewski et al. 2004). This couples the conversion of glucose
to glucose-6-phosphate to mitochondrial ATP production and protects cancer cells
from apoptosis. Increased hexokinase activity in cancer cells is also exploited for
diagnostic purposes as it causes the retention of '*F-fluorodeoxyglucose (‘*F-FDG)
for positron emission tomography (PET) imaging. Targeting hexokinase activity to
inhibit glycolysis in cancer cells has been discussed for some time. But it has only
been shown quite recently that deletion of HK2 efficiently blocks tumour devel-
opment in several genetically engineered mouse models of human cancer (Patra
et al. 2013). Importantly, the same study showed that systemic deletion of HK2 in
adult mice has no detrimental effects, making the inhibition of this enzyme a valid
strategy for drug development.

Akt also modulates glycolytic activity by phosphorylating the heart isoform of
phosphofructokinase-2/fructose-2,6-bisphosphatase (PFK-2/Fru-2,6BPase). This
family of bifunctional enzymes regulates the interconversion of fructose
6-phosphate (F6-P) and fructose-2,6-bisphosphate (F2,6-BP), which is an allosteric
activator of the enzyme that catalyses the second irreversible step of glycolysis,
phosphofructokinase 1 (PFK1). The mammalian genome encodes several PFKFB
isoforms (PFKFB1-4), which show differences in their tissue-specific expression
and relative activity of their kinase and bisphosphatase domains (Rider et al. 2004).
The high kinase activity of the brain isoform (PFKFB3) can promote glycolysis in
tumour cells (Yalcin et al. 2009), and PFKFB3 has been shown to be required for
Ras-dependent transformation (Telang et al. 2006). However, PFKFB3 inhibition
also stimulates autophagy, thereby providing a survival mechanism in tumour cells
(Klarer et al. 2014). Interestingly, PFKFB3 activity promotes glycolysis in
endothelial cells and supports the induction of vessel sprouting during develop-
mental angiogenesis (De Bock et al. 2013). This observation exemplifies that
metabolic processes in both tumour and stromal cells could be targeted
therapeutically.
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Another PFKFB isoform, PFKFB4, was identified as an important gene for
prostate cancer cell survival in a functional screen (Ros et al. 2012). This isoform
seems to function mainly as a fructose-2,6-bisphosphatase, at least in prostate
cancer cells, as depletion of PFKFB4 increased the levels of F2,6-BP leading to
enhanced glycolytic flux and depletion of metabolites from the pentose phosphate
pathway. This reduces the production of NADPH and, consequently, the reduced
form of glutathione, an important antioxidant, leading to oxidative stress and cell
death (Ros et al. 2012). Another screen, this time in glioma stemlike cells, also
demonstrated a role for PFKFB4 in cancer cell survival (Goidts et al. 2012). While
normal brain expresses high levels of PFKFB3, PFKFB4 expression was increased
in primary high-grade glioma and was predictive of poor survival outcome (Goidts
et al. 2012).

The regulation of glycolytic activity by PFKFB proteins is also tightly associated
with the function of the AMP-activated protein kinase (AMPK). Several PFKFB
isoforms, including PFKFB3, can be phosphorylated by AMPK on a conserved
serine in the C-terminal regulatory domain. AMPK-dependent phosphorylation
increases the activity of the kinase domain of PFKFB (Barford et al. 1991).
As AMPK is activated in response to low ATP levels, phosphorylation of PFKFB
by AMPK increases glycolytic ATP generation under conditions of energy depri-
vation. While the AMPK pathway is generally considered to have tumour sup-
pressor functions, experimental evidence also suggests that AMPK could be
important to limit biosynthetic processes in cancer cells when nutrients are scarce,
thereby preserving NADPH for the regeneration of antioxidant molecules (Jeon
et al. 2012). Interestingly, the regulatory domain, which contains the AMPK
phosphorylation site in PFKFB3, is missing in PFKFB4, suggesting that the reg-
ulation of PFKFB4 is quite different from that of the other isoforms. As
isoform-specific inhibitors of PFKFB3 have been developed and their efficacy is
currently tested in different cancer cells (Clem et al. 2013), a more detailed
understanding of the differential roles of PFKFB3 and PFKFB4 in cancer will
emerge.

Two of the enzymes of the oxidative pentose phosphate pathway (PPP) have
also been associated with metabolic reprogramming in cancer cells.
Glucose-6-phosphate dehydrogenase (G6PD) is part of the metabolic transcriptional
signature downstream of the mammalian target of rapamycin complex 1 (mTORC1)
(Duvel et al. 2010). The activity of G6PD is inhibited by the p53 tumour suppressor
through direct binding (Jiang et al. 2011). Moreover, knockdown of
6-phosphogluconate dehydrogenase (6PGD), the second NADPH-producing
enzyme of the PPP, induces senescence in lung cancer cells (Sukhatme and Chan
2012). 6PGD is also inhibited by the accumulation of 3-phosphoglycerate (3PG) in
response to the inhibition of phosphoglycerate mutase (PGM) by p53 (Hitosugi
et al. 2012). TP53 also regulates the activity of PFK1 by inducing the expression of
the TP53-induced glycolysis and apoptosis regulator (TIGAR), which has structural
similarities to the fructose-2,6-bisphosphatase domain of PFKFB proteins. TIGAR
reduces the amounts of F2,6-BP, resulting in the inhibition of glycolysis and
redirection of metabolites into the PPP in response to DNA damage (Bensaad et al.
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2006). Together, the modulation of glycolytic activity by TP53 allows cells to
increase the production of nucleotides for DNA repair. However, loss of TP53
through deletion results in increased NADPH production to support biosynthetic
reactions.

Another glycolytic enzyme that has been shown to be important for cancer cell
survival is phosphoglycerate dehydrogenase (PHGDH) (Locasale et al. 2011;
Possemato et al. 2011). PHGDH promotes the redirection of 3-phosphoglycerate
into the biosynthesis of serine and glycine, two non-essential amino acids. As
glycine is required for the production of glutathione, enhanced flux through the
serine biosynthesis pathway could ensure sufficient production of this important
antioxidant. Moreover, serine and glycine are closely linked to the one-carbon
metabolism (also known as folate-mediated one-carbon metabolism or folate and
methionine cycles), which provides intermediates for purine biosynthesis, head
groups for lipid synthesis and methyl groups for the modification of DNA and
histones (Locasale 2013). Several enzymes in the metabolism of glycine have been
shown to be upregulated in non-small-cell lung cancer (NSCLC) stem cells, and
overexpression of glycine decarboxylase, which converts glycine into CO,,
ammonia and methyl tetrahydrofolate (methyl-THF), is required for lung cancer
development (Zhang et al. 2012). Glycine uptake has also been linked to the
proliferation of cancer cells (Zhang et al. 2012), while serine is essential for the
survival of p53 null cancer cells in vitro and in vivo (Maddocks et al. 2013).
Moreover, a systems biology approach identified one-carbon metabolism as part of
the unique metabolic phenotype of clear cell renal carcinoma (ccRCC) (Gatto et al.
2014). As one-carbon metabolism occupies such a central position and connects to
many important metabolic processes, it will be challenging to unravel the exact
contribution of this important metabolic node to cancer cell growth and tumour
development.

Probably, the best-studied glycolytic enzyme in cancer cells is pyruvate kinase.
The muscle isoform of this enzyme (PKM) comes in two splice variants, M1 and
M2, which differ in a single exon. Exon 9 is specific to the M2 isoform (also known
as the embryonic isoform, PKM2), while the M1 isoform (PKM1) contains exon
10. Most proliferating cells, including cancer cells, express mainly PKM2 (Chris-
tofk et al. 2008a). In contrast to PKM1, PKM2 can switch between a tetrameric
state with high activity and a dimeric state with low activity (Mazurek et al. 2005).
This allows cancer cells to fine-tune the flux of metabolites through the last gly-
colytic reaction, thereby allowing the use of glycolytic intermediates for biosyn-
thetic reactions. The alternative splicing of exons 9 and 10 is controlled by
heterogeneous nuclear ribonucleoproteins (hnRNPs), which are, in turn, regulated
downstream of the oncogenic transcription factor c-Myc (David et al. 2010). The
activity of PKM2 is also controlled by allosteric regulation. F1,6-BP, the product of
PFK1, binds to and stabilises the high-activity tetrameric form of PKM2, providing
a coupling between pyruvate production and metabolite levels of upper glycolysis.
The association of F2,6-BP with the PKM2 tetramer is prevented by
tyrosine-phosphorylated peptides (Christofk et al. 2008b) or ROS-dependent cys-
teine oxidation (Anastasiou et al. 2011). In addition, PKM2 activity is also
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regulated by serine (Chaneton et al. 2012). Serine starvation thus reduces PKM2
activity allowing the redirection of 3-phosphogluconate for serine biosynthesis.
Interestingly, a study to address the requirement of PKM?2 for cancer development
using a genetic model revealed differential metabolic requirements of quiescent and
proliferating cancer cells (Israelsen et al. 2013), which could have important
therapeutic implications as PKM2 activating compounds are currently being
developed (Anastasiou et al. 2012).

Research over the past decade has demonstrated the complexity of the con-
nections between glycolytic reactions and other metabolic processes in cancer cells.
It is now clear that the impact of glycolysis goes far beyond energy metabolism, but
also affects macromolecule biosynthesis, antioxidant generation, methylation and
epigenetic regulation.

2 Lipid Metabolism in Cancer Cells

Besides altered glucose metabolism, changes in the synthesis and utilisation of
lipids are among the main metabolic features of cancer cells. Increased de novo
lipid synthesis has been described in early studies investigating the metabolic
alteration in cancer (Medes et al. 1953). This study found that slices of tissue from
transplanted tumours show incorporation of labelled glucose and acetate carbons
into lipids, at a rate that was lower compared to liver of kidney tissue, but sub-
stantially higher compared to other normal tissues (Medes et al. 1953). Despite
being the first to demonstrate de novo lipogenesis in cancer tissue, this study also
concluded that cancer cells must acquire a substantial amount of lipids from the
host (Medes et al. 1953).

Since these early findings, numerous studies have addressed the lipogenic phe-
notype in cancer cells (Menendez and Lupu 2007). Fatty acid synthase (FASN), the
enzyme that catalyses the condensation of acetyl groups to form palmitate (Fig. 2),
has been identified as a tumour-specific antigen in breast cancer (Kuhajda et al.
1994). Interestingly, expression of FASN in cancer cells was found to be independent
of the amount of circulating lipids, suggesting that oncogenic transformation must
override the normal regulatory mechanisms that control the expression of lipogenic
enzymes. Today, the induction of FASN and other enzymes within the lipid
biosynthesis pathway is well documented. One of the underlying mechanisms for this
induction involves the activation of the sterol regulatory element-binding proteins
(SREBPs) by Akt and mTORCI1 (Krycer et al. 2010; Shao and Espenshade 2012).
SREBPs are basic helix—loop—helix transcription factors and regulate the expression
of many enzymes within the fatty acid and cholesterol biosynthesis pathway (Noh-
turfft 2008). There are three SREBP isoforms in mammals: SREBP1a and SREBPIc,
which only differ in their N-terminal transactivation domain and are expressed from
the same gene through alternative splicing, and SREBP2, which is the product of a
separate gene (Bengoechea-Alonso and Ericsson 2007). SREBPs are expressed as
inactive precursors and require proteolytic processing by two Golgi-resident pro-
teases to release the N-terminal part of the protein, which contains the DNA-binding



The Role of Glucose and Lipid Metabolism ... 7

LDL
essentlal Iysophosphollplds
Glucose s
LDLR
prostaglandins
Glucose e cholesterol essennal LPC ( 18 1)
l sphingolipids
Iow 02
GA3P — G3P TN /\ fatty aC|d pooI Ipases
membrane oleate
phosphoglycerides NADP
triacylglycerides NADPH
stearate

palmitate

t .
palmitate

Lactate —pyruvate __~low 02 acetate
14 NADR.-

acetyl-CoA ACSSZ\\ 14NADPH 7 "~ malonyl-CoA
oxaloacetate S . / acetyl-CoA 2
citrate —— citrate [CC
: ¢ \ &3

ma1late isocitrate By . acetoacetyl-CoA
fumarate /< NAD(F)H s | acetyl-CoA
\ / (iorz)

succinate < o-KG —=_ HMG-CoA

NADPH
k> \ @D~
t ow O mevalonate
2 rotein
glutamate famesyl PP— Brenylation
@ IIQNADP
lutami squalel
glutamine JCJfaNSESE
cholesterol

steroid hormones

Fig. 2 Fatty acid and cholesterol biosynthesis in cancer cells. Overview of the pathways involved in
the synthesis of saturated fatty acids and cholesterol. Elongation, desaturation and uptake of essential
polyunsaturated fatty acids (i.e. ®-3 and w-6 unsaturated fatty acids) produce the cellular fatty acid
pool. Cancer cells can also take up exogenous fatty acids (e.g. palmitate) or lysophospholipids (e.g.
lysophosphatidylcholine (LPC)) to supplement their demand of saturated and unsaturated fatty acids.
Uptake of lipids via LDL particles also contributes to the pool of essential polyunsaturated fatty
acids, while conversion of free cholesterol to cholesteryl esters (CE) and storage in lipid droplets
(LD) maintains SREBP-dependent expression of the LDL receptor (LDLR) in aggressive prostate
cancer cells. Hypoxia blocks the formation of acetyl-CoA from glucose-derived pyruvate, while
increasing the reductive carboxylation of glutamine-derived a-ketoglutarate (a-KG) to citrate. Direct
conversion of acetate to acetyl-CoA is also induced in hypoxic cells. Desaturation of fatty acids and
the conversion of squalene to cholesterol is also oxygen dependent

and transactivation domain (Bengoechea-Alonso and Ericsson 2007). Processing of
SREBP is regulated by cellular sterol concentrations through a mechanism termed
regulated intramembrane processing (RIP) (Brown and Goldstein 1997). Moreover,
an alternative pathway that regulates SREBP1 downstream of phosphoglyceride
biosynthesis has been identified. Low levels of phosphatidylcholine (PC) induce the
retrograde transport of the Golgi-resident proteases to the ER where they induce the
processing of SREBP1 (Walker et al. 2011). SREBP processing and the accumula-
tion of the mature form are induced following the activation of Akt and mTORC1
(Duvel et al. 2010; Porstmann et al. 2008). Mature SREBPs are also subject to
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additional mechanism of regulation. All SREBP isoforms are phosphorylated by
glycogen synthase kinase 3 (GSK3) (Sundquist et al. 2005), and this phosphorylation
regulates their ubiquitination by the Fbw7 ubiquitin ligase, a tumour suppressor
implicated in the pathobiology of many cancers (Welcker and Clurman 2008).
Transcriptional activity of SREBP is also modulated by the phosphatidic acid
phosphatase lipin 1 (LPIN1), which inactivates mature SREBP by sequestering it to
the nuclear periphery (Peterson et al. 2011). Phosphorylation of LPIN1 by mTORC1
relieves this inhibition, allowing the induction of SREBP target genes (Peterson et al.
2011).

SREBPs also control the expression of genes involved in cholesterol biosyn-
thesis. This pathway involves the sequential condensation of 3 acetate molecules to
form mevalonate, a 6-carbon unit. Mevalonate is subsequently converted into
activated 5-carbon isoprene units, which are polymerised into the 30-carbon unit
squalene. Cholesterol is then formed by cyclisation of squalene and introduction of
a number of double bonds into the sterol structure. Cholesterol is not only an
important structural component of cellular membranes but also the precursor for the
synthesis of steroid hormones. Moreover, farnesyl pyrophosphate, an intermediate
in the cholesterol biosynthesis pathway, is required for the prenylation of small G
proteins, including K-Ras, Rab and Rho (Fig. 2).

The product of fatty acid biosynthesis, palmitate, is a saturated C18 fatty acid
that is subjected to subsequent desaturation and elongation to generate various fatty
acid species. However, the generation of polyunsaturated fatty acids (PUFAs)
requires the uptake of the essential fatty acids alpha-linolenic acid (18:3n-3), a ®-3
polyunsaturated fatty acid, and linoleic acid (18:2n-6), a ®-6 polyunsaturated fatty
acid. Together, these fatty acids provide the precursors for the synthesis of multiple
lipid classes, including phosphoglycerides, sphingolipids and eicosanoids.

Structural lipids, such as phosphoglycerides, are the major components of bio-
logical membranes. Sphingolipids, eicosanoids and phosphoinositides are classes of
lipids that include important signalling molecules, such as ceramide,
sphingosine-1-phosphate (S1P), prostaglandins and phosphatidylinositol 3-phosphate,
which control numerous cellular processes and are involved in cell-cell communi-
cation, inflammation and modulation of the immune response (Wang and Dubois
2010; Wymann and Schneiter 2008; Vanhaesebroeck et al. 2001). The synthesis of
these lipids is highly regulated and controlled by complex signalling networks,
including oncogenic signalling pathways, but it is also likely that alterations in fatty
acid biosynthesis can affect the production of certain species of these signalling lipids.

In addition to transcriptional induction, other regulatory processes also regulate
lipid biosynthesis in cancer cells. For example, FASN is a substrate for the USP2A
deubiquitinating enzyme and androgen-dependent overexpression of USP2A leads
to increased FASN protein stability in prostate cancer (Graner et al. 2004).
Moreover, inactivation of AMP-activated protein kinase (AMPK) through the loss
of the STK11/LKB-1 tumour suppressor decreases the inactivating phosphorylation
of acetyl-CoA carboxylase (ACC), thereby removing an important regulatory
mechanism that limits lipid biosynthesis (Carling et al. 2012). It has also been
shown that AMPK can phosphorylate SREBPIc in liver cells, thereby inhibiting its
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processing and resulting in a reduced expression of SREBP target genes (Li et al.
2011).

Some of the processes involved in lipid biosynthesis are sensitive to oxygen
deprivation. The conversion of squalene into cholesterol is dependent on molecular
oxygen, and the cholesterol biosynthesis pathway has been identified as a major
oxygen sensor in yeast (Hughes et al. 2005). Fatty acid desaturation (discussed in
more detail below) requires NADPH and molecular oxygen and is consequently
inhibited in hypoxia. One major consequence of reduced oxygen availability is the
inhibition of pyruvate dehydrogenase (PDH) activity, which is inhibited through the
phosphorylation by pyruvate dehydrogenase kinases (PDHKs), some of which are
transcriptional targets of HIF (Kim et al. 2006) (Fig. 2). This inhibition of PDH
reduces the availability of glucose-derived citrate for lipid biosynthesis. However, it
was shown that hypoxic cancer cells, or cells with defective mitochondria, use
reductive carboxylation of glutamine-derived o-ketoglutarate by isocitrate dehy-
drogenase (IDH) to replenish the citrate pool to maintain lipid biosynthesis (Wise
et al. 2011; Metallo et al. 2011; Mullen et al. 2012). Moreover, direct conversion of
cytosolic acetate to acetyl-CoA by acetyl-CoA carboxylase 2 (ACSS2) can con-
tribute to fatty acid biosynthesis in hypoxia (Yoshii et al. 2009). As highly
aggressive cancers, including triple-negative breast cancers or high-grade gliomas,
frequently display pronounced tumour hypoxia, the exact regulation of the switch
between different carbon sources for lipid biosynthesis is of substantial clinical and
therapeutic interest.

3 The Cost of Increased Lipid Biosynthesis in Cancer Cells

In addition to providing important intermediates for the synthesis of both structural
and signalling lipids, enhanced fatty acid biosynthesis in cancer cells also imposes
liabilities that can render cancer cells highly sensitive to the disruption of selected
metabolic processes. One important modification that determines the biophysical
properties of the resulting lipids is the introduction of double bonds within the acyl
chain. The conversion of stearate into oleate, a monounsaturated fatty acid, is
catalysed by stearoyl-CoA desaturase (SCD), another target gene of SREBP. As
already mentioned above, this reaction requires molecular oxygen and is inhibited
under hypoxic conditions. It has been shown that mouse embryo fibroblasts defi-
cient for the tuberous sclerosis complex proteins 1 or 2 (TSC1 or TSC2), two
negative regulators of mTORCI1, become highly dependent on monounsaturated
fatty acids when they are grown in low serum in hypoxia, a condition representing
tumour-like stress (Young et al. 2013). Depletion of SREBP also blocks cellular
desaturase activity while maintaining the synthesis of long-chain saturated fatty
acids, resulting in an imbalance in the ratio of saturated to monounsaturated fatty
acids (Griffiths et al. 2013; Williams et al. 2013). This imbalance in lipid saturation
causes mitochondrial dysfunction, induction of oxidative stress and engages the
unfolded protein response pathway (UPR), resulting in inhibition of global protein
synthesis. Importantly, inhibition of SREBP also reduced the growth of U&7
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glioblastoma cells in a xenograft model (Griffiths et al. 2013; Williams et al. 2013),
suggesting that the tumour microenvironment does not provide a sufficient supply
of monounsaturated fatty acids. Targeting SREBP, or indeed SCD, could therefore
be a strategy to starve cancer cells of monounsaturated fatty acids while maintaining
the lipogenic drive. This would lead to the accumulation of saturated fatty acid
species leading to lipotoxicity and cell death.

Another liability imposed by the induction of de novo lipid biosynthesis is the
enhanced demand for reducing cofactors in the form of NADPH. The synthesis of
one molecule of palmitate from acetyl-CoA requires 14 molecules of NADPH,
while the production of one molecule of cholesterol requires even 26 NADPH
molecules (Lunt and Vander Heiden 2011). Thus, cancer cells need to simultane-
ously increase processes that convert NADP" to NADPH to meet this demand. Two
recent studies have investigated the relative contribution of different metabolic
processes to the production of NADPH in cancer cells using quantitative flux
analysis. Surprisingly, these studies revealed a substantial contribution of the
serine-driven 1-carbon metabolism (almost 50 % of total), while the reactions of the
pentose phosphate pathway and malic enzymes accounted for approx. 25 % of the
total each (Fan et al. 2014; Lewis et al. 2014). As already discussed, NADPH is a
cofactor for the production of antioxidants and enhanced fatty acid biosynthesis is
likely to put additional strain on the NADPH pool. Oncogenic signalling pathways
that drive macromolecule biosynthesis must therefore also ensure sufficient pro-
duction of NADPH. Nevertheless, increased fatty acid biosynthesis can sensitise
cancer cells to inhibitors of NADPH or antioxidant synthesis resulting in oxidative
stress. For example, inhibition of the allosteric regulation of glycolytic flux by
phosphofructokinase 2/fructose-2,6-bisphosphatase 4 (PFKFB4) reduces NADPH
production in prostate cancer cells, leading to enhanced oxidative stress and
xenograft tumour regression (Ros et al. 2012). Moreover, malic enzymes 1 and 2
(ME1 and ME2), which generate NADPH from the conversion of malate into
pyruvate, were shown to be involved in a reciprocal regulation with p53. Loss of
p53 function increases expression of these enzymes, while their inhibition leads to
the activation of p53 resulting in induction of senescence and reduced tumour
growth (Jiang et al. 2013). The increased NADPH demand imposed by enhanced
fatty acid and cholesterol biosynthesis in rapidly proliferating cancer cells could
therefore produce a therapeutic window for the development of treatment strategies.

4 Lipid Uptake and Remodelling in Cancer

In addition to de novo synthesis, cancer cells can also take up endogenous lipids.
Early studies already concluded that cancer cells must satisfy a substantial amount
of their lipid demand from external sources (Medes et al. 1953). More recently, it
has been shown that hypoxic cancer cells, or cells transformed by oncogenic Ras,
scavenge unsaturated fatty acids from exogenous lysophospholipids, presumably
because the SCD reaction is repressed by hypoxia (Kamphorst et al. 2013). In
contrast, cells expressing activated Akt showed reduced lipid uptake but increased
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sensitivity towards chemical inhibitors of SCD (Kamphorst et al. 2013), most likely
as they increase endogenous fatty acid synthesis and desaturation via activation of
SREBP (Griffiths et al. 2013; Porstmann et al. 2005).

In addition, isotopic labelling of fatty acids showed that cancer cells can take up
exogenous palmitate and remodel it to generate not only structural lipids but also
lipids that have important signalling functions, including ceramide-1-phosphate
(C1P), platelet-activating factor (PAF) and lysophosphatidic acid (LPA) (Louie
et al. 2013). At the same time, usage of lipids for oxidative processes was reduced,
suggesting that the increased lipid demand of cancer cells drives tumorigenic lipid
signalling (Louie et al. 2013). Moreover, the release of free fatty acids from
monoacylglycerols by monoacylglycerol lipase (MAGL) in aggressive cancer cells
promotes a specific lipidomic signature that correlates with cell migration (Nomura
et al. 2010).

Cancer cells can also take up lipids as low-density lipoprotein (LDL) particles
(Fig. 2). These particles contain high levels of polyunsaturated fatty acids (PUFAs)
as well as esterified and non-esterified cholesterol molecules and are imported to the
cell by the LDL receptor (LDLR), a canonical SREBP target gene. It has been
shown that aggressive prostate cancer cells convert the free cholesterol released
from LDL particles into cholesteryl esters (Yue et al. 2014). These are then stored
in lipid droplets, a specialised cellular structure that is separated from the cytosol by
a single lipid membrane. Inhibition of cholesterol esterification by the depletion of
acetyl-CoA acyltransferase 1 (ACAT1) resulted in the accumulation of free
cholesterol in the cytoplasm leading to the inhibition of SREBP-dependent LDLR
expression, inhibition of lipid uptake and reduced tumour growth (Yue et al. 2014).

Increased lipid content also favours the production of lipid peroxidation prod-
ucts. Indeed, PUFAs can be attacked directly by reactive oxygen species resulting
in spontaneous or chain reaction lipid peroxidation processes (Fig. 3). They can
also be actively oxidised by cellular oxidases (enzymatic lipid peroxidation), such
as cyclooxygenases (COX-1 and COX-2) and lipooxygenases (12-LOX and
15-LOX). Direct products of both lipid peroxidation processes are short-lived and
are quickly converted into advanced products of lipid peroxidation, such as
malondialdehyde (MDA) and hydroxyalkenals, among them 4-hydroxy-2-nonenal
(4-HNE), which is the most commonly measured lipid peroxide. Isoprostanes, such
as 15-F,-Isoprostane, are also lipid peroxidation products specifically generated by
spontaneous lipid peroxidation processes (Fig. 3).

There is a constitutive basal level of lipid peroxidation within the cell, generating
specific lipid peroxides such as prostaglandins (PG) and thromboxanes (through the
action of COX enzymes) and hydroperoxyeicosatetraenoic acids (HPETEs) and
leukotrienes (through the action of LOX enzymes) (Fig. 4). These enzymatically
generated lipid peroxides are important signalling entities and are involved in
inflammation, remodelling of the tumour microenvironment and modulation of the
immune response (Wang and Dubois 2010). Prostaglandin E2 (PGE,) is found in
many tumours and is generally considered to promote neoplastic growth. For
example, PGE, promotes tumour burden in APC™" mice (Wang et al. 2004).
However, the exact role of some prostaglandins in cancer remains ambiguous and
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Fig. 3 Structure and origin of lipid peroxidation products. Malondialdehyde (MDA) and
4-hydroxynonenal (4-HNE) are generated from cytosolic polyunsaturated fatty acids either
through spontaneous (chain) lipid peroxidation or by the action of cyclooxygenases (COX1 or
COX2) or lipooxygenases (12- or 15-LOX). ®-6 fatty acids are used for the production of 4-HNE,
while MDA is produced from fatty acids containing at least 3 double bonds. However, only the
spontaneous chain peroxidation of acyl chains in membrane phospholipids can produce
isoprostanes, including the most common form 15-F,-isoprostane. After peroxidation, these
products have to be released from the membrane by action of a cellular phospholipase

may be highly context dependent. Genetic ablation of the prostaglandin D2 (PGD,)
receptor enhanced tumour progression and vascular expansion, suggesting that
PGD, inhibits angiogenesis (Murata et al. 2008).

Lipid peroxides regulate gene expression by modulating the activity of peroxi-
some proliferator-activated receptors (PPAR) (Murata et al. 2008). For example,
PGE, promotes survival in colon cancer cells by activating PPARS (Wang et al.
2004), while PGD, acts via modulation of the activity of PPARY (Sales et al. 2007).
The products of non-enzymatic lipid oxidation by free oxygen radicals (i.e.
4-hydroxyalkenals and MDA) also represent ligands for these transcription factors
and can induce changes in gene expression in response to oxidative stress (Niki
et al. 2005; Riahi et al. 2010). In addition to fatty acids, cholesterol can also act as a
substrate for lipid oxidation, again via enzymatic and non-enzymatic mechanisms.
Different oxysterols function as intermediates in bile acid production but can also
have functions as signalling molecules (Niki et al. 2005).

An increase in cellular oxidative stress or an overactivation of cellular oxyge-
nases will generate larger and potentially cell-damaging amounts of lipid peroxides.
Accumulation of these oxidation products can alter the activation state of the sig-
nalling pathways in which they participate. However, oxidised lipids can also react
with cellular macromolecules and cause oxidative damage. For example, 4-HNE or
MDA can react with thiol residues in proteins or purine bases in DNA, generating
protein adducts and DNA mutations, respectively (Esterbauer 1993; Marnett 1999).
Protein modification by lipid peroxides can lead to the induction of ER stress,
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Fig. 4 Lipid peroxides in cell signalling and oxidative damage. Reactive oxygen species produced
in the mitochondrial respiratory chain (complexes 1 and 3) can lead to the non-enzymatic
peroxidation of unsaturated free fatty acids or the unsaturated acyl chains of membrane
phospholipids and cardiolipins. Polyunsaturated free fatty acids (i.e. arachidonic acid) can also be
subjected to enzymatic peroxidation by cyclooxygenases 1 and 2 (COX1/2) or lipooxygenases
(12/15-LOX). Lipid peroxides, including malondialdehyde (MDA), 4-hydroxynonenal (4-HNE)
and prostaglandins (PG), are involved in different cellular functions: Oxidation of purine bases can
lead to DNA mutation; formation of protein adducts can induce the unfolded protein response
(UPR); modulation of the activity of the peroxisome proliferator-activated receptors (PPAR) can
later gene expression; some lipid peroxides are involved in cell-cell communication and modulate
inflammation, angiogenesis and immune response. Peroxidation of membrane phospholipids can
alter membrane fluidity and integrity, while peroxidation of cardiolipins affects mitochondrial
function and can lead to apoptosis. Exogenous lipids, including lysophospholipids, triacylglycerides
(TAGs) and free essential and non-essential fatty acids (FAs), can also contribute to the cellular fatty
acid pool and be subjected to lipid peroxidation

resulting in the activation of autophagy in rat aortic smooth muscle cells (Haberzettl
and Hill 2013) and activation of endothelial cells (Vladykovskaya et al. 2012).
Cellular membranes, which are composed of phospholipids that contain saturated
and unsaturated acyl chains as well as cholesterol, are also at risk of peroxidation.
Indeed, peroxidation of membrane lipids induces changes in membrane fluidity and
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can contribute to the development of diseased states, as shown in diabetes (Hong
et al. 2004). Moreover, excess peroxidation of cardiolipins will cause mitochondrial
dysfunction leading to energy stress and apoptosis (Gonzalvez and Gottlieb 2007).

It is evident that the modulation of lipid peroxidation is essential to facilitate
growth-promoting properties of lipid peroxides while preventing excess damage.
Indeed, cellular lipid peroxides can be degraded by antioxidant enzymes, such as
glutathione peroxidases (GPx), glutathione-S-transferases (GST), or small antiox-
idant molecules, like reduced glutathione (GSH) or vitamin E. GPx proteins are
selenocysteine-containing enzyme that utilise glutathione to protect cells against
lipid peroxidation. Among all GPx proteins, GPx4 is considered to be the lipid
peroxide-specific isoform, as this enzyme displays a higher activity towards this
substrate than the other GPxs and is the only GPx capable of degrading oxidised
phospholipids and cholesterol directly inside the membrane without the action of
phospholipase A2 (PLA2).

The role of GPx4 in cancer is still somewhat unclear. Expression of GPx4 is
downregulated in poorly differentiated breast invasive ductal carcinoma (Cejas et al.
2007). GPx4 overexpression was shown to reduce tumour growth of pancreatic
cancer cells (Liu et al. 2006) as well as in fibrosarcoma (Heirman et al. 2006), while
inhibiting smooth muscle cell proliferation (Banning and Brigelius-Flohe 2005).
Genetic depletion of GPx4 increases 12/15-LOX-derived lipid peroxidation, lead-
ing to cell death and neurodegeneration in mice (Seiler et al. 2008). Moreover, loss
of GPx4 increased tumour angiogenesis via increasing 12/15-LOX activity result-
ing in the upregulation of basic fibroblast growth factor and vessel normalisation
(Schneider et al. 2010). In contrast, GPx4 overexpression has no effect on mela-
noma tumour growth (Heirman et al. 2006). Moreover, GPx4 was found to be
upregulated in colon cancer cells compared to non-cancer cells (Yagublu et al.
2011). This could be explained by the fact that GPx4 has antiapoptotic properties
that could be hijacked by cancer cells to protect them from lipid peroxide-mediated
damage. Indeed, GPx4 has been described to inhibit mitochondrial apoptosis by
inhibiting cardiolipin peroxidation, thereby preventing the release of cytochrome C
to the cytosol (Nomura et al. 2000; Nakagawa 2004). In hepatocellular carcinoma
(HCC) patients, lipid peroxide levels are significantly increased compared to
healthy controls and correlate with the levels of VEGF, which is known to be an
indicator of poor prognosis (Rohr-Udilova et al. 2012). In HCC cell lines, treatment
of cells with linoleic acid peroxides increases VEGF and ILS. This phenotype can
be rescued in vitro and in vivo by selenium supplementation that specifically
activates GPx4 activity towards lipid peroxides, reducing VEGF and c-fos mRNA
expression and significantly decreasing preneoplastic liver nodule growth in a rat
hepatocarcinogenesis model (Rohr-Udilova et al. 2012). However, the potential
influence of selenium supplementation on cancer risk is still unclear, as different
studies suggest either a protective role or no effect on prostate cancer risk
(Duffield-Lillico et al. 2003; Lippman et al. 2009). Moreover, selenium supple-
mentation seemed to have no effect on basal cell carcinoma risk, while potentially
increasing the risk of developing squamous cell carcinoma and non-melanoma skin
cancers (Duffield-Lillico et al. 2003).
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GPx4 was also identified as a mediator of ferroptosis (Yang et al. 2014). This
iron-dependent form of cell death does not involve mitochondria but is associated
with metabolic dysfunction, oxidative stress and accumulation of lethal levels of
lipid peroxidation products (Dixon et al. 2012). Agents that induce this form of cell
death were shown to inhibit either glutathione synthesis or the activity of GPx4,
resulting in the accumulation of lipid peroxides (Yang et al. 2014). Interestingly,
large B cell lymphoma and clear cell renal cell carcinoma cell lines were highly
susceptible to ferroptosis-inducing compounds (Yang et al. 2014), suggesting that
differential regulation of lipid peroxidation and antioxidant production could
determine the sensitivity of cancer cells to particular therapeutic agents.

5 Concluding Remarks

Enhanced glucose uptake and reactivation of de novo lipid biosynthesis are hall-
marks of cancer cells. This altered metabolic phenotype distinguishes cancer cells
from normal non-proliferative tissue in the body. Enhanced glucose uptake and
lipid biosynthesis form the molecular basis for the visualisation of tumours by PET
using '®F-fluorodeoxyglucose (‘*F-FDG) or ''C-choline tracers. Glucose not only
contributes to energy-generating processes but also provides important precursors
for biosynthetic processes, most importantly ribosomes for the production of
nucleotides for the synthesis of DNA and RNA molecules. Lipids have important
structural functions but also constitute an important component of cellular sig-
nalling pathways and cell-cell communication. Studying the regulation of these
processes in cancer cells is likely to yield insight into the intimate connection
between oncogenic transformation and metabolic reprogramming and highlight
novel targets for therapeutic development.
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Abstract

The technique of induced metabolic bioluminescence imaging (imBI) has been
developed to obtain a “snapshot” of the momentary metabolic status of biological
tissues. Using cryosections of snap-frozen tissue specimens, imBI combines
highly specific and sensitive in situ detection of metabolites with a spatial
resolution on a microscopic level and with metabolic imaging in relation to tissue
histology. Here, we present the application of imBI in human colorectal cancer.
Comparing the metabolic information of one biopsy with that of 2 or 3 biopsies
per individual cancer, the classification into high versus low lactate tumors,
reflecting different glycolytic activities, based on a single biopsy was in
agreement with the result from multiple biopsies in 83 % of all cases. We further
demonstrate that the metabolic status of tumor tissue can be preserved at least
over 10 years by storage in liquid nitrogen, but not by storage at —80 °C. This
means that tissue banking with long-term preservation of the metabolic status is
possible at =180 °C, which may be relevant for studies on long-term survival of
cancer patients. As with other tumor entities, tissue lactate concentration was
shown to be correlated with tumor development and progression in colorectal
cancer. At first-time diagnosis, lactate values were low in rectal normal tissue and
adenomas, were significantly elevated to intermediate levels in non-metastatic
adenocarcinomas, and were very high in carcinomas with distant metastasis.
There was an inverse behavior of tissue glucose concentration under corre-
sponding conditions. The expression level of monocarboxylate transporter-4
(MCT4) was positively correlated with the tumor lactate concentration and may
thus contribute to high lactate tumors being associated with a high degree of
malignancy.
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1 Introduction

Steady-state concentrations of metabolites can mirror the metabolic status of live
tissues. In most healthy organs, metabolic activity is not homogeneously distributed
across the entire tissue, but exhibits a metabolic zonation, such as renal medulla
versus cortex or periportal versus central venous regions in the liver. Metabolic
zonation also exists in solid malignant tumors, yet in a specific way: The metabolic
zones in tumors are extremely heterogeneous with regard to spatial arrangement,
size, and cellular function (Aly et al. 2015; Jeng et al. 2015). There is recent
evidence for this characteristic tumor heterogeneity being the major cause of
therapeutic failure in medical oncology (Walther et al. 2015) (Table 1).

Tumor heterogeneity is characterized by variable intrinsic properties of cancer
cells, such as variability in proliferation and invasiveness; by the coexistence of
cancer cells with variable proportions of different histological cell populations, such

Table 1 From 13 patients with tumors, 29 biopsies were analyzed for lactate content (umol/g)

Tumor Biopsy 1 Biopsy 2 Biopsy 3 Mean Classification
1 5.7 4.9 3.0 4.5 L
2 8.5 6.1 74 7.3 H
3 10.2 18.0 7.5 11.9 H
4 4.5 4.1 4.3 L
5 8.3 4.4 6.3 L
6 9.5 4.9 72 H
7 6.1 5.1 5.6 L
8 9.1 5.1 7.1 H
9 2.1 5.7 3.9 L
10 11.1 7.6 9.3 H
11 14.8 8.0 11.4 H
12 3.8 8.3 6.0 L
13 7.8 11.6 9.7 H
Median = 7.1

Comparing each average tumor value with the overall median (7.1 pmol/g), each malignancy was
classified as “low” (L) or “high” (H) lactate tumor. Comparing the mean values of each single
biopsy with the median value of the entire tumor cohort revealed an identical classification in 24
cases (=83 %) and an opposite classification in 5 cases (=17 %)

L low lactate: 6 tumors

H high lactate: 7 tumors
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as fibroblasts, endothelial or immune cells; and by an extremely chaotic vascular
supply with regard to microcirculatory geometry and function. Typically, the
dimensions of such agglomerated heterogeneous tumor regions are in the submil-
limeter range. These conditions within solid tumors limit the biological significance
of information that is obtained by averaging signals over macroscopic tissue
regions. In other words, a selective evaluation of uniform subregions, e.g., of
largely viable tumor areas, requires a spatial resolution on a microscopic level.

Imaging metabolites in cancerous tissue in a biologically significant manner
requires the quantitative detection of metabolic substances within microscopic
dimensions in association with the histological tissue structure. The challenges of
these requirements are reflected by an experimental technique called “the laser-capture
microdissection of cryosections” (Espina et al. 2009; Silasi et al. 2008; Zanni and Chan
2011). This sophisticated and elaborate method has been successfully combined with
polymerase chain reaction (PCR) and matrix-assisted laser desorption/ionization
(MALDI) for genomic and proteomic profiling of homogeneous tissue regions from
healthy organs or malignant tumors, which has been documented in a number of
original reports and recent reviews (Datta et al. 2015; Nishimura et al. 2015; Sethi et al.
2015). In contrast, approaches to a direct quantification of metabolites in microdis-
sected tissue samples seem to be rare in the literature (Teutsch et al. 1995). Itis evident
from the complexity of laser-capture microdissection that this technique is not suited
for prospective studies with cancer patients or for clinical routine. On the other hand,
noninvasive techniques for metabolic imaging, which are suited for clinical use, such
as magnetic resonance imaging (MRI), do not cope with the challenges inherent to
tumor heterogeneity at present.

This situation suggests that metabolomic analysis may be performed in tumor
biopsies, provided a relative simple technique for structure-associated, quantitative
metabolic imaging in situ is available. We have developed such a method, which
will be briefly presented below. Since tumor specimens are routinely taken in the
clinic for pathohistological diagnosis, spare material is often available for scientific
purposes under consideration of ethics and patient consent. There are, however, two
major concerns with such tumor specimens.

Firstly, there is the question of how closely a relatively small biopsy can rep-
resent the metabolic situation of a whole tumor. So far, this old problem has not
been investigated with respect to the metabolite distribution in cancers. We have
addressed this issue by metabolic measurements in multiple biopsies from the same
tumor and by comparing the result from one biopsy with that from all biopsies from
one tumor, as will be presented below.

The second concern with clinical tumor biopsy material is related to the phys-
iological status of metabolism. As soon as live tissue is removed from its natural
site, the absence of blood flow in such a specimen is associated with a decrease in
ATP and an accumulation of acids within less than 1 min. The only way to prevent
such undesirable artifacts of ischemia is the rapid cryopreservation of the
momentary physiological metabolic status in vivo, e.g., by immersion into liquid
nitrogen. In this way, a “metabolic snapshot” of the tumor tissue can be generated.
Despite all these critical issues, measurement of metabolites by enzymatic
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photometric assays or by mass spectrometry in extracts from snap-frozen tissue can
still be considered a “gold standard” for the assessment of tissue concentrations of
metabolites.

2 Metabolic Reprogramming in Malignant Tumors

Malignant transformation of normal cells is frequently accompanied by an increase
in cellular glucose uptake by a factor of 5-10. This is the basis for tumor diagnosis
and treatment follow-up with positron emission tomography (PET) measuring the
uptake of 2-fluoro-deoxy-glucose (FDG). The increase in glucose uptake is mostly
associated with an elevated cellular production and secretion of lactate, which often
accumulates up to excessive concentrations (in the range of 40-50 mM) in the
tumor microenvironment. This increased lactate production persists even in the
presence of oxygen, which is eventually termed “aerobic glycolysis,” “Warburg
effect” or “Warburg metabolism” (Bayley and Devilee 2010; Bayley and Devilee
2012; Cairns et al. 2011; Herling et al. 2011; Icard et al. 2012; Israel and Schwartz
2011; Rodriguez-Enriquez et al. 2011).

During the past few years, an increasing number of signaling pathways has been
identified to be closely linked to the Warburg metabolism of cancer cells. As a
result, the metabolic deregulation in tumors may be recognized as a complex net-
work of interrelated pathways that is largely variable and unpredictable in its
functionality in individual tumors (Carroll et al. 2015). On the other hand, there is a
common readout of cancer cell metabolism integrating over their various signaling
activities, i.e., the efflux of lactate into the tumor microenvironment (Dhup et al.
2012; Hirschhaeuser et al. 2011; Luc et al. 2015).

The clinical significance of the extremely variable levels of lactate concentrations
in solid tumors has been identified first by our group in a patient study in 2000
(Walenta et al. 2000) using induced metabolic bioluminescence imaging (imBI). The
imBI technique for lactate quantification and assessment of the regional distribution
of this metabolite within tissues of interest has been developed in our laboratory on
the basis of biochemical precursor studies mainly on brain metabolism (Kim et al.
1993; Kricka 2000; Paschen et al. 1981; Paschen 1985). The current status of imBI,
its advantages, and limitations has been reviewed recently (Walenta et al. 2014), and
we refer the reader to this article for further methodological details.

Up to now, tissue concentrations of glycolytic key metabolites, such as glucose,
pyruvate, or lactate, cannot be measured noninvasively, e.g., by proton (magnetic
resonance spectroscopy) MRS or PET, with a simultaneous combination of
appropriate sensitivity and spatial resolution in the clinical setting. Some optimism
may be justified considering magnetic resonance spectroscopy imaging (MRSI)
with hyperpolarized C-13, but this technique is still in an early phase of clinical
testing (Bohndiek et al. 2012; Witney et al. 2011; Gallagher et al. 2009; Day et al.
2007; Reed et al. 2012; Hu et al. 2011; Kurhanewicz et al. 2011). There is, how-
ever, a compelling evidence for the relevance of Warburg metabolism in malignant
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disease to be evaluated systematically, among other approaches, by quantitative
measurements of glycolysis-associated metabolites.

3 The imBI Technique

In the imBI technique, as developed in our laboratory, mixtures of definite
exogenous enzymes and cofactors are used as self-made kits for the detection of
metabolites with high specificity and sensitivity in cryosections from snap-frozen
tissue. These enzymes may be considered “molecular metabolic sensors” for the
assessment of tissue concentrations of specific metabolites. For example, lactate
dehydrogenase is used as a “biosensor” of lactate. The enzymatic activity specifi-
cally induced by the metabolite of interest as a substrate is biochemically coupled to
luciferases. This leads to the emission of light, i.e., to bioluminescence via the NAD
(P)H + H* redox system. The biochemical reactions can be adjusted in a way that
the bioluminescence intensity is proportional to the respective metabolite concen-
tration. Details on the enzyme cocktails have been summarized recently in a
comprehensive manner (Walenta et al. 2014).

Figure 1 illustrates the imBI processing routine for the tissue cryobiopsy. For the
assessment of the spatial distribution of the metabolites, serial cryosections are
generated from the snap-frozen tumor specimens. A specially designed sandwich
technique provides a homogeneous contact between enzyme cocktail and tissue
section. The sandwich is put on the thermostated stage of a microscope which is
equipped with an ultrasensitive back-illuminated EM-CCD camera (iXonEM+
DU-888; Andor Technology PLC, Belfast, UK), the signal of which is transferred
to a computer for image analysis. By integrating the light emission intensities over a
selected time interval, a two-dimensional density profile is generated, which rep-
resents the two-dimensional metabolite distribution across the tissue section.

Using appropriate standards, which are handled in exactly the same way as the
tissue of interest, bioluminescence intensities can be transformed into absolute
tissue concentrations of the respective metabolite, e.g., in micromole per gram of
tissue (umol/g), which corresponds approximately to mM in solution. The spatial
distribution of tissue concentrations is routinely displayed in a color-coded manner,
as indicated in Fig. 1.

High sensitivity and high spatial resolution are to some extent contradicting
demands, but the advantage of imBI is its versatility in adjusting the measuring
conditions toward either resolution or sensitivity depending on the requirements of
an actual experiment. For most measurements in tumor biopsies, experimental
settings are chosen in a way that the minimum detectable substrate concentration is
around 100 nmol/g with a spatial linear resolution of around 100 pm. Keeping the
former sensitivity of detection, the spatial resolution can be adjusted to 20 um.

Using serial sections, a section can be stained for the histological structure, e.g.,
with hematoxylin and eosin (H&E) followed by sections stained for the various
metabolites (see Fig. 2). Before sectioning, two parallel channels are driven through
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Fig. 1 Flowchart of the specimen processing for the imBI technique [according to (Walenta et al.
2014)]. a Driving 2 parallel pin channels into the cryobiopsy, b serial sectioning of the biopsy
perpendicular to the pin channels generating pinholes for exact overlay, ¢ putting each section on a
cover glass, d glass block with circular casting mold, e pipetting the bioluminescence enzyme
solution into the casting mold, f putting cover glass upside down on glass block (=sandwich)
leading to contact between section and enzyme solution, g putting sandwich on thermostated
microscope stage starting bioluminescence reaction and low light detection via a cooled CCD
camera, h computerized signal and image processing, i generation of calibrated 2D metabolite
distributions including structure-associated evaluation

the frozen specimen with a specially designed “microfork.” Adjusting the sec-
tioning plane perpendicular to the two channels generates two holes in each section
which allows for an exact computer-assisted overlay between the sections. Such an
overlay makes it possible to detect the bioluminescence signals in a structure-
associated way, i.e., within selected histological areas, such as viable tumor regions,
stromal areas, or necrosis. For methodological details, the reader is referred to
Walenta et al. (Walenta et al. 2014).

In the clinical setting, the imBI technique has been applied to patients with
cervix carcinomas (Walenta et al. 2000), squamous cell carcinomas of the head and
neck (Brizel et al. 2001), rectal adenocarcinomas (Walenta et al. 2003), and
glioblastomas (Walenta et al. 2014). Here, we summarize our previous findings
from rectal carcinomas, supplemented by new data and new aspects of data eval-
uation and interpretation.
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1l fin
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Fig. 2 Illustration of structure-associated evaluation of the color-coded lactate concentration
distribution from imBI based on an adjacent H- and E-stained cryosection. Templates from
circumscribed histological areas can be digitally overlaid on the corresponding imBI image to
obtain regional metabolite concentrations [according to (Walenta et al. 2014)]. a Viable tumor
region, b stroma/skin, ¢ skeletal muscle, and d tumor necrosis

4 Representativeness of One Versus Multiple Biopsies

Considering the aforementioned tumor heterogeneity, it is not surprising that the
representativeness of data obtained from one biopsy with regard to the whole tumor
is a persisting critical issue in experimental cancer research as well as in clinical
oncology. Colorectal cancer is one of the tumor entities which may give access to
two or multiple biopsies in the clinical routine. In a separate study on rectal cancer,
we were able to collect and metabolically characterize such multiple biopsies with
imBI. We were then using appropriate strategies for data acquisition and evaluation
to address this respective issue.

All tumor samples, presented in this report, were obtained from the Department
of Surgery at the University of Regensburg, Germany, after approval by the local
ethical committee and following the receipt of informed consent by the patients.
Biopsies were taken within diagnostic routines for first-time diagnosis of primary
rectal cancer before conventional surgical resection therapy. Tumor specimens were
immersed into liquid nitrogen within 10 s after removal from the patient. After final
diagnosis in the Department of Pathology in parts of the biopsies, spare material
was used for imBI measurements. Patient data, such as metastatic status or survival,
were obtained in an anonymous manner from the Regensburg Tumor Center to be
correlated with metabolic data.

In the previous studies on clinical cancer, a classification of tumors into two
classes regarding the tissue lactate concentration proved to be useful and clinically
relevant. For practical purposes, the median lactate concentration of a given cohort
of tumors was chosen for separation into low and high lactate tumors. Interestingly,
the median for lactate consistently was in the range of 7-9 pmol/g in a number of
independent studies including different tumor entities and applying different mod-
ifications of the imBI technique. As common findings in these various prospective
studies, the incidence of metastasis was significantly higher and patient survival
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was significantly reduced in high compared to low lactate cancer (summarized in
Walenta and Mueller-Klieser 2004).

This way of classification was applied in the small cohort of 13 patients with
rectum adenocarcinomas. From each of the patient with tumors, 2 or 3 biopsies
were removed resulting in a total number of 29 tumor biopsies. The mean lactate
concentration of each biopsy was than compared with the median lactate concen-
tration of the entire tumor cohort. The results show that the classification into high
and low lactate tumors based on only 1 biopsy differed from that based on the
average from 2 or 3 biopsies per tumor in 5 of 29 cases, i.e., in 17 % of all biopsies
considered.

This result does not completely discourage biopsy-based investigations on
tumors, and on the other hand, it is not entirely inspiring either. Considering,
however, the mean lactate values of the five cases of discrepancy in relation to their
deviation from the cohort mean, it is obvious that all five means are close to the
median. This is illustrated by plotting the biopsy mean values over the global tumor
means (Fig. 3). The 2 dotted lines represent the cohort median delimiting the upper
right quadrant as the high lactate tumor field and the lower left quadrant as the field
of low lactate tumors. The five circles represent the average lactate values of the
biopsies of discrepancy visualizing their proximity to the median.

The finding suggests that the border line lactate concentration should not be
considered a cutting edge, but rather a transitional zone with an inherent uncertainty
with regard to the respective classification. It has to be mentioned in this connection
that in all imBI studies on clinical tumors, the intratumoral variation of lactate was
much less than that of the interindividual differences between tumors.
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5 Metabolic Asservation in Liquid Nitrogen

It seems obvious that the physiological situation of metabolites in solution within a
live tissue cannot be preserved in a paraffinized asservate. On the other hand, there
is a demand for the long-term preservation of the physiological state in natural
tissue, and so far, this can only be done by rapid freezing. Immersion of the biopsy
into liquid nitrogen immediately after removal from the tumor turned out to be
appropriate for most of our metabolic measurements. Since tumor metabolism is a
booming field in both experimental and clinical oncology, numerous research
institutions and clinics start to build up tumor banks with tissues in liquid nitrogen.
This raises, however, the question of the time span for which the biopsy can be
asservated at —180 °C without disturbances in the metabolic state. Also, it seems
important to know whether preservation at —80 °C would be as appropriate as
storage in liquid nitrogen.

We have systematically registered concentrations of metabolites in freshly fro-
zen tissue versus storage in the —80 °C freezer for 3—6 months or for more than
2 years. Similar measurements were performed in samples stored in liquid nitrogen
for around 10 years. Representative data are graphically displayed in Fig. 4. The
results clearly show that there are no major changes in metabolite concentrations
within up to 6 months of storage under either condition. In contrast, storage in
—80 °C for several years leads to significant decreases of the concentration values
far below the initial levels. Such a decrease does not occur in liquid nitrogen. In
conclusion, a long-term metabolic asservation of freeze-clamped tissue over a
period of several years up to at least one decade is possible, but requires storage at
—180 °C.

Fig. 4 Mean tumor lactate
concentration in biopsies
which were fresh or stored for
no longer than 1 year (0-

1 year) compared to lactate
concentrations in the same
cohort following storage in
liquid nitrogen for 8—12 years
(10 % 2 years)
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6 Metabolic Imaging with ImBI in Rectum Cancer

Tissue specimens from patients were obtained from the University of Regensburg,
as outlined above. In a cohort of 24 patients with rectal adenocarcinoma, imBI
measurements were performed on the basis of 33 cryobiopsies. Of these specimens,
7 contained only normal tissue, 3 contained adenoma tissue, and 33 contained
tumor material. The latter group included 5 patients with synchronous distant liver
metastasis; i.e., they already had distant metastasis at first-time diagnosis.

Figure 5 shows a representative documentation of data from routine imBI mea-
surements in a glycolytically less active (Fig. 5, left-hand panels) and in a highly
glycolytic (Fig. 5, right-hand panels) human colorectal adenocarcinomas. The upper

Lactate [imollg]
000 - 150
150 - 300

450 - 6.00
600 - 7.50
7.50 - 9.00
9.00 - 10.50
10.50 - 12.00
1200 - 1350
> 1350

Fig. 5 H&E staining (upper panels) and lactate distributions (lower panels) measured with imBI
in less glycolytically active (left-hand panels) and highly glycolytic (right-hand panels) colorectal
adenocarcinomas. Mean lactate concentrations of the individual cancers were 4.9 + 1.11 pmol/g
versus 10.7 £ 0.80 pmol/g. Interestingly, the difference between the highest regional lactate
concentration measured in these tumors was even drastically larger than that between the means,
i.e., 10.1 pmol/g versus 31.0 umol/g
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panels represent staining with H&E, and the lower panels, the color-coded, regional
distribution of lactate. Mean lactate concentrations averaged over whole individual
cancers were quite different, as shown by the respective values for the distribution in
Fig. 5, ie., 4.9 £ 1.11 pmol/g versus 10.7 & 0.80 umol/g. Interestingly, the

Fig. 6 Results of imBI
measurements in colorectal
adenocarcinomas, adenomas,
and tumor-adjacent normal
tissue [modified according to
(Walenta et al. 2003)].
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difference between the highest regional lactate concentration measured in these
tumors was even drastically larger than that between the means, i.e., 10.1 umol/g
versus 31.0 umol/g.

If tissue samples were classified according to their histology, there were quite
obvious and statistically significant differences in the mean lactate and glucose
content between the different histologies, as depicted in Figs. 6a, b. While lactate
was low in normal tissue, it was intermediate in adenomas and very high in tumors
with distant metastasis (with tumor average of 18 pumol/g). Metastatic primaries had
a significantly higher lactate content compared to non-metastatic tumors. Glucose
showed a behavior that seemed to be inversely correlated with that of lactate. In
fact, when glucose was correlated with lactate in all specimens, a highly significant
inverse correlation was obtained between both metabolites (see Fig. 6c).

Since lactate is released by cancer cells predominantly by the monocarboxylate
transporter-4 (MCT4), the protein expression level was determined by immuno-
fluorescence microscopy and semiquantitative computerized image analysis.
A significant, albeit weak correlation was obtained between the tumor lactate
concentration and the relative expression level of MCT4. This indicates that dif-
ferences in the MCT4 expression between individual tumors may contribute to the
corresponding variability in tumor lactate production (Fig. 7).

7 Conclusions

The imBI technique combines highly specific and sensitive in situ detection of
metabolites with spatial resolution on a microscopic level and with metabolic
imaging in relation to tissue histology. Using snap-frozen tissue specimens, imBI
generates “snapshots” of the actual metabolic status of biological tissues. The
method has been applied by different investigators in various fields of biology and
medicine including quantitative metabolic imaging in plant seedlings, 2D or 3D cell
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cultures, blood vessel walls, tissue wounds, various animal organs, experimental
tumors, and cancers in patients.

The imBI technique has been used in several independent clinical studies on
cancer of the cervix uteri and the head and neck region, including different clinics
and clinical settings, various experimenters, and different modifications of the imBI
method, such as several updates of the equipment for very low light-level detection.
Although the technique is restricted to prospective studies with inherently low
number of patients, these various studies currently enable an overview on data from
several hundreds of patients. In summary, these studies uniformly identify the
lactate content of primary tumors as an indicator of tumor progression and
malignant traits (Hirschhaeuser et al. 2011). This has been illustrated here by imBI
data obtained in colorectal cancer, showing tissue lactate content to be low in
normal tissue and adenomas, intermediate in non-metastatic disease, and extremely
high in primary cancer with distant metastasis. A separate study on the expression
of MCT4 in colorectal cancer is indicative of this membrane transporter to con-
tribute to increased cellular lactate secretion and tissue accumulation. This finding is
in accordance with a general function of MCT4 as a transporter which preferentially
exports lactate out of the cell, in contrast to MCT1 transporting into or out of the
cells (Pinheiro et al. 2012).

It has often been questioned whether a biopsy can be representative of cancerous
tissue considering the pronounced heterogeneity of malignant tumors. In a subset of
colorectal cancers, we got access to tumors from which 2 or 3 biopsies were taken. In
the previous metabolic studies on malignant tumors, a classification into tumors with
a low or high lactate content with the median lactate concentration being the dis-
criminating criterion appeared to be useful, since low and high lactate tumors
potentially represent tumors with a less or a highly active Warburg metabolism,
respectively. The cohort of rectal cancers with multiple biopsies made it possible to
compare the classification based on one biopsy only with that based on 2 or 3
biopsies. The agreement between both approaches in 83 % of all cases and the fact
that in all cases of discrepancies, the lactate concentration was close to the border line
between the two classes may justify the respective classification from one biopsy.

A number of larger clinics have started to build up tumor banks storing tissue in
liquid nitrogen. Since we have documented a change in metabolites of tissue being
stored at —80 °C for a few years, we have measured metabolites in tumor specimens
before and after storage in liquid nitrogen for around 10 years. This may be rele-
vant, for example, during long-term follow-ups of cancer patients where a situation
may emerge that may require the determination of a tumor metabolite, which has
not been measured initially. Our data suggest that the metabolic status can be
cryopreserved at least for one decade.

In summary, biologically and clinically relevant and significant results were
obtained with imBI most likely due to the “natural way” of detecting metabolites,
i.e., using them as substrates of specific enzymes in selected histological tissue
regions. Based on the latter potential, imBI may cope with challenges related to
tumor heterogeneity, which is nowadays considered one of the major causes of
tumor treatment failure (Aly et al. 2015; Jeng et al. 2015).
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Abstract

In the past decade, there has been a resurgence of interest in elucidating how
metabolism s altered in cancer cells and how such dependencies can be targeted for
therapeutic gain. At the core of this research is the concept that metabolic pathways
are reprogrammed in cancer cells to divert nutrients toward anabolic processes to
facilitate enhanced growth and proliferation. Importantly, physiological cellular
signaling mechanisms normally tightly regulate the ability of cells to gain access to
and utilize nutrients, posing a fundamental barrier to transformation. This barrier is
often overcome by aberrations in cellular signaling that drive tumor pathogenesis
by enabling cancer cells to make critical cellular decisions in a cell-autonomous
manner. One of the most frequently altered pathways in human cancer is the
PI3K-Akt-mTOR signaling pathway. Here, we describe mechanisms by which this
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signaling network is responsible for controlling cellular metabolism. Through both
the post-translational regulation and the induction of transcriptional programs, the
PI3K-Akt-mTOR pathway coordinates the uptake and utilization of multiple
nutrients, including glucose, glutamine, nucleotides, and lipids, in a manner best
suited for supporting the enhanced growth and proliferation of cancer cells. These
regulatory mechanisms illustrate how metabolic changes in cancer are closely
intertwined with oncogenic signaling pathways that drive tumor initiation and
progression.
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PI3K - Akt - mTOR - Cancer - Signaling - Metabolism

Abbreviations

PI3K Phosphoinositide 3-kinase

mTOR Mammalian target of rapamycin

RTKs Receptor tyrosine kinases

GPCRs G-protein-coupled receptors

PIP; Phosphatidylinositol-3,4,5-trisphosphate
PIP, Phosphatidylinositol-4,5-bisphosphate
PTEN Phosphatase and tensin homolog

PH Pleckstrin homology

PDK1 Phosphoinositide-dependent protein kinase 1
mTORC1/2 Mammalian target of rapamycin complex 1/2
HK Hexokinase

PFK1/2 Phosphofructokinase 1/2

TSC1/2 Tuberous sclerosis 1/2

GAP GTPase-activating protein

S6K1/2 S6 kinase 1/2

4E-BP1/2 elF4E (eukaryotic initiation factor 4E)-binding protein 1/2
FoxO Forkhead box O
GSK-3p3 Glycogen synthase kinase-3f3

HIF Hypoxia-inducible factor
SREBP Sterol regulatory element-binding protein
SRE Sterol regulatory elements
TXNIP Thioredoxin-interacting protein
AMPK AMP-dependent protein kinase
¥EDG 18-fluoro-deoxyglucose

PET Positron emission tomography
Go6P Glucose 6-phosphate

VDAC Voltage-dependent anion channel
OMM Outer mitochondrial membrane
PDK1 Pyruvate dehydrogenase kinase 1

PDH Pyruvate dehydrogenase
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TCA Tricarboxylic acid

NADH Nicotinamide adenine dinucleotide

LDHA Lactate dehydrogenase A

GPI Glucose phosphate isomerase

GAPDH Glyceraldehyde-3-phosphate dehydrogenase

TPI Triosephosphate isomerase

PGK1 Phosphoglycerate kinase 1

ENO1 Enolase

GCK Glucokinase

ALDOB Aldolase B

PK1 Pyruvate kinase 1

PPP Pentose phosphate pathway

NADPH Nicotinamide adenine dinucleotide phosphate

Ru5P Ribulose 5-phosphate

R5P Ribose 5-phosphate

F6P Fructose 6-phosphate

Ga3P Glyceraldehyde 3-phosphate

G6PD Glucose 6-phosphate dehydrogenase

TKT Transketolase

PGD 6-phosphogluconate dehydrogenase

RPE Ribulose 5-phosphate epimerase

RPIA Ribulose 5-phosphate isomerase

TALDOI1 Transaldolase 1

CAD Carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and
dihydroorotase

PRPP Phosphoribosyl pyrophosphate

ACL ATP citrate lyase

aKG a-ketoglutarate

GLS Glutaminase

GLUL Glutamine synthetase

GDH Glutamate dehydrogenase

ASNS Asparagine synthetase

GFPT1 Glutamine—fructose 6-phosphate transaminase 1

1 Introduction

A fundamental property of cells in multicellular organisms is the ability to process
and integrate a variety of extracellular signals, such as growth factors, cytokines,
and nutrients, in order to make decisions about cell fate, including proliferation,
growth, survival, differentiation, motility, and metabolism. To accomplish this, cells
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have developed complex signaling networks that allow them to transduce extra-
cellular signals into cellular decisions. Over the past few decades, much research
has been dedicated toward elucidating how cellular signaling pathways are wired,
and it has become clear that aberrations in cellular signaling underlie a wide variety
of human diseases. In particular, our increasing understanding of the genomic
landscape of human cancers over the past few years has revealed that cancer cells
are frequently selected for mutations that occur in key nodes of various signaling
pathways. These genetic alterations enable cancer cells to escape regulation by
extrinsic signals and instead make critical cellular decisions in a cell-autonomous
manner to promote uncontrollable cell survival, growth, and proliferation.

In the past decade, there has been a resurgence of interest in elucidating how
metabolism is altered in cancer cells, based on observations that components of
signal transduction pathways frequently regulate nutrient metabolism. At the core
of this research is the concept that metabolic pathways are reprogrammed in cancer
cells to divert nutrients toward anabolic processes to facilitate enhanced growth and
proliferation. Importantly, physiological cellular signaling mechanisms normally
tightly regulate the ability of cells to gain access to and utilize nutrients, posing a
fundamental barrier to transformation. Therefore, it is becoming increasingly clear
that cancer cells frequently select for mutations that enhance signal transduction
through pathways that converge upon a common set of metabolic processes to
promote nutrient uptake and utilization in cell building processes. It is the hope that
an integrated understanding of oncogenic signaling and its modulation of cancer
metabolism will reveal metabolic dependencies that are unique to cancer cells,
thereby opening a therapeutic window that can be exploited to selectively target
tumor cells.

The phosphoinositide 3-kinase (PI3K)-Akt-mammalian target of rapamycin
(mTOR) signaling pathway is one of the most frequently altered pathways in human
cancer. The importance of the pathway in cancer first became apparent in the 1980s,
when it was discovered that a PI kinase activity was associated with transformation
mediated by viral oncogenes such as the SRC tyrosine kinase and polyomavirus
middle T antigen (Whitman et al. 1985) and that this enzyme carried out a previ-
ously unknown reaction, the phosphorylation of PI at the 3 position of the inositol
ring (Whitman et al. 1988). Subsequent work placed PI3K at the head of a sig-
naling network in which PI3K transduces upstream signals from receptor tyrosine
kinases (RTKs) to generate critical lipid second messengers that serve to further
activate downstream signaling effectors such as Akt and mTOR (Toker and Cantley
1997; Toker 2012). Multiple components of the pathway have since been
demonstrated to be bona fide oncogenes and tumor suppressors, and activation of
this pathway has a critical role in controlling most of the hallmarks of cancer,
including proliferation, cell survival, motility, genomic instability, angiogenesis,
and metabolism (Hanahan and Weinberg 2011). Studies in cancer genomics over
the past decade have reinforced the importance of the PI3K-Akt-mTOR signaling
pathway in human cancer, as genetic lesions that drive tumorigenesis are frequently
found within components of the signaling network (see Table 1). As a result,
numerous drugs have been developed in the past decade that target various nodes of



Metabolic Reprogramming by the PI3K-Akt-mTOR ...

Table 1 Common genetic alterations of the PI3K-Akt-mTOR
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signaling pathway in human

cancers

Gene Alteration Common tumor types Selected references

PIK3CA GOF mutation Breast, ovarian, COSMIC, Samuels et al.

endometrial, cervical, (2004)
colorectal, lung,
glioblastoma
Amplification Breast, cervical, gastric, Campbell et al. (2004), Sun
lung, ovarian, prostate et al. (2009), Racz et al.
(1999), Ma et al. (2000)
PTEN LOF mutation Breast, ovarian, COSMIC, Li et al. (1997)
endometrial, colorectal,
cervical, brain, bladder
Deletion Leukemia, breast, prostate, COSMIC, Li et al. (1997)
ovarian, liver, lung,
melanoma
Epigenetic Breast, colorectal Goel et al. (2004), Garcia
silencing et al. (2004)
AKTI GOF mutation Breast, colorectal, ovarian, Carpten et al. (2007), Shoji
(E17K) lung, bladder, endometrial, et al. (2009), Malanga et al.
urothelial, prostate (2008), Boormans et al.
(2010)
Amplification Gastric Staal (1987)

AKT2 GOF mutation Breast, colorectal, lung Sasaki et al. (2008);

(E17K, others) Stephens et al. (2012),
Parsons et al. (2005)
Amplification Breast, colorectal, ovarian, Bellacosa et al. (1995),
pancreatic Cheng et al. (1996)

AKT3 GOF mutation Breast, melanoma Davies et al. (2008), Banerji
(E17K, et al. (2012)
MAGI3-AKT3
fusion)

Amplification Breast Chin et al. (2014)

PDPK1 GOF mutation Colorectal Parsons et al. (2005)

TSC1/2 LOF mutation Tuberous sclerosis Jones et al. (1999)

MTOR GOF mutation Lung, renal, endometrial, Grabiner et al. (2014)

melanoma

Abbreviations: COSMIC Catalog of somatic mutations in cancer (http://cancer.sanger.ac.uk), GOF
gain of function, LOF loss of function

the pathway, many of which are currently in clinical trials (Engelman 2009; Fruman
and Rommel 2014; Fruman and Cantley 2014).

Given the critical role of PI3K-Akt-mTOR signaling in driving tumorigenesis,
the importance of the pathway in modulating metabolism in cancer cells has also
become apparent in recent years. Here, we will focus on mechanisms by which the
PI3K-Akt-mTOR signaling pathway is responsible for coordinating nutrient
uptake and utilization, and how cancer cells exploit these metabolic processes to
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support enhanced growth and proliferation. In doing so, we hope to illustrate how
metabolic changes in cancer are closely intertwined with oncogenic signaling
pathways that drive tumor initiation and progression.

2 Signaling Through the PI3K-Akt-mTOR Pathway

The PI3K-Akt-mTOR pathway coordinates insulin signaling during organismal
growth and is a critical mediator of a variety of physiological processes, including
glucose homeostasis, protein synthesis, cell proliferation, cell growth, survival, and
angiogenesis. In fact, its central role in cellular physiology is underscored by the
conservation of the pathway back to Drosophila melanogaster and Caenorhabditis
elegans; furthermore, mTOR, but not PI3K/Akt, is conserved as far back as yeast
(Vivanco and Sawyers 2002). Given the importance of PI3K-Akt-mTOR signaling in
controlling organismal growth, it is not unexpected that this pathway is one of the most
frequently dysregulated signaling pathways in human cancers (Engelman 2009).

2.1 PI3K-Akt Pathway Activation

Activation of RTKs and G-protein-coupled receptors (GPCRs) by extracellular
stimuli, including growth factors, leads to PI3K activation (Fig. 1). As indicated
above, PI3K is a lipid kinase that phosphorylates the 3'-hydroxyl group of the inositol
ring of phosphatidylinositol to generate 3'-phosphoinositides (Whitman et al. 1988;
Auger et al. 1989; Cantley 2002). Accumulation of these lipid second messengers
subsequently activates pathways that control fundamental cellular processes. One key
3'-phosphoinositide is phosphatidylinositol-3,4,5-trisphosphate (P1(3,4,5)P5; PIP3),
which is produced from phosphatidylinositol-4,5-bisphosphate (PI1(4,5)P,; PIP,) by
Class I PI3Ks. Negative regulation of the pathway is conferred by the lipid phos-
phatase, phosphatase and tensin homolog (PTEN), which converts PIP; back into
PIP, (Lietal. 1997; Maehama and Dixon 1998; Cantley and Neel 1999). PIP; recruits
inactive cytosolic molecules containing pleckstrin homology (PH) domains to the
plasma membrane to promote their activation (Vanhaesebroeck and Waterfield 1999).
While these PIP;-regulated effectors include multiple proteins such as PREXI,
PREX2, and GRP1 that may all have important roles in cancer metabolism, here we
focus on the serine/threonine AGC-family protein kinase Akt. PIP; binds to the PH
domain of Akt, recruiting it to the plasma membrane where it is phosphorylated at
Thr308 by another PIPz-recruited molecule, phosphoinositide-dependent protein
kinase 1 (PDPK1) (Franke et al. 1997; Alessi et al. 1997; Stephens et al. 1998; Storz
and Toker 2002). For complete activation, Akt is also phosphorylated on Ser473 by
the mammalian target of rapamycin complex 2 (mTORC?2) (Bellacosa et al. 2005; Saci
et al. 2011). In recent years, further mechanisms that account for full Akt activation
have also been described, including Akt ubiquitination, sumoylation, and regulation
by the cell cycle (Yang et al. 2009b, 2010, 2013; Chan et al. 2012; Fan et al. 2013a; Li
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GPCR RTK

Fig. 1 PI3K-Akt-mTOR signaling pathway

etal. 2013; Risso et al. 2013; de la Cruz-Herrera et al. 2015; Liu et al. 2014). As more
details behind these additional layers of regulation are clarified, it is becoming clear
that the regulation of signaling downstream of PI3K is highly complex and
multifaceted.

2.2 Downstream Effectors

PI3K-Akt pathway activation controls a wide variety of cellular processes. Broadly,
the majority of the downstream effectors of Akt are regulated by two general
mechanisms. First, Akt can acutely regulate various cellular processes in a
post-translational manner by phosphorylating and controlling the activity, local-
ization, or stability of its protein substrates. Second, Akt can establish longer-term
changes in cellular behavior by phosphorylating and thereby influencing the activity
of various transcription factors. It will become evident as we progress through our
discussion of metabolism that in many cases, changes in metabolic processes are
initiated by post-translational responses and then further reinforced by the induction
of transcriptional programs.
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2.2.1 Post-translational Modulation

Upon full activation by dual phosphorylation at Ser473 and Thr308, Akt translo-
cates to distinct subcellular compartments and phosphorylates various downstream
substrates. Importantly, Akt preferentially phosphorylates substrate proteins in a
sequence-specific context, with a minimally required amino acid motif of
R-X-R-X-X-S/T-¥ (where X tends to be a hydrophilic amino acid and ¥ is
hydrophobic; Fig. 1) (Alessi et al. 1996; Obata et al. 2000; Manning and Cantley
2007). Currently, close to 200 proposed substrates of Akt have been identified
(Manning and Cantley 2007), and these substrates control a wide range of key
cellular processes, including proliferation, growth, survival, motility, and metabo-
lism. With regard to metabolism, Akt has been shown to directly phosphorylate
several metabolic enzymes such as hexokinase (HK) and phosphofructokinase 2
(PFK2), which we will describe in greater detail in the following sections.

One of the major effectors that has emerged as a critical signaling component
downstream of PI3K-Akt activation is the mammalian target of rapamycin complex
1 (mTORC1) (Fig. 1). mTORC1 activation occurs at the lysosome, where it is
activated by the GTP-bound form of the small G-protein Rheb. An important
negative regulator of mTORCI is the tuberous sclerosis (TSC) complex, which
consists of the tumor suppressors tuberous sclerosis 1 (TSC1), tuberous sclerosis 2
(TSC2), and a recently described third protein, TBC1D7 (Tee et al. 2002; Dibble
et al. 2012). The TSC complex suppresses mTORC1 by acting as a
GTPase-activating protein (GAP) for Rheb (Manning and Cantley 2003; Tee et al.
2003). Akt stimulates mTORCI activity by inhibiting the TSC complex through
phosphorylation of multiple sites on TSC2 (Manning et al. 2002). TSC2 phos-
phorylation leads to dissociation of the TSC complex from the lysosome, thus
relieving its inhibition of Rheb and resulting in mTORC1 activation (Menon et al.
2014). Akt can also directly phosphorylate mTOR and an mTOR-associated pro-
tein, PRAS40 (AKTI1S1), and these events may also promote activation of
mTORC1 (Nave et al. 1999; Sekuli¢ et al. 2000; Vander Haar et al. 2007).
Importantly, mTORC1 activation requires both active PI3K-Akt signaling and
sufficient intracellular pools of amino acids. Hence, mTORCI is considered to be a
key integrator of systemic signals (such as growth factors) and local signals (nu-
trient availability), with its activation culminating in anabolic processes that pro-
mote growth such as protein synthesis and metabolism (Dibble and Manning 2013;
Bar-Peled and Sabatini 2014). Indeed, the most well-studied substrates of mTORC1
are the ribosomal S6 kinases, S6K1 and S6K2, and the eIF4E (eukaryotic initiation
factor 4E)-binding proteins, 4E-BP1 and 4E-BP2, which all have critical roles in
regulating mRNA translation to enhance cellular growth and proliferation (Ma and
Blenis 2009). In addition, recent emerging evidence has also demonstrated that
signaling downstream of mTORCI1 regulates anabolic metabolic processes, through
translational and even direct post-translational modulation of metabolic enzymes.

2.2.2 Transcriptional Output
In addition to acutely regulating various cellular processes through post-translational
modifications, PI3K-Akt-mTOR signaling can also establish longer-term changes in
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cellular behavior by influencing the activity of various transcription factors (Fig. 1).
Here, we will briefly describe how PI3K-Akt-mTOR signaling regulates a few of
these transcription factors, with particular emphasis on those that have a major role
in modulating cellular metabolism.

FoxO

The forkhead box O (FoxO) transcription factor family, which consists of FoxOl,
FoxO3, FoxO4, and FoxO6, functions primarily downstream of the insulin and
insulin-like growth factor receptors to regulate diverse cellular processes, including
proliferation, apoptosis, antioxidant responses, longevity, and metabolism (Tzivion
et al. 2011). As a major effector of insulin signaling, Akt was identified in early
genetic and biochemical studies as a key regulator of FoxO function (Paradis and
Ruvkun 1998). FoxO1/3/4 each contains three Akt phosphorylation sites, while
FoxO6 contains two. These phosphorylation events primarily serve as docking
points for interactions with 14-3-3 proteins (Tzivion et al. 2011). Upon binding,
14-3-3 proteins regulate the cellular localization of FoxO, both by increasing
nuclear export of FoxO and by sequestering FoxO in the cytoplasm (Brunet et al.
2002). 14-3-3 also masks the DNA-binding domain of FoxO, thus preventing it
from binding to the promoters of its target genes (Obsil et al. 2003; Silhan et al.
2009). Together, the functional consequence of phosphorylation by Akt and sub-
sequent 14-3-3 binding is the inhibition of FoxO-mediated transcriptional activity.

c-Myc

c-Myc is a key transcription factor encoded by the MYC oncogene that controls a
number of physiological cellular processes, including cell growth, proliferation,
apoptosis, and energy metabolism (Eilers and Eisenman 2008). c-Myc can also
cooperate with PI3K to promote cell proliferation and transformation (Zhao et al.
2003). Given the potential for this adverse consequence, multiple PI3K-mediated
regulatory mechanisms exist to modulate and fine-tune c-Myc activity. For exam-
ple, activation of Akt relieves FoxO-mediated inhibition of c-Myc target genes and
enables the transformative capacity of c-Myc (Bouchard et al. 2004). PI3K-Akt
signaling also controls c-Myc protein stability through glycogen synthase kinase-33
(GSK-3p), which is directly phosphorylated and inhibited by Akt. Inhibition of
GSK-3f prevents c-Myc phosphorylation at Thr58 and its subsequent degradation,
since phosphorylation at this site promotes its ubiquitination by the SCF™’
ubiquitin ligase followed by proteasomal degradation (Gregory et al. 2003; Welcker
et al. 2004). Finally, S6K phosphorylates Ser145 on Madl, which is an antagonist
of c-Myc. Madl phosphorylation promotes its ubiquitination and degradation,
leading to the upregulation of Myc-mediated transcription (Zhu et al. 2008).

HIFs

The hypoxia-inducible factor (HIF) family of transcription factors, which consists
of three members, HIF1, HIF2, and HIF3, are activated in response to hypoxia in
order to induce genes that facilitate adaptation to the hypoxic environment. These
gene programs enable adaptation by directing glucose away from oxidative
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phosphorylation toward glycolysis and lactate production and by the stimulation of
angiogenesis to restore oxygen homeostasis. Each HIF consists of an
oxygen-dependent o subunit and a constitutively expressed B subunit, and the
active heterodimer is stabilized under hypoxic conditions (reviewed in
Brahimi-Horn et al. 2007). PI3K-Akt-mTOR signaling can also regulate HIF1
independently of oxygen concentration to stimulate its increased accumulation and
activity in tumor cells (Zundel et al. 2000; Zhong et al. 2000; Blancher et al. 2001;
Chan et al. 2002; Bardos and Ashcroft 2004). This regulation occurs primarily at
the level of both transcription and translation by mTORC]. Transcriptionally, both
HIF1a and HIF2o message levels are elevated in an mTORC1-dependent manner in
TSC2-null cells (Diivel et al. 2010). mTORCI1 also selectively increases the
translation of HIFla through the 5'-untranslated region of the HIF1loo mRNA by
inhibiting 4E-BP1 to activate cap-dependent translation (Laughner et al. 2001;
Thomas et al. 2006; Diivel et al. 2010).

SREBPs

The sterol regulatory element-binding proteins (SREBPs), which consist of three
isoforms SREBP-1a, SREBP-1c, and SREBP2, are transcription factors that func-
tion as central regulators of lipid homeostasis. SREBPs reside in the endoplasmic
reticulum membrane in their inactive, full-length forms. In response to sterol
depletion, the SREBPs are trafficked to the Golgi, where they are proteolytically
activated. The cleaved N-terminal domain of SREBPs subsequently translocates to
the nucleus and binds to sterol regulatory elements (SRE) to upregulate genes
involved in the uptake and biosynthesis of cholesterol, fatty acids, triglycerides, and
phospholipids (reviewed in Espenshade and Hughes 2007). PI3K-Akt-mTOR sig-
naling has been implicated in SREBP activation, since signaling through S6K1
promotes the accumulation of the active form of SREBP1 (Porstmann et al. 2008;
Diivel et al. 2010). Furthermore, inhibition of GSK-3p by Akt also enhances the
stability of SREBP, which can be phosphorylated by GSK-3f and directed for
ubiquitination by the SCF™’ ubiquitin ligase and subsequent proteasomal
degradation (Kim et al. 2004b; Sundqvist et al. 2005).

3 The PI3K-Akt-mTOR Pathway Regulates Glucose
Metabolism and the Warburg Effect

The altered metabolism of cancer cells was first noted in 1924, when Otto Warburg
observed that tumors in rats take up more than ten times as much glucose as
compared to corresponding normal tissue, and that this glucose is primarily con-
verted to lactate (Warburg 1956). This led to the hypothesis that through a process
known as aerobic glycolysis, or the “Warburg effect,” cancer cells promote the
glycolytic conversion of glucose into lactate even in the presence of sufficient
oxygen to support mitochondrial oxidative phosphorylation. Recently, it has
become evident that the switch to aerobic glycolysis provides tumor cells with a
proliferative advantage (Vander Heiden et al. 2009). Hence, there has been intense
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investigation into the mechanisms by which this process is activated and regulated
in an effort to exploit this pathway for therapeutic gain.

One major mechanism by which this occurs is through the oncogenic activation
of PI3K-Akt-mTOR signaling. For example, immortalized hematopoietic cells
transformed by a constitutively active mutant of Akt display aerobic glycolysis—
that is, higher rates of glycolysis without effects on the rate of oxidative phos-
phorylation (Elstrom et al. 2004). Similar results were found in human glioblastoma
cells possessing constitutive Akt activity. Importantly, these cells are dependent on
aerobic glycolysis for growth and survival, since they are more susceptible to cell
death after glucose withdrawal. Together, these findings indicate that
PI3K-Akt-mTOR signaling is sufficient to stimulate the switch to aerobic glycol-
ysis. Since the studies described above, it has become clear that this switch is
achieved through a number of mechanisms that converge on the regulation of
glycolysis, which we describe below.

3.1 Glucose Uptake

Enhanced glucose uptake is a requisite event for aerobic glycolysis. Under normal
physiological conditions, the PI3K-Akt-mTOR signaling pathway is a major reg-
ulator of glucose uptake, through both post-translational and transcriptional effects.
At the post-translational level, glucose uptake is stimulated primarily through the
regulation of glucose transporter trafficking (Fig. 2). For example, acute insulin
treatment in adipocytes and muscle cells leads to the translocation of the glucose
transporter GLUT4 to the plasma membrane (Huang and Czech 2007), in a manner
that is dependent on PI3K and Akt (Okada et al. 1994; Kotani et al. 1995; Kohn
et al. 1996; Cong et al. 1997). Interestingly, insulin-stimulated GLUT4 transloca-
tion is specifically dependent on the Akt2 isoform, since translocation is impaired in
adipocytes upon Akt2 knockout or knockdown and cannot be rescued by Aktl
expression (Katome et al. 2003; Bae et al. 2003). Following insulin stimulation of
adipocytes, Akt2 is preferentially localized to the plasma membrane, where it
phosphorylates and inhibits the RabGAP AS160 (Gonzalez and McGraw 2009).
Inhibition of AS160 is required for GLUT4 vesicle docking and fusion with the
plasma membrane (Sano et al. 2003; Larance et al. 2005). As a consequence,
insulin stimulation leads to GLUT4 localization at the plasma membrane, which
enables glucose uptake. Another contributing mechanism is the activating phos-
phorylation of the phosphatidylinositol 3-phosphate 5-kinase PIKfyve by Akt
(Berwick et al. 2004). PIKfyve participates in endosomal trafficking through the
generation of PI(3,5)P, from PI(3)P, and these lipid species appear to positively
regulate GLUT4 trafficking to the plasma membrane through a poorly understood
mechanism (Ikonomov et al. 2002; Sbrissa et al. 2004; Berwick et al. 2004; Iko-
nomov et al. 2007; Shisheva 2008; Ikonomov et al. 2009).

Although regulation of GLUT4 by Akt has been relatively well studied, it is
important to note that GLUT4 is a muscle- and fat-cell-specific glucose transporter.
In other words, most cancer cells do not express GLUT4, and rather express the
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Fig. 2 PI3K-Akt-mTOR signaling regulates glucose uptake and glycolysis. Filled green square
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embryonic glucose transporter isoform, GLUT1. Notably, GLUT1 has a high
affinity for glucose and may be selected for by cancer cells to increase glucose
transport efficiency (Ganapathy et al. 2009). PI3K-Akt signaling has also been
proposed to regulate GLUT1 trafficking to the plasma membrane (Rathmell et al.
2003; Bentley et al. 2003). However, the specific mechanisms by which such
regulation occurs remains an important open question. Of interest,
thioredoxin-interacting protein (TXNIP) was recently shown to negatively regulate
glucose uptake by binding to GLUT1 and inducing its internalization through
clathrin-coated pits. Upon energy stress, TXNIP 1is phosphorylated by
AMP-dependent protein kinase (AMPK), which leads to its rapid degradation and
subsequent induction of GLUT1 activity (Parikh et al. 2007; Stoltzman et al. 2008;
Wau et al. 2013). Given this regulation of GLUT]1 trafficking by AMPK signaling, it
would be interesting to evaluate whether TXNIP plays a role in GLUT1 regulation
downstream of PI3K-Akt-mTOR signaling.

The glucose transporters are also regulated by PI3K-Akt-mTOR signaling at the
transcriptional level (Fig. 2). Constitutive Akt activation results in elevated GLUT1
mRNA and protein levels, but not GLUT4 (Kohn et al. 1996; Barthel et al. 1999).
Increased expression of GLUT1 is dependent on mTORCI1 and its subsequent
upregulation of HIF1a levels and activity (Wieman et al. 2007; Zhou et al. 2008;
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Diivel et al. 2010). GLUTI can also be transcriptionally upregulated by c-Myc
(Osthus et al. 2000; Ying et al. 2012), which lies downstream of PI3K.

Taken together, oncogenic activation of the PI3K-Akt-mTOR signaling network
promotes post-translational regulation of glucose transporter trafficking to the
plasma membrane, which is reinforced by transcriptional upregulation of the glu-
cose transporter genes. These mechanisms combine to robustly stimulate glucose
uptake in cancer cells, thus providing them with sufficient amounts of the substrate
required for aerobic glycolysis.

3.1.1 Glucose Uptake in the Clinic

Well before the mechanistic details concerning growth factor- and/or
oncogene-mediated glucose uptake were understood, an appreciation for the glu-
cose avidity of cancer cells was exploited clinically. Indeed, for more than 30 years
now, uptake of the radioactive glucose analog 18-fluoro-deoxyglucose (‘*FDG) has
been used to diagnose and stage tumors and to monitor response to treatment. This
is done using a technique that allows tumors to be imaged by positron emission
tomography (PET), where cellular uptake of '*FDG is directly proportional to PET
response (Ben-Haim and EIl 2009). Importantly, given the relationship between
PI3K-Akt-mTOR signaling and glucose uptake, '*FDG-PET has been used as a
method to monitor tumor responses to drugs that target the PI3K-Akt-mTOR
pathway. For example, in a mouse model of lung cancer driven by the oncogenic
PIK3CA(H1047R) mutation, '*FDG-PET imaging of lung tumors following
administration of a dual PI3K-mTOR inhibitor for 4 days revealed that the '*FDG
signal was significantly reduced, consistent with a measurable decrease in tumor
size (Engelman et al. 2008). "®)FDG-PET was similarly used in a triple-negative
breast cancer mouse model to demonstrate that tumors show a decrease in '*FDG
uptake in response to PI3K inhibition (Juvekar et al. 2012). Significantly, these
results suggest that inhibition of "®FDG uptake by tumors may be an early and
predictive pharmacodynamic marker for the efficacy of PI3K pathway inhibitors in
the clinic. Indeed, a recent phase I study showed that the subset of patients who
obtained a clinical benefit (partial tumor shrinkage) from PI3K inhibitor therapy
exhibited a decline in 'FDG-PET signal within two weeks of initiating drug
treatment, while those whose tumors did not show this early decline in "8EDG-PET
had no tumor shrinkage (Mayer et al. 2014). Thus, early changes in '"*FDG-PET
might be more effective than mutational analysis in predicting which patients will
respond to PI3K inhibitors (see Rodon et al. 2013 for review).

3.2 Regulation of Glycolytic Enzymes

PI3K-Akt-mTOR signaling also promotes aerobic glycolysis by directly regulating
multiple nodes in glycolysis. For example, an early study demonstrated that both
Akt and S6K can phosphorylate the bifunctional enzyme PFK-2/FBPase-2 (PFK2)
in vitro, resulting in increased PFK-2 activity (Deprez et al. 1997). PFK2 regulates
glycolysis by generating fructose 2,6-bisphosphate, which is the most potent known
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allosteric activator of PFK1, a rate-limiting enzyme for glycolysis (Fig. 2). Hence,
PI3K-Akt signaling can indirectly activate PFK1 and stimulate glycolysis through
PFK2 phosphorylation. It should be noted that PFK2 phosphorylation and gly-
colytic flux studies for PFK2 activity in the context of PI3K-Akt-mTOR signaling
have not been carefully done in vivo. Furthermore, although one study has shown
in prostate cancer cells that androgen treatment stimulates glycolysis by increasing
PFK?2 activity in a PI3K-dependent manner (Moon et al. 2011), a more compre-
hensive understanding of the broader applicability of Akt- or S6K-mediated
phosphorylation of PFK2 in the reprogrammed metabolism of cancer cells remains
to be determined.

Akt activation has also been implicated in increasing the activity of hexokinase
(HK), which is overexpressed in multiple cancers and has been shown to be a key
mediator of aerobic glycolysis, increased cell proliferation, and therapeutic resis-
tance (Pastorino et al. 2005; Mathupala et al. 2006; Ahn et al. 2009; Wolf et al.
2011). HK catalyzes the first, and first rate-limiting, step of glycolysis by phos-
phorylating glucose to form glucose 6-phosphate (G6P) (Rathmell et al. 2003)
(Fig. 2). Akt promotes the association of hexokinase I (HK1) and hexokinase II
(HK2) with mitochondria through interactions with voltage-dependent anion
channels (VDAC) and the outer mitochondrial membrane (OMM) (Majewski et al.
2004a; Robey and Hay 2009). The specific mechanisms by which this occurs are
not yet entirely clear, but, at least for HK2, mitochondrial association is promoted in
part by Akt-mediated phosphorylation of HK2 at Thr473 (Roberts et al. 2013). Akt
also indirectly promotes mitochondrial HK2 association by inhibiting GSK-3p,
which when active phosphorylates VDAC and inhibits its ability to bind HK2
(Pastorino et al. 2005).

Mitochondrial HK association serves several functions. First, it has been sug-
gested to increase HK activity and to direct G6P toward glycolysis, as opposed to
glycogen synthesis (Gottlob et al. 2001; John et al. 2011; Yeo et al. 2013). Mito-
chondrial HKs also directly couple mitochondrial ATP synthesis to glycolysis by
preferentially using intramitochondrial ATP to phosphorylate glucose, thus effi-
ciently regenerating ADP that can be directed back to support oxidative phos-
phorylation (Gottlob et al. 2001; Robey and Hay 2009). Finally, mitochondrial HKs
are required for Akt-mediated inhibition of apoptosis in response to a variety of
apoptotic stimuli, since they maintain mitochondrial integrity and prevent cyto-
chrome c release by competing with the binding of Bax and Bak on the OMM
(Pastorino et al. 2002, Majewski et al. 2004a, b; Miyamoto et al. 2008). In this way,
the anti-apoptotic role of Akt is closely linked with its regulation of glucose
metabolism, which provides a mechanism by which metabolism and cell survival
are coupled.

In addition to post-translational regulation of glycolytic enzymes, PI3K-Akt-
mTOR signaling also controls the expression of glycolytic genes (Fig. 2). One of
the primary transcription factors through which this is regulated is HIFI.
mTORC]1-mediated upregulation of HIF 1o increases the expression of GLUT1 and
GLUTS3, as well as almost all genes involved in glycolysis (Semenza et al. 1994,
1996; Denko 2008; Diivel et al. 2010). Interestingly, in addition to upregulating
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glycolysis, HIF1 also inhibits mitochondrial respiration, primarily by modulating
the fate of pyruvate. HIF1 induces the expression of pyruvate dehydrogenase kinase
1 (PDK1), which phosphorylates and inhibits pyruvate dehydrogenase (PDH) (Kim
et al. 2006; Papandreou et al. 2006). PDH is responsible for the oxidation of
pyruvate by converting it into acetyl-CoA, which enters the tricarboxylic acid
(TCA) cycle and condenses with oxaloacetate to form citrate (Fig. 2). Therefore,
PDH inhibition by PDKI1 shunts pyruvate away from mitochondrial metabolism
and oxidative phosphorylation. Another consequence of this, however, is that the
reduced nicotinamide adenine dinucleotide (NADH) produced from glycolysis is no
longer recycled by oxidative phosphorylation to regenerate NAD™, which is a
critical cofactor for glycolytic activity. This is resolved by the upregulation of
lactate dehydrogenase A (LDHA) by HIF1 (Semenza et al. 1996). LDHA regen-
erates NAD" from NADH in the process of converting pyruvate into lactate, thus
explaining the increased lactate production that is a hallmark of aerobic glycolysis.

Other transcription factors in the PI3K-Akt-mTOR signaling network, such as
c-Myc and FoxO, also contribute to glycolytic gene expression. Like HIF1, c-Myc
can directly regulate almost all the genes involved in glycolysis, including GLUT1,
glucose phosphate isomerase (GPI), PFK1, glyceraldehyde 3-phosphate dehydro-
genase (GAPDH), triosephosphate isomerase (TPI), phosphoglycerate kinase 1
(PGK1), and enolase (ENO1) (Osthus et al. 2000; Kim et al. 2004a). It is important
to note that such regulation can be highly fine-tuned and context dependent, as
c-Myc activation does not necessarily always upregulate all glycolytic genes in a
given tumor. c-Myc can also increase the expression of LDHA and PDK1, which
shifts glycolysis toward lactate production as opposed to mitochondrial metabolism,
as described above (Shim et al. 1997; Dang 2007). Finally, activation of the FoxO
transcription factors results in the decreased expression of several glycolytic genes,
including glucokinase (GCK), GPI, aldolase B (ALDOB), ENOI, and pyruvate
kinase 1 (PK1) (Zhang et al. 2006). Hence, inhibition of FoxO by Akt relieves the
suppression of glycolytic gene expression. Interestingly, an Akt-independent
mechanism of FoxO regulation that impinges on glycolysis has also been
demonstrated in glioblastoma (Masui et al. 2013). Specifically, mMTORC2 promotes
the inactivating phosphorylation of several histone deacetylases, which results in
the acetylation and inactivation of FoxO. The regulation of glycolysis by FoxO
occurs, at least in part, through transcriptional upregulation of TSC1 by FoxO,
which attenuates mTORCI activation and its effects on glycolytic gene expression
(Khatri et al. 2010). FoxO also antagonizes c-Myc, in part through the increased
expression of miR-145 and miR-34c, which limits c-Myc mRNA stability and
translation (Gan et al. 2010; Kress et al. 2011; Peck et al. 2013).

Taken together, activation of the PI3K-Akt-mTOR network initiates a variety of
mechanisms at both the post-translational and the transcriptional levels that con-
verge to strongly stimulate the metabolism of glucose in glycolysis and to divert
glucose carbon from being oxidized in the mitochondria. Several of the alternative
biosynthetic fates of this carbon are described below.
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4 Beyond Aerobic Glycolysis: Coordination with Anabolic
Metabolism

Despite clear evidence that cancer cells reprogram glucose metabolism to favor
aerobic glycolysis, the precise molecular reasons for this shift remain to be deter-
mined. Initial explanations proposed that aerobic glycolysis constituted a shift to
glycolytic ATP production and energy dependence, as opposed to generation of
ATP through mitochondrial oxidative phosphorylation. In fact, Warburg initially
hypothesized that most cancer cells likely have mitochondrial defects that impair
oxidative phosphorylation, thus forcing them to rely on glycolysis for energy
production (Warburg 1956). However, several studies have shown that mitochon-
drial function is intact in most cancer cells (Weinhouse 1976; Fantin et al. 2006;
Moreno-Sanchez et al. 2007).

The predominant logic in the field now posits that aerobic glycolysis is activated
to provide cells with unrestricted access to basic cellular building blocks, in the
form of glucose carbon, from which to draw for biosynthetic purposes (Vander
Heiden et al. 2009). In particular, cancer cells must promote an anabolic state to
produce the nucleotides, amino acids, and lipids needed to grow and divide. In
other words, the enhanced glycolytic flux in cancer cells functions primarily to
catabolize glucose into biosynthetic intermediates that are used for anabolic pro-
cesses to meet the increased demands of enhanced growth and proliferation.

This concept is particularly evident when considering the integration of onco-
genic PI3K-Akt-mTOR signaling with metabolic reprogramming in cancer. Acti-
vation of the signaling pathway does not merely stimulate aerobic glycolysis, but
also tightly coordinates it with downstream anabolic processes to synthesize
metabolites required for malignant cell growth and proliferation. The specific
mechanism by which the PI3K-Akt-mTOR network regulates the metabolism of
cellular building blocks such as nucleotides, lipids, and amino acids is an active
area of investigation, and much remains to be delineated. Here, we describe a few
mechanisms by which PI3K-Akt-mTOR signaling controls these processes.

4.1 Pentose Phosphate Pathway

The pentose phosphate pathway (PPP) branches off from glycolysis and uses gly-
colytic intermediates to generate reducing power in the form of nicotinamide
adenine dinucleotide phosphate (NADPH) and 5-carbon sugars. There are two
distinct but related phases of the pathway: the oxidative branch and the nonox-
idative branch. In the oxidative PPP, glucose is oxidized to facilitate the production
of NADPH, a reducing equivalent that contributes both to maintaining redox
homeostasis and to providing sufficient reducing power for various anabolic pro-
cesses. The reduction of NADP* in the oxidative arm of the PPP occurs in two
steps, ultimately converting glucose 6-phosphate into ribulose 5-phosphate (Ru5P),
which is then directed into ribose 5-phosphate (RSP) (Fig. 3). This RSP can be used
as a precursor in RNA and DNA biosyntheses, or it can be recycled back into



Metabolic Reprogramming by the PI3K-Akt-mTOR ... 55

glucose

GLUTA1

@ ->-> - _"_’@ CPT1A —> B-oxidation

citrate

S e lipid
glucose P Ve ACL metabolism
HKl & & oxidative PPP & & \

¥ ¥

NN R acetyl-CoA
6P D> GiLeP —> 6PG —LA RusP v
G G6PD¥ PGLS *
Pll - f x 5
b TKT RPE RPIA
F6P D>y » X5P R5P lipid
biosynthesis
PFK‘l : TALDO1® Y
i - E4P G3P
FBP i CAD -
i pyrimidine
aldolase I F6p s7p \ Gy biosynthesis
PRPP
DHAP €» G3P K ¢
A TPI - R
H aldolase
......... ) E4P purine ;
: biosynthesis nucleotide
non-oxidative PPP metabolism

Fig. 3 PI3K-Akt-mTOR signaling coordinates the pentose phosphate pathway with lipid and
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activation. For the purposes of representing these pathways schematically, information about the
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phate. Double asterisk this reaction (SBP synthesis) has not been demonstrated in mammalian cells
and has thus far only been observed in yeast

glycolytic intermediates through the nonoxidative arm of the PPP. In certain con-
texts, the nonoxidative arm can be used to generate R5P from the glycolytic
intermediates fructose 6-phosphate (F6P) and glyceraldehyde 3-phosphate (Ga3P),
thereby bypassing the oxidative arm. This pathway has been described to be
operative when the oxidative arm is inhibited and/or when alternative sources of
NADPH generation dominate (Ying et al. 2012; Stanton 2012; Son et al. 2013).
Both branches of the PPP have been shown to be important in human cancers. For
example, activity of the rate-limiting enzyme glucose 6-phosphate dehydrogenase
(G6PD) in the oxidative arm and expression of transketolase (TKT) in the nonox-
idative arm are frequently elevated in a variety of cancers (Zampella et al. 1982;
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Bokun et al. 1987; Dessi et al. 1988; Langbein et al. 2006; Krockenberger et al. 2007;
Langbein et al. 2008). Indeed, PI3K-Akt-mTOR signaling has been implicated in the
regulation of the pentose phosphate pathway (Fig. 3). For example, activation of
mTORC1 is sufficient to upregulate the expression of genes involved in the pathway,
including G6PD, 6-phosphogluconate dehydrogenase (PGD), ribulose 5-phosphate
epimerase (RPE), ribulose 5-phosphate isomerase (RPIA), and transaldolase 1
(TALDOI). G6PD expression in particular is mediated by SREBPI1 activation
downstream of S6K1, while how mTORCI1 induces the expression of the other PPP
genes is unknown (Diivel et al. 2010). PI3K-Akt-mTOR signaling also stimulates the
production of R5P, although the relative contribution from the oxidative branch
versus the nonoxidative branch varies in a cell-type and context-dependent manner.
For example, constitutive mTORCI1 activity stimulates RSP generation predomi-
nantly by increased flux through the oxidative PPP (Diivel et al. 2010). In contrast,
several studies have suggested that the nonoxidative branch of the pathway supplies
the majority of the RSP used in nucleotide synthesis (Raivio et al. 1981; Boss and
Pilz 1985; Boros et al. 1997, 2001; Ying et al. 2012), and PI3K inhibition can
selectively inhibit the nonoxidative branch of the PPP (Wang et al. 2009). From these
studies, it is clear that the PI3K-Akt-mTOR signaling pathway has a critical role in
dictating PPP activity; however, the exact mechanisms explaining tissue-specific and
context-dependent effects remain to be fully characterized.

4.2 Nucleotide Biosynthesis

By stimulating the production of RSP through the PPP, the PI3K-Akt-mTOR
network provides the building block for de novo nucleotide biosynthesis (Fig. 3).
As such, it would seem logical that there would be coordination between
PI3K-Akt-mTOR signaling-mediated increases in RS5P levels and enhanced
nucleotide synthesis. Indeed, mMTORC1 acutely stimulates flux through the de novo
pyrimidine biosynthetic pathway through S6K1. S6K1 directly phosphorylates
S1859 on CAD (carbamoyl-phosphate synthetase 2, aspartate transcarbamylase,
and dihydroorotase), the rate-limiting multifunctional enzyme that mediates the first
three steps of de novo pyrimidine synthesis. This phosphorylation event drives the
activity of CAD to increase pyrimidine biosynthetic flux (Ben-Sahra et al. 2013;
Robitaille et al. 2013). Whether CAD phosphorylation by S6K1 is necessary to
sustain the enhanced growth and proliferation of cancer cells in the context of
oncogenic signaling is an important question that will need to be addressed.
There is also evidence that PI3K-Akt signaling may regulate purine metabolism,
although the mechanisms are not as clear. In C2C12 cells, inhibition of PI3K or Akt,
but not mTORCI, decreased flux through both the de novo purine biosynthetic
pathway and the purine salvage pathway, in part through reducing the availability of
phosphoribosyl pyrophosphate (PRPP), which is required for the first step of both
purine biosynthesis and purine salvage. Reduced PRPP levels are likely due to
inhibition of R5P production through the PPP, since R5P is incorporated into PRPP
(Fig. 3). Interestingly, it was also found in cell extracts that the activity of ATIC,
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which catalyzes the last two steps of de novo purine synthesis, is reduced by PI3K
inhibition (Wang et al. 2009). ATIC does not have a consensus Akt substrate motif,
however, suggesting that the potential regulation of ATIC enzymatic activity by Akt
is indirect. Furthermore, the expression of the genes involved in purine synthesis and
salvage was not assessed upon PI3K inhibition. It is clear that much remains to be
understood regarding how the PI3K-Akt-mTOR network regulates purine metabo-
lism, and especially in the context of oncogenic signaling in cancer cells.

4.3 Lipid Synthesis

Most normal cells have low rates of lipid synthesis, and only a few specialized cell
types, such as hepatocytes and adipocytes, are designed to produce lipids. On the
other hand, nearly all tumor cells have an increased rate of de novo lipid synthesis
(Menendez and Lupu 2007). This metabolic feature allows cancer cells to auton-
omously generate lipids to form new membranes and to support other features
associated with cell division and proliferation.

PI3K-Akt-mTOR signaling also has an important role in initiating both
post-translational and transcriptional programs to stimulate de novo lipid synthesis.
At the post-translational level, Akt has been proposed to phosphorylate Ser454 on
ATP citrate lyase (ACL), which converts citrate to cytosolic acetyl-CoA that is
required for lipid biosynthesis (Fig. 3) (Berwick et al. 2002; Sale et al. 2006; Migita
et al. 2008). ACL phosphorylation on Ser454 increases its enzymatic activity
in vitro (Potapova et al. 2000), although careful in vivo studies evaluating the
contribution of phosphorylation at this site still need to be performed. It is also
important to note that the proposed Akt phosphorylation site lacks the critical Arg at
the —5 position, suggesting that there may be an intermediate kinase between Akt
and ACL. Nevertheless, there is clear genetic evidence linking ACL phosphory-
lation to PI3K-Akt signaling. For instance, in nonsmall cell lung cancer, ACL
phosphorylation is associated with PI3K-Akt activation, since inhibition of the
pathway blocks ACL phosphorylation and activity. Direct knockdown of ACL
induces cell-cycle arrest in vitro and inhibits tumor growth in vivo (Migita et al.
2008). ACL knockdown also impairs Akt-mediated leukemogenesis (Bauer et al.
2005). Taken together, ACL is a critical downstream effector of PI3K-Akt signaling
that is post-translationally regulated to enhance de novo lipid synthesis.

The PI3K-Akt-mTOR network also establishes multiple transcriptional programs
that converge to stimulate fatty acid and lipid synthesis. First, as previously
described, mTORCI1-mediated upregulation of the oxidative PPP generates
NADPH. NADPH is required for lipid synthesis, as it provides the reducing power
necessary for extending the carbon units on fatty acid chains (Fig. 3). mTORC1
also upregulates genes involved in the cholesterol and fatty acid biosynthetic
pathways, primarily through activation of SREBP (Porstmann et al. 2005, 2008;
Diivel et al. 2010). Indeed, one key target of SREBP, fatty acid synthase (FASN), is
highly expressed in many types of human cancer (Van de Sande et al. 2002, 2005;
Menendez and Lupu 2007). Moreover, at least in the liver, FoxO transcription
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factors inhibit lipogenesis by suppressing the expression of lipogenic genes, in part
through their suppression of SREBP-1c (Zhang et al. 2006; Deng et al. 2012).
Therefore, Akt-mediated inhibition of FoxO relieves this suppression of lipid
synthesis. Finally, in addition to stimulating lipid synthesis, PI3K-Akt signaling
also suppresses [-oxidation, the process by which lipids are catabolized, by
decreasing the expression of the B-oxidation enzyme carnitine palmitoyltransferase
1A (CPT1A) (Deberardinis et al. 2006). The PI3K-regulated transcription factor
responsible for this effect, however, has not yet been identified. Taken together,
these transcriptional programs combine with the post-translational levels of regu-
lation described above to robustly enhance lipogenesis in cancer cells driven by
oncogenic PI3K-Akt-mTOR signaling.

4.4 Glutamine Metabolism

Due to a metabolic shift to aerobic glycolysis in cancer cells, many of the central
glucose-derived intermediates are directed away from the mitochondria, where the
TCA cycle and oxidative phosphorylation occur. Biosynthetic activity in the TCA
cycle, however, is essential to proliferating cells as it provides intermediates for
amino acid, nucleotide, and lipid biosynthesis. As a result, cancer cells must
coordinate a shift to aerobic glycolysis with mechanisms to compensate for the
depletion of TCA cycle intermediates, in a process known as anaplerosis. One
major pathway by which anaplerosis occurs is through the utilization of glutamine,
which can be converted into a-ketoglutarate («KG) and fed into the TCA cycle
(Fig. 4) (Hensley et al. 2013). In fact, some cancer cells generate more than half of
their ATP from glutamine-derived oKG (Reitzer et al. 1979; Fan et al. 2013b).

Since PI3K-Akt-mTOR signaling stimulates aerobic glycolysis, it must, in some
way, also initiate mechanisms to facilitate anaplerosis. Early studies indicated that
insulin can acutely stimulate glutamine transport, at least in primary cultures of rat
skeletal muscle cells and hepatocytes (Gebhardt and Kleemann 1987; Tadros et al.
1993; Low et al. 1996). IGF-1 has also been shown to stimulate glutamine uptake in
a human neuroblastoma cell line when extracellular glutamine concentrations are
limited (Wasa et al. 2001). In addition, mTORC1 was recently shown to increase
glutamine uptake in TSC2-null MEFs and in various human epithelial tumor cell
lines (Csibi et al. 2013). Although one study in Xenopus oocytes suggested that the
stability of the glutamine transporter SN1 may be promoted by Akt and the related
serum- and glucocorticoid-dependent kinases SGK1 and SGK3 (Boehmer et al.
2003), the detailed mechanisms behind the acute stimulation of glutamine transport
by insulin are not known. At the transcriptional level, glutamine uptake may be
stimulated in part by upregulation of the glutamine transporters ASCT2 and SN2 by
c-Myc (Wise et al. 2008; Li and Simon 2013), which can be activated by the
PI3K-Akt-mTOR network.

The first and rate-limiting step for anaplerotic utilization of glutamine carbon
within the mitochondria is its deamination to glutamate (Fig. 4). This reaction is
mediated by the enzyme glutaminase (GLS). The reverse reaction is catalyzed by
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glutamine synthetase (GLUL), which condenses glutamate and ammonia in an
ATP-dependent reaction to form glutamine. Both of these enzymes can be regulated
transcriptionally by PI3K-Akt-mTOR signaling. GLS is a c-Myc target gene (Wise
et al. 2008; Gao et al. 2009; Li and Simon 2013), while GLUL expression is
increased by FoxO activation. Hence, upon PI3K-Akt-mTOR pathway activation,
c-Myc activation and FoxO inhibition result in the upregulation of GLS concurrent
with the downregulation of GLUL (van der Vos et al. 2012). Together, this pro-
motes increased glutaminolysis and subsequent utilization of glutamate.

It is worth noting that glutamine can also be converted to glutamate by a number
of other mechanisms, including transaminase-mediated nitrogen transfer. Such
transaminases include asparagine synthetase (ASNS) and glutamine-fructose-
6-phosphate transaminase 1 (GFPT1), which utilize the amide nitrogen of glu-
tamine for anabolic processes such as nucleotide base synthesis and protein glyco-
sylation, respectively (Ying et al. 2012; Balasubramanian et al. 2013). Whether the
PI3K-Akt-mTOR pathway regulates these glutamine transaminases is not known.
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Glutamate can then be converted into aKG by glutamate dehydrogenase
(GDH) or transaminases, and oKG is used to replenish the TCA cycle (Fig. 4).
Consistent with increased utilization of glutamine, mTORCI1 activation elevates
GDH activity in MEFs and human epithelial tumor cell lines by suppressing
SIRT4-mediated inhibition of GDH. SIRT4 is a mitochondrial enzyme that ADP
ribosylates GDH to inhibit its activity (Haigis et al. 2006). mTORCI1 suppresses
SIRT4 mRNA expression by promoting the destabilization of the transcription
factor CREB2 (Csibi et al. 2013). In another study, however, the opposite was
observed: Inhibition of Akt in glioblastoma cells, which presumably also inhibited
mTORCI, stimulated GDH activity, and vice versa. It was proposed that Akt
activation indirectly suppresses GDH activity through its effects on glycolysis,
since adding exogenous pyruvate to the media could reverse the increased GDH
activity in response to Akt inhibition (Yang et al. 2009a). It should be noted that the
two studies above focus on different nodes of PI3K-Akt-mTOR signaling, and it
would be interesting to evaluate the effect of Akt inhibition in epithelial cancer cell
lines, as well as the status of mMTORC1, CREB2, and SIRT4 in glioblastoma cells,
on GDH activity. It is also likely that depending on the context, PI3K-Akt-mTOR
signaling may inhibit GDH activity in favor of transaminases (or vice versa), which
can also convert glutamate to aKG (Fig. 4). Dependence on the transamination
pathway as opposed to GDH activity has been demonstrated in pancreatic adeno-
carcinoma (Son et al. 2013); however, regulation of transaminases by
PI3K-Akt-mTOR signaling remains to be explored.

Taken together, it is clear that oncogenic activation of the PI3K-Akt-mTOR
pathway modulates the uptake and utilization of glutamine. Notably, the observa-
tions described above involve transcriptional regulation, and it will be interesting to
assess whether PI3K-Akt-mTOR signaling exerts any post-translational effects on
metabolic enzymes that mediate the uptake and utilization of glutamine. The precise
molecular mechanisms underlying this regulation remain an important avenue of
investigation, especially in light of the emerging perspective that glutamine meta-
bolism may be an appealing target for novel clinical strategies to detect, monitor,
and treat cancer (Hensley et al. 2013).

5 Concluding Remarks

The reprogramming of metabolic processes in cancer cells by the PI3K-Akt-mTOR
signaling network clearly illustrates the close relationship between oncogenic cel-
lular signaling and cancer metabolism. As the mechanisms underlying the regula-
tion of metabolism by PI3K-Akt-mTOR signaling are explored more deeply, an
emerging theme is the concept that the metabolic differences observed in cancer
cells do not occur in isolation. Rather, there exists a layer of regulation established
by oncogenic signaling processes that coordinate uptake and utilization of multiple
nutrients in a manner best suited for supporting survival, growth, and proliferation.
Furthermore, the mode of regulation is often multifaceted, with robust changes in
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metabolism being initiated by post-translational responses and then further rein-
forced by the induction of transcriptional programs.

Many open questions remain in our understanding of how the PI3K-Akt-mTOR
signaling pathway governs metabolic reprogramming in cancer. In particular, it is
important to note that the complexity of cellular metabolism extends beyond glu-
cose, glutamine, nucleotide, and lipid metabolism. In fact, the Human Metabolome
Database (www.hmdb.ca) lists more than 29,000 endogenous human metabolites
involved in more than 6000 reactions, many of which have not been explored in
cancer. Future studies will no doubt reveal more metabolic pathways that are
regulated by PI3K-Akt-mTOR signaling.

Another key challenge is that several of the regulatory mechanisms that have
been described in this chapter were studied in the context of physiological meta-
bolism in nontumorigenic cells. It will be valuable to assess whether these same
mechanisms are functional and relevant in the context of cancer cells. Even more
importantly, it will be critical to gain an understanding of how the mechanisms of
metabolic regulation by oncogenic PI3K-Akt-mTOR signaling confer cancer cells
with metabolic dependencies and vulnerabilities that can be exploited as a thera-
peutic intervention. Particularly exciting are the prospects of identifying metabolic
pathways that share a synthetic lethal relationship with oncogenic PI3K-Akt-mTOR
pathway activation, as well as the identification of metabolic enzymes that may
potentially be pharmacologically targeted in combination with PI3K-Akt-mTOR
pathway inhibitors currently in development. As we increase our understanding of
oncogenic signaling and its modulation of cancer metabolism, it is the hope that
cancer-specific metabolic dependences will open novel therapeutic strategies that
can be exploited to selectively and effectively target tumor cells.
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Abstract

The MYC oncogene plays a pivotal role in the development and progression of
human cancers. It encodes a transcription factor that has broad reaching effects
on many cellular functions, most importantly in driving cell growth through
regulation of genes involved in ribosome biogenesis, metabolism, and cell cycle.
Upon binding DNA with its partner MAX, MYC recruits factors that release
paused RNA polymerases to drive transcription and amplify gene expression. At
physiologic levels of MYC, occupancy of high-affinity DNA-binding sites drives
‘house-keeping’ metabolic genes and those involved in ribosome and mito-
chondrial biogenesis for biomass accumulation. At high oncogenic levels of
MYC, invasion of low-affinity sites and enhancer sequences alter the transcrip-
tome and cause metabolic imbalances, which activates stress response and
checkpoints such as p53. Loss of checkpoints unleashes MYC’s full oncogenic
potential to couple metabolism with neoplastic cell growth and division. Cells
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that overexpress MYC, however, are vulnerable to metabolic perturbations that
provide potential new avenues for cancer therapy.

Keywords
MYC oncogene - Metabolism - Glucose - Glutamine - Ribosome biogenesis *
Cancer therapy

1 Background

The classical metabolic pathway maps appear intimidating due to their complexity
and the number of pathways that crisscross over one another, connecting substrates
to products. However, the metabolic map is in fact quite elegant, illustrating the
central bioenergetic metabolic pathways involving glycolysis and the Krebs or
tricarboxylic acid (TCA) cycle. Flanking these pathways are those involved in
carbohydrate, amino acid, lipid, and nucleotide metabolism, which are all con-
nected to glycolysis and the TCA cycle. In addition, other organelles carry specific
functions, such as peroxisomes, that have their unique compartmentalized pathways
and chloroplasts that carry out reactions involved in photosynthesis in plants.
A global view of the beauty of these metabolic pathways reveals that they have
evolved to capture energy from sunlight by plants and store this energy as orga-
nized life substances, most importantly glucose, to feed other organisms on earth.
Organisms use the other pathways for homeostasis in nonproliferative cells by
generating energy in the form of ATP to maintain membrane potentials and support
maintenance biosynthesis to replace damaged or aged molecules resulting partly
from oxidative stress. Part-and-parcel of cell metabolism is the generation of
by-products, chief among which are reactive oxygen species (ROS), which must be
controlled and managed for proper cell homeostasis and cell proliferation or
otherwise ROS could wreak havoc on cells.

Resting cells use metabolic pathways for maintenance biosynthesis that contrasts
with metabolic rewiring that supports cell growth and proliferation (Dang 2013).
Cell growth is defined herein as the ability of cells to increase cell mass and volume,
whereas cell proliferation refers to cell division (Jorgensen and Tyers 2004). Normal
cells use these metabolic pathways as do cancer cells’ however, Otto Warburg
observed over 90 years ago that cancer cells or tissues tend to convert high amounts
of glucose to lactate, termed aerobic glycolysis, which occurs in the presence of
oxygen (Warburg 1956a, b). Normal tissues tend to use glucose oxidation for
maintenance and resort to anaerobic glycolysis or the conversion of glucose to
lactate under hypoxic conditions, whereas many cancer tissues undergo high aerobic
glycolysis or the Warburg effect (Warburg 19564, b). The Warburg effect had been a
matter of obsession for many investigators over many decades, but confusion blurred
the field of cancer metabolism when Warburg, in his later years, dogmatically
claimed that the cause of cancer is due to dysfunctional mitochondria that results in
aerobic glycolysis (Warburg 1956b). Now, with a significant expansion of interest
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and resurgence of research in cancer metabolism, we know that the Warburg effect
does not cause cancer per se, but it is characteristic of many growing, proliferating
cancer cells. The oversimplification of the role of the Warburg effect in cancer is now
replaced by new insights that connect oncogenes and tumor suppressors with
metabolic pathways (Kroemer and Pouyssegur 2008). In fact, there are specific
instances where alterations in metabolism can and do initiate tumorigenesis. The
intimate relationships between metabolism, biosynthesis, signaling, and epigenetic
control of gene expression are being uncovered in the past decade, yielding a much
deeper appreciation of the regulation of metabolism and its role in cancer.

To understand cancer metabolism, we need to return to the basic principles of the
regulation of cell growth and proliferation and nutrient sensing. The unicellular
eukaryotic yeast, Saccharomyces cerevisiae, has been deeply studied and it has
sensing mechanisms responding to exposure to glucose or glutamine that triggers the
RAS and TOR pathways, which inactivates repressors of ribosome biogenesis genes
(Lippman and Broach 2009). Activation of ribosome synthesis accounts for the bulk
of nutrient influx into the growing yeast cells. Nutrients are taken up and converted
through glycolysis and the TCA cycle to generate ATP and building blocks, such as
amino acids, fatty acids, cholesterol, and nucleotides, for the growing cell. An
increase in ribosomes allows growing cells to translate mRNAs to produce com-
ponents of the cells, as instructed by the DNA sequence through transcriptional
activation, which amplifies the signal for growth upon nutrient exposure. Ribosomes
are not only factories of cellular macromolecules, but they sit at the crossroad of
protein synthesis and nucleic acid synthesis, made from many protein subunits and
several structural and catalytic RNAs (van Riggelen et al. 2010).

Mammalian cells in adult animals are largely nonproliferative. But even in the
proliferative compartments, which comprise less than 1 % of cells, mammalian
cells do not proliferate in response to nutrients, but rather also require extracellular
cues in the form of growth factors or contact with the extracellular matrix to initiate
a cell growth program. Indeed, it appears that both growth factors and adequate
nutrients are required for mammalian cell proliferation (Dang 2012a). In this regard,
once stimulated with growth factors, mammalian cells behave like yeast cells
exposed to nutrients. Nutrients are sensed by mTOR, the mammalian ortholog of
the yeast TOR (Howell and Manning 2011; Efeyan et al. 2012). mTOR, in essence,
serves as an acute sensor of amino acids that triggers a program of growth through
protein kinase cascades which stimulate protein synthesis, lipid, and nucleic acid
synthesis. mTOR signaling is also instrumental in amplifying the effects of growth
factors by catalyzing the synthesis of transcription factors that are activated by
growth factors at the transcriptional level. In particular, the MYC proto-oncogene
responds to growth factors by producing more transcripts, whose translation is
regulated and stimulated by mTOR. Thus, upon exposure to growth factors and
nutrients, mTOR is activated acutely by nutrient import and the growth program is
propagated by the transcriptional activation of key transcription factors, such as
MYC, to further drive cell growth in the G1 phase of the cell cycle until a critical
cell mass is reached for cells to enter into S-phase of the cell cycle and initiate DNA
replication.
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2 Regulation of MYC and Its Function

MYC is probably the most frequently amplified human oncogene as gleaned from
The Cancer Genome Atlas (TCGA) (Ciriello et al. 2013). The MYC
proto-oncogene is downstream of growth factor signaling pathways, whereby ERK
is likely to play a role in its transcriptional activation (McCubrey et al. 2007).
Concurrent mTOR activation by nutrients increases MYC mRNA translation and
the protein is activated by GSK3-mediated phosphorylation at T58 that is followed
by a subsequent phosphorylation by ERK at S62, which is required for MYC’s
transcriptional activity (Gregory et al. 2003).

MYC dimerizes through its helix-loop-helix-leucine zipper (HLH-Zip) domain
with the basic-HLH-Zip partner, MAX, to bind DNA sequences enriched in pro-
moter regions of genes (Dang 2012b). The high-affinity sites are termed E-boxes
with the consensus sequence 5'-CACGTG-3' (Fernandez et al. 2003; Blackwell
et al. 1993). MYC-MAX could also bind noncanonical binding sites as well as
lower-affinity nonconsensus sites. Upon DNA binding, the unstructured
DNA-binding basic domains take on helical shapes to anchor onto the DNA major
grooves. After DNA binding, MYC recruits pTEFb to the promoter region and
activates RNA polymerase and releases it from a pausing state to increase the rate of
gene transcription (Rahl et al. 2010).

Several studies suggested that MYC amplifies the expression of all genes
expressed in a cell whether it is resting or proliferating (Lin et al. 2012; Nie et al.
2012). However, it stands to reason that there must be selective, varied quantitative
increases in mRNA production that ensures stoichiometric increases in the synthesis
of components of the cell for growth. Further, the expression of cell growth arrest
genes in resting cells would not be amplified as cells exit from a resting state and
enter a proliferative state. Recent and past studies support the notion that while
MYC could amplify gene expression, it does so in collaboration with other tran-
scription factors and subject to chromatin structure and accessibility for MYC
binding (Lin et al. 2012; Nie et al. 2012; Walz et al. 2014; Sabo et al. 2014; Chen
et al. 2008). For example, computational analysis of MYC target genes revealed
enriched transcription factor-binding motifs associated with MYC binding (Elkon
et al. 2004). Further, the transcriptional modulator WDRS5 can guide MYC target
gene recognition and contribute to tumorigenesis (Thomas et al. 2015). The notion
of selective amplification of gene expression by MYC is further underscored by
studying how viruses usurp cellular transcription to control metabolism. Specifi-
cally, adenovirus infection was found to enhance glycolysis of infected MCF10A
breast epithelial cells (Thai et al. 2014). Through mutational analysis of the ade-
noviral genome, E4ORF1 was documented to be sufficient to drive glycolysis.
Intriguingly, E4AORF1 directly interacts with MYC and enhances its binding to
selective targets. Selective activation of MYC target genes, such as hexokinase 2,
drives increased glycolysis and promotes nucleotide metabolism.
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Collectively, it is intriguing to note that MYC binds to many more sites and
genes than it can induce changes in mRNA levels and its occupancy is heavily
determined by relative levels of MYC (Fig. 1) (Wolf et al. 2014). As cells are
stimulated to proliferate, the induction of moderate normal levels of MYC would
hypothetically result in the occupancy of high-affinity E-box containing genomic
sites. However, not all MYC-occupied binding sites result in transcriptional acti-
vation, which appears to be influenced by other transcription factors nearby or
enhancer sequences far away. As MYC protein levels exceed levels found in
normal cells, it could then bind lower-affinity binding sites and invade enhancer
sequences (Wolf et al. 2014). This promiscuous activity results in illegitimate
nonlinear increases in gene expression (Fig. 1) that hypothetically result in dis-
ruption of the circadian molecular clock, imbalanced metabolism, and
non-stoichiometric production of cellular components, leading to cellular stress
such as the unfolded protein response (UPR) and increased ROS (Hart et al. 2012;
Altman et al. 2015). Thus, overexpression of MYC can trigger cell growth arrest or
apoptosis through the activation of checkpoints such as ARF and p53 (Eischen et al.
1999). But in multistep tumorigenesis, loss of tumor suppressors such as p53 or
PTEN is common (Kim et al. 2012). Loss of p53 can unleash MYC’s full onco-
genic transcriptional activity by diminishing cell death. Loss of PTEN allows for
PI3 K activation to collaborate with MYC. Indeed, the classical MYC-driven
Burkitt’s lymphoma is associated with loss of p53 in up to 40 % of cases and the
PI3 K pathways are frequently activated (Farrell et al. 1991).
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Fig. 1 Hypothetical illustration of the effect of Myc level on genome bound Myc and the
transcriptional output of its target genes. Solid line represents the number of genes in the genome
that are bound by Myc and the dashed line represents the level of transcriptional output from
Myc-bound genes. In the physiologic condition, when the concentration of Myc is low,
MYC-MAX heterodimer preferentially binds to the high-affinity E-box containing genes and
transactivates the expression of some, but not all, genes bound by Myc. Conversely, in the
pathological setting, such as cancer, where Myc level is elevated, MYC-MAX heterodimer binds
to the enhancers (‘enhancer invasion’) and the low-affinity E-box containing genes in addition to
the high-affinity target genes to induce a broader and greater transcriptional output for cell growth
and proliferation
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3 MYC Target Genes and Metabolism

The model that MYC amplifies expression of genes that are expressed is consistent
with the ability of MYC to increase the expression of so-called house-keeping
genes such as those involved in metabolism and ribosome biogenesis. It is surmised
that these genes are required for virtually all nucleated cells to maintain biosyn-
thesis and homeostasis, and hence, their chromatin structures are opened and
accessible to transcription factors. Intriguingly, canonical MYC E-boxes are enri-
ched in these genes, suggesting that MYC’s affinity for these DNA-binding sites
drives the expression of metabolic and ribosome biogenesis genes at physiological
MYC levels, which favor high-affinity binding sites (van Riggelen et al. 2010;
Dang et al. 2008). As MYC protein levels increased upon stimulation of cell
growth, other genes are also bound such as those encoding other transcription
factors, for example, E2F, microRNAs—particularly the miR-17-92a cluster, or
long noncoding RNAs or IncRNAs to fine-tune the transcriptional program induced
by MYC (Sears et al. 1997; Hung et al. 2014; O’Donnell et al. 2005; Aguda et al.
2008).

Transcriptional positive and negative feed-forward loops (Alon 2007) allow for
delayed MYC transcriptional regulation of genes involved in S-phase when MYC is
activated early in G1 phase of the cell cycle. For example, MYC is well docu-
mented to induce the expression of the transcription factor E2F1 as part of a
program for cell entry into S-phase once cell growth has reached a critical point
(Wong et al. 2011). MYC also potently induces the miR-17-92 microRNA cluster
that attenuates E2F expression, resulting in a biphasic expression of E2F1 that is
increased with physiological MYC and diminished with high levels of MYC
through induction of miR-17-92 (O’Donnell et al. 2005; Aguda et al. 2008).
Abrogation of miR-17-92 together with high MYC expression caused DNA
replication stress, suggesting that feed-forward loops are required to attenuate
MYC’s overactivity and allow cells to enter into S-phase that had been properly
prepared through adequate stimulation of nucleotide biosynthetic genes by MYC
(Pickering et al. 2009; Liu et al. 2008). Upon completion of S-phase, cells appear to
require MYC to traverse the G2-M phase of the cell cycle to complete cell
replication.

In early G1 phase, when ribosome biogenesis dominates for cell growth, MYC
appears to stimulate glycolytic enzyme genes (van Riggelen et al. 2010; Dang et al.
2008). Early on after MYC was documented to function as a transcription factor,
efforts toward identifying MYC targets revealed through subtraction cloning that
MYC could bind to the promoter and activate the expression of lactate dehydro-
genase A (LDHA) among several dozens of genes that responded to MYC over-
expression (Zeller et al. 2006). In subsequent years, more detailed studies revealed
that MYC regulates glucose transporters and hexokinase 2 (HK2) prominently, as
well as virtually all genes involved in glycolysis, except for a few such as PGAM, a
target of p53 (Osthus et al. 2000; Berkers et al. 2013). In fact, examination of the
promoter regions of these glycolytic genes revealed phylogenetically conserved
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MYC E-boxes that are bound by MYC and presumably through which MYC
activates expression of the corresponding genes (Kim et al. 2004). Further,
MYC-binding sites were found to overlap with the binding sites of the hypoxia
inducible factor 1 (HIF-1), which would increase the expression of glycolytic genes
under oxygen-deprived conditions to increase anaerobic glycolytic as a means to
adapt and survive hypoxia (Semenza et al. 1996; Iyer et al. 1998; Seagroves et al.
2001). This observation also suggests that a collaboration between deregulated
MYC and HIF-1 in stimulating glycolytic gene expression could provide an
advantageous edge for cancer cells to survive in the hypoxic tumor microenvi-
ronments (Kim et al. 2006).

Beyond glycolysis, MYC was also shown to increase iron metabolism through
its induction of the transferrin receptor, which was recently exploited for
MYC-driven prostate cancer imaging directed at this receptor (O’Donnell et al.
2006; Holland et al. 2012). MYC also stimulates glutaminolysis, which was hinted
by the fact that deregulated MYC not only sensitizes cells to
glucose-deprivation-induced death, but also renders cells addicted to glutamine
(Yuneva et al. 2007). Two independent studies documented the role of MYC in
regulating glutaminolysis (Wise et al. 2008; Gao et al. 2009). One study was driven
by this earlier observation of glutamine dependency of MYC-driven cells; it doc-
umented the increase in expression of genes involved in glutamine metabolism
(Wise et al. 2008). The other study set out to determine whether MYC could alter
the mitochondrial proteome, particularly since MYC was shown to induce mito-
chondrial biogenesis (Gao et al. 2009). Using purified mitochondria from a
MYC-inducible human B cell line, proteomic analysis revealed that a dozen or
more protein spots on high-resolution 2-D PAGE gels were increased in the
mitochondrial proteome upon MYC induction. One such protein was found to be
glutaminase by mass spectrometry. These studies led to the concept that MYC not
only induces glycolysis, but it also induces glutaminolysis in growing, proliferating
cells. In fact, MYC could induce the Warburg effect concurrently with increased
TCA cycling and oxygen consumption. This obviates the misconception that the
Warburg effect occurs in cancer and growing cells exclusive of oxidative
phosphorylation.

As mentioned, several studies documented that MYC can induce mitochondrial
biogenesis by directly regulating genes involved in mitochondria structure and
function as well as those required for mitochondrial biogenesis, such as PGC1p (Li
et al. 2005; Zhang et al. 2007). Knockdown of PGC1 significantly diminished the
ability of MYC to increase mitochondrial mass in the P493 MYC-inducible Bur-
kitt’s lymphoma model cell line. Mitochondria are critically important for glucose
and glutamine metabolism, which contributes to ATP production and the generation
of amino acids, lipids, and nucleotides. Indeed two early studies documented in
many systems that MYC could directly induce genes involved in nucleotide
metabolism, involving both purine and pyrimidine biosyntheses (Liu et al. 2008;
Mannava et al. 2008). The TCA cycle is critically important for de novo purine and
pyrimidine synthesis to support growing cells. Glucose provides a source for gly-
cine, which is required for purine synthesis. Further glucose through its conversion
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to serine contributes to single-carbon metabolism involving tetrahydrofolate cycling
and nucleotide synthesis (Amelio et al. 2014). Glucose is also the source for ribose
through the pentose phosphate pathway. Nitrogen donation by glutamine is
essential for purine synthesis that is highly dependent on folate-mediated
single-carbon metabolism. Further glutamine is converted through the TCA cycle
to oxaloacetate, which is converted to aspartate by glutamate—oxaloacetate
transaminase (GOT). Aspartate is used for de novo pyrimidine synthesis for
growing cells. Intriguingly, GOT2 appears to be critical for nucleotide biosynthesis
in breast cancer cells in a MYC-dependent fashion (Korangath et al. 2015). Genes
involved in these pathways behave as MYC targets.

It is particularly notable the MYC was first documented to directly induce the
expression of carbamoyl phosphate synthetase (CAD), the first gene involved in
pyrimidine synthesis (Miltenberger et al. 1995). CAD is intriguing in that it is also
activated via phosphorylation by mTOR (Ben-Sahra et al. 2013; Robitaille et al.
2013). Hence, nutrient sensing and growth factor stimulation converges at a key
enzyme involved in nucleotide synthesis. Another MYC target key enzyme,
dihydroorotate dehydrogenase (DHODH) that is involved in pyrimidine synthesis,
requires coupling with the mitochondrial electron transport chain for the conversion
of dihydroxyorotate to orotic acid (Liu et al. 2008). Orotate is a precursor for
pyrimidine synthesis.

In addition to nucleotide synthesis, the mitochondrion is instrumental for fatty
acid and cholesterol synthesis, because citrate produced by the TCA cycle is
exported into the cytosol and then converted to acetyl-CoA and oxaloacetate by
acetyl-CoA lyase (ACLY). MYC affects lipid metabolism and also induces the key
enzymes, fatty acid synthase (FASN), and stearoyl-CoA desaturase (SCD), which
are vital for fatty acid chain elongation and monosaturation to produce palmitate,
for example, and oleate, respectively (Zeller et al. 2006; Carroll et al. 2015; Eberlin
et al. 2014; Zirath et al. 2013). Monosaturation of fatty acids is critical for limiting
lipotoxicity that is associated with unsaturated fatty acids such as palmitate, which
induces the unfolded protein response (Hatanaka et al. 2014). In this regard, SREBP
plays an important role in the transactivation of SCD such that loss of SREBP
function results in loss of cancer cellular viability (Williams et al. 2013).
Because MYC can drive glucose and glutamine into the production of long-chain
fatty acids through FAS, the corresponding increase in SCD activity is required to
diminish lipotoxicity. Thus, it is surmised that an interplay between MYC and
SREBP is critical for growing cells. This notion further underscores the complexity
of MYC-mediated transcription, which does not simply result in an overall
nondiscriminating amplification of gene expression. From many gene expression
profiles in response to MYC overexpression, it could be gleaned that some of the
genes involved in cholesterol synthesis also respond to MYC; however, whether
this results from a collaboration between MYC and the SREBPs remains to be
established.
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4 MYC, Protein Synthesis, and Ribosomal Biogenesis

One of the MYC target genes identified early on was elF4E, which is critically
important for translational initiation, thereby linking MYC to protein synthesis
(Jones et al. 1996). Subsequent studies further revealed that enzymes involved in
amino acid transport and synthesis, such as proline, and aminoacyl-tRNA syn-
thetases are robust targets of MYC (Wise et al. 2008; Gao et al. 2009; Liu et al.
2012; Coller et al. 2000). Over the last decade, the role of MYC in protein synthesis
also became more apparent when Drosophila dMyc was linked to ribosomal bio-
genesis (Gallant et al. 1996; Schreiber-Agus et al. 1997; Johnston et al. 1999).
Specifically, the small fly body size associated with the genetic complementation
group termed Minutes contains genotypes that comprise both hypomorphic alleles
of dMyc and mutations in ribosomal protein genes (Kongsuwan et al. 1985). The
group of flies with the same phenotype of having a small body size resulting from
small cell size implies that dMyc is linked to ribosomal biogenesis. Studies in
mammalian B cells and subsequently in mouse livers acutely transduced with
adenovirally mediated human MYC expression indicate that MYC can induce
ribosomal protein genes (Kim et al. 2000). Later, MYC was documented to be able
to induce transcription from genes driven by RNA polymerases I and III in addition
to its previously recognized role in RNA polymerase II-mediated transcription (van
Riggelen et al. 2010; Grandori et al. 2005; Gomez-Roman et al. 2003). Importantly,
all three RNA polymerases are required for the production of ribosomes, com-
prising ribosomal proteins and RNA Pol I-induced rRNAs and Pol IlI-induced 5S
RNA. Thus, the ribosomes lie at the nexus of all three RNA polymerases as well as
being produced from both glucose and glutamine, coupling protein and nucleotide
synthesis. In this regard, it is notable that MYC was shown to induce PRPS2, which
initiates purine synthesis and is regulated by both transcription and protein syn-
theses (Cunningham et al. 2014).

Intriguingly, ribosome biogenesis also appears to play a nutrient-sensing role
(Mayer and Grummt 2006). rRNA synthesis is sensitive to nutrient availability.
Further, a putative imbalance in rRNA synthesis compared to ribosomal protein
synthesis could result in excess ribosomal subunits, such as RPL11 and RPLS,
which can bind to MDM2 and sequester it away from p53, resulting in activation of
p53 (Lohrum et al. 2003; Dai and Lu 2004). In this manner, imbalances in ribosome
biogenesis resulting from nutrient stress induced by overexpression of MYC, for
example, could induce p53 function to halt cells from progressing in the cell cycle
unless nutrients are adequate. Overall, the ability of MYC to drive glycolysis and
glutaminolysis, and in turn drive protein and nucleic acid synthesis, is important to
ensure adequate building supplies for ribosomal biogenesis. Concurrent mito-
chondrial biogenesis ensures that the growing cell is adequately powered by both
ATP production and increased biosynthetic flux through mitochondria (Li et al.
2005). Thus, ribosome biogenesis is central to MYC function as gleaned from a
MYC signature derived from rigorous overlap of many MYC target gene studies.
This MYC signature comprises 51 genes, which through gene set enrichment
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analysis revealed ribosome biogenesis as the most enrich set (Ji et al. 2011) Bio-
logically, the role of MYC in ribosome biogenesis is important both for the
physiology and for the pathophysiology of cancer. A recent study of hypomorphic
Myc mice carrying one allele of Myc revealed that they live longer than their
wild-type counterparts (Hofmann et al. 2015). Gene expression profiles uncover a
decrease in ribosomal protein and biogenesis genes, suggesting that reduced protein
synthesis and energy demand may underlie the prolonged longevity phenotype of
these Myc hypomorphic mice. The prolonged longevity of these mice is reminis-
cent of the effects of metformin which inhibits mitochondrial function and rapa-
mycin that inhibits mTORC1 (Harrison et al. 2009; Martin-Montalvo et al. 2013).
Intriguingly, loss of one copy of RPL24 significantly delayed MYC-induced
lymphoma in transgenic mice, further attesting to the role of MYC-induced ribo-
some biogenesis in cell growth and tumorigenesis (Barna et al. 2008). Inhibition of
RNA Pol I activity has also been shown to delay tumorigenesis, further adding to
the overarching view that MYC-induced ribosomal biogenesis is part-and-parcel of
cell growth and tumorigenesis (Hein et al. 2013).

5 MYC Metabolic Synthetic Lethal Interactions
and Therapy

Constitutive activation of MYC in certain types of cancers could result in dereg-
ulated biomass accumulation that renders cancer cells addicted to nutrients. In this
regard, early studies revealed that MYC-overexpressing cells caused them to
become addicted to glucose or glutamine, such that nutrient deprivation led to cell
death (Yuneva et al. 2007; Shim et al. 1998). Similarly, when nutrient sensing is
uncoupled from biomass accumulation in yeast by genetic manipulation, mutant
yeast cells that are constitutive for ribosome biogenesis become nutrient-addicted
and are nonviable with glucose or glutamine deprivation (Dang 2012a). As such,
overexpression of MYC in mammalian cells is surmised to render them addicted to
certain metabolic pathways (Fig. 2a).

As mentioned, oncogenic overexpression of MYC results in a qualitatively
different transcriptome than that induced by normal physiological MYC levels
found in the growing, normal cells. The basis for this difference is depicted in
Fig. 1, which illustrates the nonlinear increase in gene expression as MYC
expression exceeds the normal range, in which MYC begins to bind low-affinity
binding sites and invade enhancer in a manner that selective amplifies the
expression of enhancer-regulated genes over those that are unassociated with an
enhancer. The imbalance in expressions of specific target genes results in nonsto-
ichiometric production of components of a multi-subunit structure, for example, the
ribosome or multienzyme complexes. The nonstoichiometry may result in protein
misfolding that triggers the stress-unfolded protein response (UPR). The imbal-
anced expression of RNA splicing factors can result in an imbalance in the
expression of alternative spliced mRNA variants and imbalanced in the mixture of
the resultant proteins (Koh et al. 2015). Hence, along with MYC-driven nutrient
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Fig. 2 Schematic of nutrient addiction and synthetic lethality in Myc-overexpressing neoplastic
cells. Normal cells need both growth factors and nutrients to initiate growth. In the absence of
nutrient, normal cells enter a state of arrest. High level of Myc converts cancer cells to become
addicted to nutrients, so that withdrawal of nutrients leads to cell death. Similar to nutrient
withdrawal, blocking key metabolic pathways, such as lactate dehydrogenase (LDHA) and
glutaminase (GLS), is synthetic lethal for Myc-driven neoplastic cells

addiction to increase biosynthesis, the imbalance metabolic state due to nonlinearity
of gene expression amplification could be exploited to uncover synthetic lethal
interactions (Fig. 2b).

A number of synthetic lethality screens have been performed with MYC or
MYCN overexpression, revealing numerous targets that seem to be cell system
dependent (Carroll et al. 2015; Toyoshima et al. 2012; Cermelli et al. 2014). While
the overlap between the different synthetic lethal screens is minimal or sometimes
nonexistent, several themes have emerged. For example, the nonmetabolic targets
such as Aurora kinases have appeared in multiple systems (Yang et al. 2010; den
Hollander et al. 2010). Although metabolic targets have appeared in these screens,
there is a lack of consistency between the systems that may result from the lack of
robustness of the screening (i.e., ineffective knock down), off-target effects of
interference RNAs, or from cell type specificities. Nonetheless, a number of inter-
esting metabolic targets have emerged. Using human fibroblasts, a screen revealed
that loss of glucose metabolism genes (aldolase A (ALDOA) and pyruvate dehy-
drogenase kinase 1 (PDK1)), nucleotide metabolism gene (CTPS), or nutrient
transporters (SLC1A4 and SLC25A6) had synthetically lethal interactions with
MYC overexpression (Toyoshima et al. 2012). A screen directed at the extended
MYC transcription factor network revealed that knockdown of MONDOA, a partner
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of MLX, was synthetically lethal for MY C-overexpressing cells (Carroll et al. 2015).
MLX binds the MXD proteins, which interact with the MAX, and hence extending
the MY C network. MONDOA had been linked to regulation of glucose metabolism,
which triggered the extension of the synthetic lethal screen to genes involved in
metabolism. Knockdown of genes encoding glutamine/glutamate transporters
(SLC1AS and SLC3A2), purine metabolism enzymes (PFAS and CAD),
cystathionine-beta-synthase (CBS), a mitochondrial transcription factor (TFAM), a
glycolysis enzyme (ENO3), and lipogenesis enzymes (FASN and SCD) was syn-
thetically lethal (Carroll et al. 2015). A screen for synthetic lethality with MYCN
overexpression, which functions quite similar to MYC in regulating metabolic
genes, revealed that AHCY gene, which encodes S-adenosylhomocysteine hydro-
lase, is essential for survival of N-Myc-overexpressing cells (Chayka et al. 2015).
AHCY is a direct c-MYC target gene and SAHH is vital for c-MYC metabolic
effects and tumorigenic activity (Fernandez-Sanchez et al. 2009). Together, these
studies indicate that MYC-overexpressing cells are metabolically addicted to
specific metabolic pathways and therefore, small molecule inhibitors of specific
enzymes could be exploited for cancer therapy.

As proof-of-concept, a number of studies document the in vivo use of metabolic
inhibitors directed at MYC-dependent tumors. A putative lactate dehydrogenase
inhibitor, FX11, was shown to reduce a MYC-dependent lymphomagenesis in a
xenograft model (Le et al. 2010). This study also illustrates the tumor-reducing
activity of FK866, an inhibitor of NAMPT that is also a MYC target (Le et al.
2010). Further, glutaminase inhibitors, 986 and BPTES, have inhibitory activities in
this model (Le et al. 2012; Xiang et al. 2015). BPTES, a potent allosteric inhibitor
of glutaminase, also has an in vivo effect that prolongs the survival of an aggressive
model of MYC-inducible liver cancer and renal cell carcinoma (Xiang et al. 2015;
Shroff et al. 2015). An inhibitor of the MYC target lactate transporter, MCT1, also
displayed in vivo activity (Doherty et al. 2014; Sonveaux et al. 2008). Collectively,
these studies provide evidence that targeting metabolism is feasible, but the findings
also suggest that understanding metabolic rewiring is required for strategic com-
bination therapies to have a clinical benefit.

6 Concluding Remarks

Although a deeper understanding of MYC’s molecular function in physiologic
versus pathologic conditions requires additional investigations, the collective
knowledge points to a transcription factor that can amplify the expression of
thousands of genes, which are involved in many cellular processes. Key metabolic
pathways driving cell growth are regulated by MYC so that biomass accumulation
for cell proliferation is coupled with nutrient supplies. High oncogenic levels of
MYC result in a nonlinear amplification of the normal transcriptome that causes
imbalanced metabolism, cellular stress, and elicits checkpoints. Loss of checkpoints
and adaptation to stress unleashes MYC’s oncogenic potential to drive uncontrolled
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cell growth and neoplasia. Oncogenic MYC also renders cells vulnerable to
metabolic perturbations as revealed by synthetic lethality screens, which have
generated new opportunities for cancer therapy in addition to the key metabolic
pathways that have been identified through hypothesis-driven research.
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Abstract

Frequently observed phenotypes of tumours include high metabolic activity,
hypoxia and poor perfusion; these act to produce an acidic microenvironment.
Cellular function depends on pH homoeostasis, and thus, tumours become
dependent on pH regulatory mechanisms. Many of the proteins involved in pH
regulation are highly expressed in tumours, and their expression is often of
prognostic significance. The more acidic tumour microenvironment also has
important implications with regard to chemotherapeutic and radiotherapeutic
interventions. In addition, we review pH-sensing mechanisms, the role of pH
regulation in tumour phenotype and the use of pH regulatory mechanisms as
therapeutic targets.
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1 Introduction

1.1 Measurements of Intracellular and Extracellular Tumour
pH

For many years, it was rightly assumed that the increased conversion of glucose to
lactic acid (the Warburg effect) seen in tumours would result in more acidic tumour
microenvironment. It was also assumed that this would result in a more acidic
intracellular pH. Indeed, initial measurements of tumour pH using pH electrodes
inserted into tumours showed a more acidic pH (range 5.6—7.6) than normal tissues
(range 6.9-7.6) (Griffiths 1991). However, the pH probes used in these studies were
often large compared to single tumour cells and are now understood to have mostly
measured extracellular pH (Griffiths 1991). Tumour pH has been measured by a
number of imaging techniques including positron emission tomography (PET),
magnetic resonance spectroscopy (MRS) and magnetic resonance imaging
(MRI) (Zhang et al. 2010). Measurement of pH by *'P-MRS tends to reflect the
intracellular pH of tumours which is much more neutral than the extracellular pH in
tumour cells (range 6.8—7.4) (Griffiths 1991; Zhang et al. 2010; Gerweck and
Seetharaman 1996). In normal tissue, the intracellular pH tends to be more similar
to, or more acidic than, the extracellular pH (range 6.8-7.3) (Griffiths 1991; Ger-
weck and Seetharaman 1996). In addition, the intracellular pH can be more alkaline
in tumour cells compared to normal cells; for example, assessment of pH in
malignant gliomas revealed a more alkaline steady-state intracellular pH (7.31-
7.48) than was identified in normal astrocytes (6.98) (McLean et al. 2000).
Therefore, there is a shift in the intracellular/extracellular balance of pH in tumour
cells compared to normal cells, producing at least a reduced gradient and in many
cases reversal in pH gradients for cancer cells. This has also been shown experi-
mentally in animal studies (Stubbs et al. 1994).

More recently, research has identified higher resolution, less toxic and more
clinically useful approaches for in vivo measurement of pH. These will give a
greater idea of the pH of the tumour microenvironment in individual patients and
enable a more tailored treatment regimen. These include the use of hyperpolarized
13C-labelled bicarbonate imaging by MRS to measure the interstitial pH of tumours,
9™ Technetium-labelled pH low-insertion peptide (pHLIP) to measure extracellular
pH by CT/SPECT imaging (Macholl et al. 2012; Fendos and Engelman 2012) and
diamagnetic and paramagnetic chemical exchange saturation transfer (CEST)-MRI
pH-responsive contrast agents to asses pH measurements in vivo (Longo et al.
2012; Liu et al. 2012; Sheth et al. 2012; Aime et al. 2002).
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2 Why Are Tumours Acidic?

It is clear that tumours produce a more acidic environment and the Warburg effect
first described in the 1920s identified increased glycolysis, increased glucose uptake
and lactate production even in normoxic conditions seen in most cancer cells,
termed aerobic glycolysis (Warburg 1956; Hanahan and Weinberg 2011). The
conversion of pyruvate to lactic acid provides a source of increased H* production
in cancer cells. However, in addition to this, acidity can arise from other steps in the
metabolic processes. For example in the pentose phosphate pathway, conversion of
1 glucose-6-phosphate to 1 fructose 6-phophate produces 3CO, and 6H* (6
NADPH + H"). The pentose phosphate pathway is up-regulated in cancer, and
stabilization of HIFlo increases expression of genes involved in the pentose
phosphate pathway (Riganti et al. 2012). The Krebs cycle, which still takes place in
tumours, produces 6CO, for every molecule of glucose metabolized. Fatty acid
synthesis of 1 molecule of palmitate from citrate produces 7 CO, and 7H* and
requires 7 molecules of HCO3™. An additional 2H" (which are NADPH + H") are
used in the process (Salway 2000). Fatty acid synthesis is increased in many tumour
types and is associated with malignant transformation and HIF1 stabilization
(Kuhajda et al. 1994; Kuhajda 2000; Yang et al. 2002; Menendez and Lupu 2007).

CO, forms a weak acid, carbonic acid (H,COj3) in solution. It can also be
hydrated to form HCO3™ and an H, a reaction that is catalysed by members of the
family of carbonic anhydrases (Supuran 2008). HCO5™ is important in regulation of
both intracellular and extracellular pH through its titration of H* (Hulikova et al.
2012a, b); therefore, HCO; use in fatty acid synthesis will increase intracellular
acidification.

In addition, the lack of adequate functional vascularization, also a common
feature of tumours, affects the acidification of tumours (Vaupel et al. 1989). The
lack of vasculature reduces oxygen supply and removal of waste products including
acid resulting in accumulation of H* in the poorly perfused microenvironment
(Vaupel et al. 1989). Therefore, the increased CO, and H* production from
up-regulated metabolic processes coupled with poor perfusion result in a more
acidic tumour microenvironment.

2.1 pH Sensing

Despite the increased production of acidity, tumour cells maintain a relatively more
alkali intracellular pH than normal cells, suggesting an increase in activity of
mechanisms to regulate pH and therefore sense the pH changes occurring. The
transcription factors such as HIF1a and HIF2a, which are stabilized in many types
of tumours and which affect many metabolic pathways (Schulze and Harris 2012),
are stabilized by acidic extracellular pH, in addition to the well-recognized low
oxygen levels (Mekhail et al. 2004). Regulation of HIF1a and HIF2a stabilization
under acidic extracellular conditions is due to nucleolar sequestration of VHL
(which degrades HIF under normoxic conditions) (Mekhail et al. 2004). Further to
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this, a later study identified increased normoxic expression of carbonic anhydrase
IX (CAIX) in response to extracellular acidosis (Ihnatko et al. 2006). CA9 is a
HIF1a target, which regulates intracellular and extracellular pH (this is discussed in
detail later) (Swietach et al. 2009). Increased expression of CA9 transcription in
response to extracellular acidity is regulated both by HIF and also independently of
HIF (Ihnatko et al. 2006). Further investigation revealed that inhibition of the
MAPK and PI3K pathways resulted in complete suppression of CAIX induction by
acidosis (Ihnatko et al. 2006).

Proton-sensing G-protein-coupled receptors sense extracellular pH (Ludwig et al.
2003). Ovarian cancer G-protein-coupled receptor 1 (ORG1) was identified to be
completely activated at pH 6.8 but was inactive at pH 7.8 (Ludwig et al. 2003). This
study identified, by mutation studies, that the histidines in the extracellular domain
of ORG1 were involved in pH sensing (Ludwig et al. 2003). ORG1 stimulated
inositol phosphate formation in response to acidic extracellular pH (Ludwig et al.
2003). GPR4 and TDAGS, two additional G-protein coupled receptors, increased
cyclic AMP formation in response to pH changes (Ludwig et al. 2003; Wang et al.
2004; Ishii et al. 2005). Inositol phosphate formation resulted in increased phos-
pholipase IP; signalling, which can induce Ca”* release from intracellular stores
(Huang et al. 2008; Rahman 2012). Extracellular acidification resulted in phos-
pholipase C activation, IP; formation and Ca®" release, leading to increased phos-
phorylation of ERK (Huang et al. 2008). ERK forms part of the MAPK cascade,
which is required for acid-induced CAIX expression described above (Thnatko et al.
2006). Differentially localized Ca®* concentrations activate many different processes
(Petersen and Tepikin 2008). Further to this membrane potential changes induced by
Ca”* release have many critical roles including regulation of cell cycle, proliferation
and intracellular pH (Kunzelmann 2005). OGR1 is strongly expressed in medul-
loblastoma patient samples (Huang et al. 2008).

Four acid-sensing ion channel genes (ASIC1, ASIC2, ASIC3 and ASIC4) have
been identified, which open in response to extracellular H* (Bassler et al. 2001;
Glitsch 2011). These allow non-selective transport of cations (K*, Na*, Ca**, etc.)
across the membrane (Glitsch 2011). ASIC1 is more highly expressed in gliomas
than in normal astrocytes (Kapoor et al. 2009). ASIC1 knockdown reduced pro-
liferation and cell migration of glioblastoma cells in two separate studies (Kapoor
et al. 2009; Rooj et al. 2012), identifying a role for ASICs in tumour cells.

In addition to the mechanisms described above, H* can inhibit or potentiate
additional ion channels and functions through allosteric binding including K*
channels and ATP-gated ion channels (Glitsch 2011).

2.2 Mechanisms of pH Regulation

Regulation of cellular cytoplasmic pH is mediated through 5 main families of
proteins (a diagram of these is shown in Fig. 1). Three of these directly transport H*
across the membrane, namely the monocarboxylate transporters, the sodium
hydrogen ion exchangers and the vacuolar-type H*-adenosine triphosphatases.
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Fig. 1 A model of metabolically produced acid and the mechanisms by which it is removed from
tumour cells. MCT1/4, monocarboxylate transporters 1 and 4; NHE, Na*/H* exchangers;
V-ATPase, vacuolar-type H*-adenosine triphosphatases; CAIX/CAXII, carbonic anhydrases 9 and
12; CI'/HCO;, chloride bicarbonate anion exchangers; Na*/HCO;™, sodium-dependent bicar-
bonate cotransporters

Another mechanism of pH regulation is through the uptake of bicarbonate, which is
used to titrate intracellular H*. The bicarbonate transporters of the SLC4 and
SLC26 family of genes facilitate this. Finally, there is the family of carbonic
anhydrases, which regulate pH through their ability to catalyse the reversible
hydration of CO,. Each of these is covered in more detail below, including their
mechanism of action, expression and prognostic associations in cancer. This
information and additional information, covered later in this chapter, regarding the
role for each of these pH-regulating proteins on tumour growth/proliferation and
metastasis, have been tabulated for quick reference in Table 1.
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3 Lactate Acid Secretion (Monocarboxylate Transporters
1-4)

Monocarboxylate transporters (MCT) 1-4 are members of the solute carrier
(SLC) 16A family (Halestrap and Meredith 2004). There are 14 SLC16A family
members (Halestrap and Meredith 2004). MCT1-MCT4 are proton-coupled
monocarboxylate (lactate, pyruvate and ketone) transporters (Halestrap and Wil-
son 2012). These are electroneutral 1:1 monocarboxylate:H" (Halestrap and Wilson
2012). MCT1 has the ability for both lactate and H* efflux or influx, the direction of
which is controlled by lactate and H gradients (Boidot et al. 2012). Whilst studies
on MCT4 have characterized it as facilitating lactate and H" efflux (Halestrap and
Wilson 2012; Manning Fox et al. 2000), MCT4 expression increases the gradient
between intracellular and extracellular pH in RAS-transformed hamster fibroblast
deficient in NHE-1 (Na*/H* exchanger-1), grown as xenografts (Chiche et al.
2012). This work highlights the important role for MCT4 in regulation of intra-
cellular pH (Chiche et al. 2012). Further to this, siRNA knockdown of MCT4
produced intracellular acidosis and Warburg effect reversion (Gerlinger et al. 2012).

MCT4 (SLCI6A3) is hypoxia regulated in a HIFla-dependent manner (Ullah
et al. 2006), and this initial study did not identify up-regulation of MCT1 in
response to hypoxia (Ullah et al. 2006). However, a further study identified
increased expression of MCT]1 in response to hypoxia, which was p53 dependent
and NFxB regulated (Boidot et al. 2012). A separate study investigating the
expression of MCT1 and 4 showed that MCT4 but not MCT1 staining had a
hypoxic pattern of expression in head and neck cancer biopsies (Rademakers et al.
2011). A symbiosis between hypoxic cells and normoxic cells has been identified
with regard to the role of lactate. Cancer cells switch to a much greater role of
glycolysis in the hypoxic microenvironment. Lactate is extruded by MCT4 from
cells in these regions of tumours and is then taken up by oxygenated cancer cells
and used as a fuel in respiration (Sonveaux et al. 2008). This symbiosis would also
act to remove H* from poorly perfused regions of tumour.

MCT]1 is expressed ubiquitously in normal tissues with high expression in the
heart and red muscle. MCT4 is also widely expressed (Halestrap and Wilson 2012;
Halestrap and Price 1999). CD147/Basigin is a chaperone protein whose expression
correlates with MCT1 and MCT4 (Kennedy and Dewhirst 2010). CD147 is
required for proper folding and membrane expression of MCT1 and MCT4 (Kirk
et al. 2000). High expression of MCT4 was associated with poorer relapse-free
survival in ccRCC patients (Gerlinger et al. 2012). MCT1, MCT?2 and MCT4 have
high levels of expression in gastrointestinal stromal tumours (GISTs) (de Oliveira
et al. 2012). Co-expression of MCT1 and CD147 was associated with lower GIST
patient survival (de Oliveira et al. 2012). MCT2 and MCT4 had higher expression
in prostate cancer samples compared with normal prostate material (Pertega-Gomes
et al. 2011). MCT4 and CD147 expression correlated with poorer prognosis in
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prostate cancer (Pertega-Gomes et al. 2011). Increased expression of MCT1, MCT2
and MCT4 was identified in a large study of 126 colorectal cancer patient samples
by immunohistochemistry (Pinheiro et al. 2008). However, the increased expression
of MCT2 was also associated with a decrease in membrane-associated expression
of the protein in cancer cells (Pinheiro et al. 2008). Another study of colorectal
cancer identified MCT4 expression in 50 % of colorectal cancer patients where it
was significantly associated with poorer prognosis (Nakayama et al. 2012). High
levels of MCT1 and MCT4 were identified in breast carcinoma compared with
normal tissue (Pinheiro et al. 2010a). A further study identified that MCT1 and
CD147 expressions were associated with variables associated with poorer prognosis
including higher-grade tumours and the basal-like subtype (Pinheiro et al. 2010b).
A high level of MCT4 in addition to high GLUT1 levels was associated with poor
survival in non-small cell lung adenocarcinomas (Meijer et al. 2012).

4 Sodium Hydrogen lon Exchangers (NHE)

There are 9 Na*/H* exchangers (NHE1-NHE9) (Slepkov et al. 2007). These are
members of the solute carrier (SLC) 9A family, member 1-9 (Slepkov et al. 2007).
These have heterogeneous patterns of expression (Slepkov et al. 2007). NHE
proteins facilitate pH regulation via electroneutral, 1:1, exchange of Na* and H*
along their respective gradients (Slepkov et al. 2007; Orlowski and Grinstein 2004).
Establishing Na* gradients achieved by Na*/K*-ATPase pumps can result in excess
extrusion of H" as a method of removal of metabolically derived acid (Orlowski
and Grinstein 2004).

The role of NHE in pH regulation of tumour cells has been investigated. These
studies include analysis of the effect of NHEI inhibition, in the absence of CO,/
HCOj;™ buffering solution. This resulted in no effect on normal astrocytes whilst the
malignant gliomas investigated displayed significant intracellular acidification
(McLean et al. 2000). NHEI antisense treatment of a small cell lung cancer cell line
acidified the intracellular pH of these cells (Li et al. 2009). Expression of NHEI,
NHE2 and NHE4 regulated pH in a colon cancer cell line (T84) (Beltran et al.
2008). Interestingly, NHE7 can shuttle between the plasma membrane, endosomes
and the trans-Golgi network, regulating the intracellular pH of these organelles and
cytoplasm (Orlowski and Grinstein 2004; Onishi et al. 2012).

The expression of NHE has been investigated in tumours in a small number of
studies detailed below. NHEI is the most studied and understood of the NHE
family members, and is ubiquitously expressed in normal tissues (Slepkov et al.
2007). Chronic hypoxia increased NHEI expression and NHE activity in isolated
mouse pulmonary arterial smooth muscle cells (Rios et al. 2005). In addition,
NHE1 expression increased in response to increases in intracellular superoxide
(O, ) concentrations (Akram et al. 2006). NHE1 expression in breast cancer ductal
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carcinoma in situ (DCIS) had a pattern indicating hypoxic regulation (Gatenby et al.
2007). NHE1, NHE2 and NHE4 expressions were all identified in a colon cancer
cell line (T84) (Beltran et al. 2008). Interestingly, inhibition of NHE reduced VEGF
expression levels although the mechanism for this was unclear (He et al. 2010).

5 Vacuolar-Type H" ATPase

Vacuolar-type H*-adenosine triphosphatases (V-ATPases) actively transport H*
across membranes (Beyenbach and Wieczorek 2006; Sennoune et al. 2004a; Toei
et al. 2010; Perez-Sayans et al. 2009). Figure 2 shows the structure and subunits of
the V-ATPase. The ratio of H* transported to ATP consumed is 2:1, respectively
(Tomashek and Brusilow 2000). The functions associated with the V-ATPase
include the acidification of intracellular compartments including lysosomes, regu-
lation of intracellular pH and uptake of cations (Na™, Ca2+, etc.) (Beyenbach and
Wieczorek 2006; Dietz et al. 2001). The V-ATPase is a multi-subunit protein
containing up to 14 subunits, which make up two separate complexes (Fig. 2)
(Beyenbach and Wieczorek 2006; Sennoune et al. 2004a; Perez-Sayans et al. 2009).
The first is the V; complex, which is situated on the cytoplasmic side of the
membrane and interacts with ATP and is between 400 and 600 kDa in size

V-ATPase

OH*

Fig. 2 Structure of V-ATPase. Hydrolysis of ATP by the V; domain (shown in yellow) drives
proton transport through the membrane integral Vo domain (shown in green). The V, domain
comprises of 8 subunits (A—H). Subunit A contains the catalytic site for ATP hydrolysis. The V,,
domain comprises of 6 subunits. Subunits a, ¢, ¢’ and ¢” make up the H" transport site. Reprinted
by permission from Macmillan Publishers Ltd: (Nature reviews molecular cell biology) (Nishi and
Forgac 2002), © 2002 www.nature.com/reviews/molcellbio
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(Beyenbach and Wieczorek 2006; Sennoune et al. 2004a; Perez-Sayans et al. 2009).
The second is the V, complex, which is transmembrane and pumps the H* across the
membranes and is between 150 and 350 kDa. The variation in size depends on the
specific subunit isoforms (Beyenbach and Wieczorek 2006; Sennoune et al. 2004a;
Perez-Sayans et al. 2009).

The functional importance of V-ATPases was analyzed in human tumour cell
lines using Bafilomycin, a V-ATPase inhibitor. This identified a role for V-ATPase
in pH regulation on the plasma membrane of 5/13 of the cell lines tested
(Martinez-Zaguilan et al. 1993). Cytoplasmic pH was acidified in the breast cancer
cell line MDA-MB-231 by isoform-specific knockdown of V-ATPase subunit a3
(Hinton et al. 2009).

The expression of V-ATPase is ubiquitous in mammalian cells with expression
localized to the plasma membrane and intracellular membranes including, Golgi
vesicles, endosomes and lysosomes (Stevens and Forgac 1997). MTORC regulates
V-ATPase expression via regulation of phosphorylation and nuclear localization of
the transcription factor TFEB (Pena-Llopis et al. 2011). A study of glioma biopsies
identified expression of the a4 subunit (normally expressed in kidney and epi-
didymis) in 11/32 grade III oligodendrogliomas, 19/28 astrocytomas and 6/16
gangliomas (Gleize et al. 2012). An initial study in pancreatic carcinoma identified
42/46 invasive ductal pancreatic carcinomas that expressed cytoplasmic V-ATPase
compared with no non-invasive ductal pancreatic cancers or benign pancreatic cysts
(Ohta et al. 1996). A later immunohistochemical study identified increased intensity
of V-ATPase expression corresponding to increasing grade of pancreatic cancer
(Chung et al. 2011).

6 Extracellular Membrane-tethered Carbonic Anhydrases
(CAIX/CAXII)

Carbonic anhydrases are zinc metalloproteins that catalyse the reversible hydration
of CO, to form HCO3;~ and H* (Sly and Hu 1995; Swietach et al. 2008). The
carbonic anhydrase family has 14 members that can be categorized by cellular
localization. There are the mitochondrial CAs (CAV A, CAV B), the cytoplasmic
CAs (CAI, CAIL CAIIlL, CAVII, CAX, CAXI and CAXIII), the membrane-bound
CA (CAIV), the transmembrane CAs (CAIX, CAXII and CAIV) and finally the
secreted CA (CAVI) (Supuran 2008; Pastorek et al. 1994). CAIX and CAXII are
both transmembrane carbonic anhydrase with an extracellular catalytic domain
(Opavsky et al. 1996; Tureci et al. 1998). Both CAIX and CAXII are regulated by
hypoxia in a HIF1a-dependent manner (Wykoff et al. 2000).

CAIX is a key enzyme in pH regulation; this was identified in work done in
three-dimensional spheroid cultures. Spheroids mimic the three-dimensional gradi-
ents achieved within tumours for oxygen, lactate, ATP (Hirschhaeuser et al. 2010),
etc. Analysis of pH gradients using spheroids also reveals clear intracellular and
extracellular gradients (Swietach et al. 2009). These gradients are regulated by CAIX



106 A. McIntyre and A.L. Harris

expression. In experiments comparing a colon cancer cell line in which CAIX had
been overexpressed compared to empty vector controls, CAIX expression resulted in
more alkali intracellular pH (~ 6.6 compared to ~6.2 empty vector controls) and
more acidic extracellular pH (~ 6.6 compared to ~ 6.9 empty vector controls)(the
pH maps of spheroids from these experiments can be seen in Fig. 3). CO, forms
carbonic acid, a weak acid in solution. It is therefore preferential for the cell to
extrude it. In hydrating CO, to form HCO3™ and H*, CAIX acts to maintain an efflux
gradient of CO,. This enables continued passive diffusion of CO, across the
membrane despite in an inability to remove the CO, from the hypoxic milieu
(Hulikova et al. 2011, 2012b; Swietach et al. 2009). The crystal structure of CAIX
has been resolved, and this work suggests that CAIX functions as a dimer (Alterio
et al. 2009).

CAIX expression is up-regulated in many cancer types including breast (Wykoff
et al. 2001), colon (Kivela et al. 2005), renal cell cancer (ccRCC) (Liao et al. 1997,
Murakami et al. 1999), etc. In most tumour types, CAIX expression is associated
with poor prognosis including breast (Chia et al. 2001), non-small cell lung cancer
(Giatromanolaki et al. 2001), colon (Cleven et al. 2008), carcinoma of the cervix

(a) Intracellular pH

Empty vector CA9 expressor

i 6.2
I

PH,

I 7.3
(b) Extracellular pH

i ii |6'65
pH,
200um I?.45

Fig. 3 CAIX expression maintains a more neutral intracellular pH in the hypoxic spheroid core
whilst producing a more acidic extracellular pH. a A map of spheroid intracellular pH, measured
using carboxy SNARF-1. b A map of spheroid extracellular pH, measured using Fluorescein-5-
(and-6-)-sulfonic acid. pH maps are shown for spheroids of HCT116 (empty vector) which has low
levels of hypoxia-induced CAIX and HCT116 with constitutive CAIX expression (CA9 expressor)
(n = 20, spheroid radius of 222.0 &+ 10.6 um (panel i) or of 299.0 £ 2.7 pm)(panel ii). This
figure is modified from Fig. 3a and b of Swietach et al. (2009). Modified with permission © 2009
The Journal of Biological Chemistry
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(Loncaster et al. 2001) and soft tissue sarcoma (Maseide et al. 2004). CAIX
expression is associated with better prognosis in ccRCC (Phuoc et al. 2008; Muriel
Lopez et al. 2012) in contrast to other tumour types; however, non-papillary or clear
cell RCC has von Hippel-Lindau (VHL) mutations, promoter hyper-methylation or
loss of gene in nearly all cases (Gossage and Eisen 2010). The function of VHL
protein is to regulate stability of HIFla and HIF2a based on O, tension. Under
normoxic conditions, HIFlo and HIF2a are hydroxylated on conserved proline
residues by the prolyl hydroxylases (PHDs) 1-3. This modification enables VHL to
bind HIF1a and HIF2a with the E3 ubiquitin ligase complex which polyubiquiti-
nates and targets them for degradation by the proteasome (Gossage and FEisen
2010). One explanation for the association of CAIX with good prognosis in the
VHL mutant ccRCC could be that the CAIX expression needs to be more tightly
regulated in response to O, levels. High constitutive CAIX expression increased the
levels of histological necrosis and also apoptosis in a colon cancer xenograft study
(MclIntyre et al. 2012). Also, HIF2 expression is associated with a more aggressive
phenotype and does not regulate CAIX, so a switch to a HIF2-driven cancer would
indirectly be associated with poor prognosis (Holmquist-Mengelbier et al. 2006).
This evidence suggests that the loss of CAIX expression regulation in response to
O, levels may have a negative impact on tumour survival. Interestingly, a CAIX
knockout mouse was functionally normal apart from gastric hyperplasia, although
this knockout has not been confirmed and may target another gene (Gut et al. 2002;
Leppilampi et al. 2005).

A study of 103 breast cancer samples identified CAXII expression as a marker
for good prognosis and positive estrogen receptor expression (Watson et al. 2003).
The correlation between CAXII expression and estrogen receptor alpha expression
was the focus of another study in breast cancer, which showed that CAXII
expression was regulated by estrogen in breast cancer (Barnett et al. 2008). A study
in renal cell carcinoma identified a correlation between lower CAIX and CAXII
expression and worse prognosis (Kim et al. 2005). High CAXII expression was
associated with a lower risk of metastasis in primary cervical cancer (Kim et al.
2006). High expression of CAXII in non-small cell lung cancer (NSCLC) was
associated with better prognosis lower grade and with the squamous cell carcinoma
type (Ilie et al. 2011). The shed extracellular domain of CAXII has been identified
as a blood serum marker for diagnosis of NSCLC (Kobayashi et al. 2012).

7 Bicarbonate Transporters

Bicarbonate transporter proteins can be broadly subdivided into two main categories.
These are the sodium-coupled bicarbonate transporters and the chloride—bicarbonate
exchangers (Alper 2006; Romero et al. 2004; Cordat and Casey 2009). There are 14
genes encoding bicarbonate transporters, and these are split between 2 gene families
that have distinct evolution and little amino acid homology (Alper 2006; Romero
et al. 2004; Cordat and Casey 2009). These are the SLC4 and SLC26 families (Alper
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2006; Romero et al. 2004; Cordat and Casey 2009). Within these families, there are
two main subtypes of bicarbonate transporter. These are the chloride—bicarbonate
anion exchangers and the sodium-dependent bicarbonate cotransporters. One of the
bicarbonate transporters, NBCDE, fits into both categories (Alper 2006; Romero
et al. 2004; Cordat and Casey 2009). In normal cells, bicarbonate transport is
important mostly in the regulation of HCO3;™ removal as a by-product of the Krebs
cycle (Alper 2006; Romero et al. 2004; Cordat and Casey 2009).

There are eight chloride-bicarbonate anion exchangers. These transporters
exchange C1" for HCO; and consist of (gene name(protein name)): SLC4A1 (AE),
SLC4A2 (AE2), SLC4A3 (AE3), SLC26A3 (chloride anion exchanger (CLD)),
SLC26A4 (pendrin), SLC26A6 (PAT-1), SLC26A7 (SLC26A7) and SLC26A9
(SLC26A9) (Alper 2006; Romero et al. 2004; Cordat and Casey 2009; Kopito and
Lodish 1985; Alper et al. 1988; Kudrycki et al. 1990; Walker et al. 2009; Scott et al.
1999; Waldegger et al. 2001; Lohi et al. 2002; Chernova et al. 2005). Within this
grouping, there is also some difference in the electrogenicity. AE1-3, CLD, pendrin
and PAT-1 are electroneutral and therefore result in no exchange of charge, and one
Cl is exchanged for one HCO; (Kopito and Lodish 1985; Alper et al. 1988;
Kudrycki et al. 1990; Walker et al. 2009; Scott et al. 1999; Waldegger et al. 2001; Lohi
et al. 2002; Alper 2006; Romero et al. 2004; Cordat and Casey 2009; Chernova et al.
2005). SLC26A7 and SLC26A9 are electrogenic, although there is some disagree-
ment within the literature (Cordat and Casey 2009; Lohi et al. 2002). Diseases
associated with defects in these transporters include haemolytic anaemia (AE1)
(Southgate et al. 1996; Bouhassira et al. 1992; Jarolim et al. 1992), idiopathic epilepsy
(AE3) (Sander et al. 2002) and Pendred syndrome (pendrin) (Everett et al. 1997).

Six sodium-dependent bicarbonate cotransporters consist of (gene name (protein
name)): SLC4A4 (NBCel), SLC4A5 (NBCe2), SLC4A7 (NBCnl), SLC4AS8
(NDCBE), SLC4A9 (AE4) and SLC4A10 (NBCn2). These transporters cotransport
Na* and HCO3™ across the membrane (Romero et al. 1997; Virkki et al. 2002; Choi
et al. 2001; Grichtchenko et al. 2001; Parker et al. 2008a, b). NBCel and NBCe2
are electrogenic, whilst NBCnl, NDCBE, AE4 and NBCn2 result in no exchange
of charge across the membrane (Romero et al. 1997; Virkki et al. 2002; Choi et al.
2001; Grichtchenko et al. 2001; Parker et al. 2008a, b). In addition, NBCel can also
cotransport CO5”~ (Grichtchenko et al. 2001) although the physiological signifi-
cance is unclear due to the greater than 100-fold higher levels of HCO;5 ™ in the cell
than CO5>~ (Cordat and Casey 2009). NDCBE is a Na*-dependent Cl1 /HCOz~
exchanger (Parks et al. 2011).

AEI1-AE3 bicarbonate transporters are most likely restricted to bicarbonate
efflux as theses anion exchangers are driven by ClI” and HCO3;™ gradients except in
the case of red blood cells (Cordat and Casey 2009), although if the CI" gradients
were reversed, the anion exchangers can equally take up bicarbonate (Sterling and
Casey 1999). The sodium-dependent bicarbonate transporters similarly are depen-
dent on Na* and HCO;~ gradients, the levels of which are higher extracellular than
intracellular (Cordat and Casey 2009).
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Bicarbonate transporters have roles in many normal physiological processes
including gastric acid neutralization as it enters the intestine (Kuijpers and De Pont
1987) and multiple roles in the nervous system (Majumdar and Bevensee 2010).
Bicarbonate transporters have three main functions: efflux of CO, and HCO5;
produced by respiration, pH regulation and regulation of cell volume (Cordat and
Casey 2009).

HCO;5;  is membrane impermeant and, therefore, unlike CO, needs to be
transported across the membrane (Cordat and Casey 2009). However, bicarbonate
transport via the bicarbonate transporters does not require ATP. This means that
in situations of reduced ATP production such as stress induced by hypoxia, the lack
of energy requirement should increase the importance of bicarbonate transport over
other methods of pH regulation, and this has been shown in (Hulikova et al. 2011,
2012a). Investigation into the role of bicarbonate transport in normoxia versus
hypoxia revealed a greater importance for bicarbonate transport in hypoxia (Huli-
kova et al. 2012a). Modelling the three-dimensional microenvironment of tumours
in vitro using spheroids highlighted the dual importance of both bicarbonate
transport and NHE activity. This work used the NHE inhibitor 5-(N,N-dimethly)
amiloride (DMA),and also the SLC4 family bicarbonate transport inhibitor 4,4'-
diisothiocyanatostilbene-2,2'-disulphonic acid (DIDS). The dependence on the
bicarbonate transport and NHE activity for pH regulation was cell line dependent
and therefore possibly also cancer-type dependent (Hulikova et al. 2011). This work
also highlighted the importance of carbonic anhydrase function in cellular use of
bicarbonate as a mobile buffer. Finally, the dominance of bicarbonate transport and
NHE activity in pH regulation depends on regional variation in spheroids. In
general, the further from the spheroid periphery, the greater the reliance on bicar-
bonate transport (Hulikova et al. 2011). Figure 4 shows data from Hulikova et al.
2011 identifying the importance of bicarbonate transport on intracellular pH reg-
ulation in the hypoxic core of spheroids, in two colorectal cancer cell lines.

Increased levels of bicarbonate transporters have been reported in tumours. For
example, SLC4AI levels are raised in gastric cancer and its knockdown reduced
tumour progression (Suo et al. 2012). SLC4A2 expression is increased in hepato-
cellular carcinoma and colorectal cancer (Gorbatenko et al. 2014). SLC4A4
expression is increased in chronic myeloid leukaemia (Gorbatenko et al. 2014), and
knockdown in a colorectal tumour cell line increased sensitivity to methotrexate
(Gorbatenko et al. 2014). SLC4A7 expression is regulated by ErbB1, ErbB2 and
ErbB3 in breast cancer cell lines via AKT, ERK, Src and KLF4 (Gorbatenko et al.
2014). Furthermore, recent analysis of bicarbonate transporter gene expression from
TCGA data sets for lung colorectal adenocarcinoma and breast cancer revealed the
heterogeneous patterns of expression across and within the tumour types (Gor-
batenko et al. 2014). High levels of SLC26A9 were associated with high levels of
CA9 in breast cancer, but the opposing relationship was seen in lung cancer
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Fig. 4 Bicarbonate transport is key in pH regulation in the hypoxic area of spheroids. A 20 mM
ammonium prepulse was performed to impose an acid load on HT29 and HCT116 spheroids.
Spheroids were allowed to recover for 12 min, and the data shown here are of the end point
analysis of pH; gradients for spheroids untreated or treated with 150 uM of the bicarbonate
transport inhibitor DIDS (4,4'-diisothiocyanate-stilbene-2,2"-disulfonic acid). The superfusate used
in these experiments was buffered by 5 % CO,/22 mM HCO; , pH 7.4. a pH; map of HT29
spheroids with and without DIDS treatment. pH; gradients for untreated HT29 spheroids = 0.071
+ 0.023. pH; gradients for DIDS treated HT29 spheroids = 0.180 £ 0.037 (mean spheroid
radius = 182.6 £ 15.3um)(bar = 100um). b Histograms of the pH; gradients between the spheroid
core and periphery (periph) for HT29 and HCT116 spheroids untreated or treated with DIDS.
DIDS treatment increased the pH; gradient within spheroids due to reducing pH; in the core of
spheroids (*p < 0.05, Student’s t test). This figure is modified from Figs. 3a and b and 6a of
Hulikova et al., 2011. Modified with permission © 2011 The Journal of Biological chemistry

(Gorbatenko et al. 2014). In breast cancer, expression of SLC4A5 tended to be
raised, whilst in colon cancer, increased expression of SLC4A2 and SLC4AS5 was
identified. In lung cancer, there was an increased in expression of SLC4A3, SLC4A7
and SLC26A6 (Gorbatenko et al. 2014). In colon cancer, SLC4A4 expression was
increased in adenocarcinoma compared to squamous cell carcinoma which had
increased expression of SLC4A3 and also tended to have higher expression of CA9
and CAI2 (Gorbatenko et al. 2014). Furthermore, hypoxia increases SLC4A4
expression in the Ls174T colorectal cancer cell line (Parks and Pouyssegur 2015).
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8 Metabolons

Interactions between members of the families of proteins involved in pH regulation
have been identified, and the formation of pH regulation metabolons proposed,
examples of these interactions are described below. Carbonic anhydrase II (CAII)
increases the transport activity of MCT1 and MCT4 in a catalytic and non-catalytic
way (Becker et al. 2011). CAII function is facilitated by a H" shuttle, which was
key for this function. The authors hypothesize that the mechanism by which CAII
positively regulates MCT1 and MCT4 transport is though removal of high local H*
around MCT1 and MCT4 (Becker et al. 2011). Similarly, the transport activity of
MCT2 was enhanced by the extracellular carbonic anhydrase CAIV (Klier et al.
2011). This effect was only slightly reduced in response to mutation of the inter-
molecular H" shuttle of CAIV (Klier et al. 2011). It could be hypothesized that
CAIX may also potentiate extracellular transport by MCTs dependent on localized
H* concentrations.

Interactions have also been identified between members of the bicarbonate
transporter and carbonic anhydrase families. The bicarbonate transporter SLC26a6
binds directly to CAII through a CAII binding (CAB) site, mutation of which
greatly reduced SLC26A6 activity. This highlights the role of metabolon formation
in bicarbonate transport and could be a possible therapeutic target (Alvarez et al.
2005). Binding of SLC26A6 to CAII was negatively regulated by protein kinase C
(PKC) (Alvarez et al. 2005). CAIX co-immunoprecipitated with bicarbonate
transporters such as AE1, AE2 and AE3 but not with SLC26A7 (Morgan et al.
2007). Co-expression of CAIX with AE1, AE2 or AE3 increased the transport rate
of these bicarbonate transporters by 32, 28 and 37 %, respectively (Morgan et al.
2007). Further to this, interactions between CAIX and two bicarbonate transporters,
AE2 and NBCel, were identified by a proximity ligation assay (Svastova et al.
2012).

8.1 pH and Cell Phenotype

8.1.1 Proliferation and Growth

An intracellular pH of approximately higher than 7.2 has been identified as a
threshold for growth factor-induced DNA synthesis to reinitiate G-/S-phase tran-
sition (Pouyssegur et al. 1985). This work compared wild-type and Na*/H" mutant
fibroblasts (Pouyssegur et al. 1985). Similarly, an acidic microenvironment (pH
6.6) suppressed G,-/M-phase transition, after G, arrest induced by radiation, by
modulating the kinase activity of the cyclin B1-Cdc2 complex (Park et al. 2000).
Regulation of intracellular pH by NHEI activity affected the entry of G,/M. This
work, carried out using NHE1 mutant and wild-type fibroblasts, identified an
increase in intracellular pH just before G,/M which if attenuated in the NHE1
mutant, delays S phase and inhibits G,/M entry (Putney and Barber 2003). Further
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work also showed a reduction in the kinase activity of the cyclin B1-Cdc2 complex
in response to the more acidic intracellular pH and showed an increase in the
expression of Weel kinase (Putney and Barber 2003). Knockdown of NHE1 in a
small cell lung cancer cell line reduced proliferation and resulted in increased
number of cells in G; in cell cycle analysis (Li et al. 2009). Ethyl-isopropyl
amiloride (EIPA) is an inhibitor of NHE (Hosogi et al. 2012) and EIPA treatment of
a gastric cancer cell line reduced proliferation and induced a Go/G, arrest; however,
it did not affect intracellular pH (Hosogi et al. 2012). In addition, NHE activity
regulates cell volume (Grinstein et al. 1992).

Knockdown of CD147, which acts as a chaperone protein and is required for the
correct membrane localization of MCT1 and MCT4, reduced in vitro and in vivo
growth of pancreatic cancer cells (Schneiderhan et al. 2009). A further study in a
colon cancer cell line found that inhibition or knockdown of MCT1 or MCT4 by
shRNA or by targeting CD147 reduced xenograft growth rate (Le Floch et al.
2011). Conversely, constitutive MCT4 expression in RAS-transformed fibroblasts
increased growth in xenografts (Chiche et al. 2012). Knockdown and inhibition of
MCT4 and MCTI, respectively, increased cellular dependence on oxidative
phosphorylation (Marchiq et al. 2015). MCT1 and MCT4 deficiency sensitized cells
to a mitochondrial complex 1 inhibitor, phenformin, the combination of which
reduced cellular ATP levels and inhibited xenograft growth (Marchiq et al. 2015).

CAIX expression increased 3D spheroid culture growth rate in 2 colon cancer
cell lines (Mclntyre et al. 2012). CAIX knockdown, investigated in 3 separate
studies, reduced the growth rate of xenografts in two human colon, one human
breast, one human glioblastoma and one mouse breast cancer cell line model in vivo
(Mclntyre et al. 2012; Chiche et al. 2009; Lou et al. 2011). Further to this, the
reduced xenograft growth rate effect with CAIX knockdown was increased in
combination with Bevacizumab, an anti-VEGF inhibitor, which increased the
hypoxic fraction of cells within the xenograft (McIntyre et al. 2012). The effects of
CAIX knockdown or inhibition with and without Bevacizumab treatment in colon
carcinoma and glioblastoma xenografts from Mclntyre et al. 2012 are shown in
Fig. 5. A role for CAIX in the cancer stem cell niche has been identified. The stem
cell niche increases in hypoxia (Lock et al. 2013). mTORCI signalling that regu-
lates cell metabolism, proliferation and invasion is inhibited by acidic intracellular
pH (Balgi et al. 2011). CAIX regulates the expression of markers of cancer stem
cells such as Notch and Jaggedl via maintenance of mTORCI signalling in the
hypoxic tumour microenvironment (Lock et al. 2013). Knockdown of the bicar-
bonate transporter SLC4A4 in the colorectal cancer cell line Ls174T reduced 2D
growth and increased cell mortality in acidic conditions in vitro (Parks and
Pouyssegur 2015).
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Fig. 5 CAIX knockdown reduces growth rate and enhances Bevacizumab treatment in colon
cancer and glioblastoma xenografts. a Xenograft growth curves of HCT116 clones + Beva-
cizumab treatment. shCA9 (CA9 knockdown by shRNA) xenografts grow slower than EV (empty
vector)(*p < 0.05, n = 5). Bevacizumab treatment reduced EV growth rate (**p < 0.01, n = 5).
shCA9 xenografts treated with Bevacizumab grow slower than EV treated with Bevacizumab
(**p < 0.01, n = 5). B. Xenograft growth curves of HT29 wt + acetazolamide (ATZ) £+ Beva-
cizumab treatment. Acetazolamide and Bevacizumab combination treatment reduced xenografts
growth rate compared to the untreated xenografts (*p < 0.05, n = 5) and Bevacizumab treatment
alone (*p < 0.05, n = 5). ¢ Xenograft growth curves of U87 doxycycline (Dox) inducible shCTL
(control shRNA) + Dox and shCA9—Dox xenografts. These xenografts grow equally.
d Xenograft growth curves of U87 doxycycline (Dox) inducible shCA9 + Dox + Bevacizumab.
Dox-induced shCA9 (¥*p < 0.05, n =5) and Bevacizumab treatment (*p, 0.05, n =15) alone
significantly reduced growth rate. Dox-induced shCA9 and Bevacizumab in combination
significantly reduced xenografts growth rate compared to the untreated xenografts
(***p < 0.001, n=15) and Dox (*p <0.05, n=15) or Bevacizumab treatment (*p < 0.05,
n = 5) alone. Red arrows denote the start of Bevacizumab treatment (10 mg/kg/3 times a week)
and/or acetazolamide treatment (20 mg/kg/day) at 150 mm> xenograft volume. This figure is
reproduced from Fig. 6 of Mclntyre et al. (2012). Reproduced with permission © 2012 The AACR

9 The Effect of pH on Migration and Metastasis

Culturing of two tumour cell lines long term in more acidic media (pH 6.8)
increased migration and invasion in both (Martinez-Zaguilan et al. 1996). Acidic
extracellular pH altered lysosome location to the periphery of the cell and increased
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lysosome size in more metastatic cell lines (Glunde et al. 2003). Acidic pH
increased the expression of MMP2, MMP9 and the Cathepsin B and Cathepsin L in
melanoma cell lines (Rofstad et al. 2006). Increased secretion and activity of these
proteinases were also identified in response to more acidic pH (Rofstad et al. 2006).
Further to this, using a tail vein injection model of metastasis in
immune-compromised mice identified increased metastasis with cells cultured
under more acidic conditions (Rofstad et al. 2006). Culturing cells in acidic
extracellular pH increased the expression of a number of genes including MMP9,
and this was mediated by MAPK activation and NF-Kappa B activity both of which
were up-regulated in response to low extracellular pH (Kato et al. 2005). Further
work identified a role for transient Ca®* increase triggering phospholipase D and
acidic sphingomyelinase pathways, in increasing expression of MMP9 (Kato et al.
2007). Human stromelysin-1, a member of the MMP family, has a pH-dependent
activity showing highest activity between pH 5.75 and 6.25 (Holman et al. 1999).
This pH-dependent activity is regulated by protonation of a histidine residue in the
flexible loop of the protein that contributes to the binding pocket, mutation of this
reduced activity at more acidic pH (Holman et al. 1999). Oral bicarbonate treatment
of mice growing xenografts reduced metastasis of a spontaneously metastatic breast
cancer model (Robey et al. 2009). Bicarbonate treatment increased the extracellular
pH of the xenografts whilst not affecting the intracellular pH (Robey et al. 2009).

10 The Expression of PH Regulators and Metastasis

V-ATPases were more highly expressed at the membrane of a highly metastatic
breast cancer cell line compared with a less metastatic line. This was also associated
with greater V-ATPase activity in isolated membranes in the highly metastatic line
an effect that was decreased by V-ATPase inhibitors (Sennoune et al. 2004b).
Migrating cells have an extracellular pH gradient which is more acid pH at the
leading edge and less acid environment at the rear of the cell (Stock et al. 2007).
This gradient was related to NHE activity which was increased at the leading edge
compared to the rear of the cell (Stock et al. 2007). In a separate study in Madin—
Darby canine kidney (MDCK) cells, NHE1 and AE2 localized to the leading edge
of lamellipodia (Klein et al. 2000). NHE1 localized to the leading edge of human
melanoma cells (Stock et al. 2007). A more recent study identified CAIX local-
ization to the leading edge of lamellipodia upon hepatocyte growth factor
(HGF) stimulation (Svastova et al. 2012). At the leading edge of lamellipodia,
CAIX colocalizes with 2 bicarbonate transporters, anion exchanger 2 (AE2) and
NBCel (Svastova et al. 2012). A further study identified that CAIX localizes in
focal adhesion structures of lamellipodia and plays a role in focal contact regulation
enabling enhanced migration (Csaderova et al. 2013). MCT4 is also localized in the
leading edge of migrating cells (Gallagher et al. 2009). Immunohistochemistry
analysis of tumour material has identified a correlation with levels of MCT1 and
MCT4 and tumour invasiveness (Izumi et al. 2011). In addition, co-expression of
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MCT1 and CD147 was associated with metastasis in cervical adenocarcinoma
(Pinheiro et al. 2009).

11 Functional Studies of pH Regulators and Their Effects
on Migration and Metastasis

MCT4 knockdown reduced migration in ARPE-19 and MDCK cells (Gallagher
et al. 2009). MCT4 knockdown in the breast cancer cell line MDA-MB-231 also
reduced migration (Gallagher et al. 2007). In addition, another study showed
reduced invasion but not migration in response to MCT1 or MCT4 knockdown by
siRNA in vitro (Izumi et al. 2011).

Inhibition of NHE reduced migration and acidified Madin—Darby canine Kidney
(MCDK-F) cells (Klein et al. 2000). Application of the NHE inhibitors just to the
lamellipodium reduced migration, whereas when the inhibitors were directed to the
cell body, no effect was seen (Klein et al. 2000). Serum starvation increased cell
migration and invasion via increased NHE1 activity (Paradiso et al. 2004). A fur-
ther study showed that NHE inhibition reduced serum starvation increased cell
motility and invasiveness in breast cancer cell lines (Reshkin et al. 2000). In this
study, inhibition of PI3-Kinase signalling NHE activity and reduced invasion
suggests that PI3-Kinase regulates NHE in serum starvation conditions (Reshkin
et al. 2000). Inhibition of NHE1 (using EIPA) suppressed hypoxia-induced
migration of HepG2 cells (Yang et al. 2010). Overexpression of NHE1 or NHE7 in
a breast cancer cell line increased invasion (Onishi et al. 2012). Lysosomal exo-
cytosis hypothesized to be required for protease secretion and was inhibited by
NHE inhibition with EIPA (Steffan et al. 2009). Further to this, NHE inhibition
with EIPA or combination of NHE inhibition with cariporide and NHE3 inhibition
with $3266 reduced Cathepsin B secretion and HGF-induced invasion in prostate
cancer cells in vitro (Steffan and Cardelli 2010). Additionally, NHE1 inhibition also
reduced MMP2 and MMP9 expressions via an ERK1/2-dependent mechanism
(Yang et al. 2010).

Invasion was reduced in the breast cancer cell line MDA-MB-231 by
isoform-specific knockdown of V-ATPase subunit a3 (Hinton et al. 2009).
Knockdown of the a4 subunit also reduced invasion but did not affect intracellular
pH (Hinton et al. 2009). MMP-9 activity was reduced in vitro in response to
V-ATPase inhibition or knockdown with siRNA in pancreatic cell lines. In addi-
tion, V-ATPase colocalized with cortactin a factor directing MMP release (Chung
et al. 2011). Further to this, FR167356 a specific V-ATPase a3 subunit inhibitor
reduced bone metastasis of B16 melanoma cells in vivo (Nishisho et al. 2011).
TMOSF4 is a recently identified V-ATPase-associated protein that interacts with the
VATPase subunit ATP6V1H, resulting in aberrant constitutive activation of
VATPase (Lozupone et al. 2015). Knockdown of TM9SF4 acidified cytosolic pH,
alkalinised the extracellular pH and reduced the invasive capacity of colon cancer
cell lines (Lozupone et al. 2015).
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CAIX overexpression in fibroblasts increased wound healing (migration) at a pH
of 6.5 where no difference was seen at a pH of 7.4 (Chiche et al. 2010). Inhibition of
CAIX also reduced migration in HeLa cells (Svastova et al. 2012). Knockdown or
inhibition of CAIX with small molecular inhibitors reduced metastasis in a mouse
breast cancer cell line model in vivo (Lou et al. 2011). CAIX is required for the
NF-kB-regulated expression of granulocyte colony-stimulating factor (G-CSF)
which drives the mobilization of granulocyte myeloid-derived suppressor cells to
the lung metastatic niche of breast cancer (Chafe et al. 2015). This colonization of
bone-marrow-derived cells to the premetastatic niche enables metastasis (Chafe
et al. 2015). Reactive oxygen species-driven expression of CAIX in prostate
cancer-associated fibroblasts (CAF) was identified in normoxia and was found to
increase extracellular acidity and expression of matrix metalloproteinase expression
by CAF which enabled increased invasion in vitro and metastasis in vivo (Fiaschi
et al. 2013). Similarly, inhibition of bicarbonate transport using the inhibitor 4,4'-
diisothiocyanate-stilbene-2,2'-disulfonic acid (DIDS) inhibited cell migration in cell
culture (Klein et al. 2000). Furthermore, knockdown of the bicarbonate transporter
SLC4A4 in the breast cancer cell line MDA-MB-231 reduced migration and
invasion in vitro (Parks and Pouyssegur 2015).

12 Therapeutic Considerations
12.1 The Effects of pH on Chemotherapy and Radiotherapy

Protonation of weakly basic drugs in the acidic extracellular environment is pro-
posed to inhibit uptake of these drugs (Gerweck and Seetharaman 1996). Dox-
orubicin, a weakly basic drug, increased in concentration and toxicity with a
corresponding increase in extracellular pH (Gerweck et al. 1999). Similarly, the
toxicity of doxorubicin treatment on a breast cancer cell line in vitro was reduced by
reducing the pH from 7.4 to 6.8 (Raghunand et al. 1999). Bicarbonate treatment of
mice growing xenografts reduced extracellular pH and increased toxicity of dox-
orubicin to significantly further reduce xenograft growth rate (Raghunand et al.
1999). A further study of three weakly basic chemotherapeutic compounds (mi-
toxantrone, doxorubicin and danorubicin) and three weekly acidic chemothera-
peutic compounds (cyclophosphamide, 5-flourouracil and chlorambucil) identified
a significant difference in ICs( response to these compounds in a breast cancer cell
line in vitro in media of pH 7.4 versus pH 6.8 (Mahoney et al. 2003). More acidic
pH reduced the toxicity of weakly basic drugs whilst increasing toxicity of weakly
acidic drugs (Mahoney et al. 2003). This study also identified reduced uptake of
weakly basic drugs in more acidic medium, identifying ion trapping as a physio-
logical and microenvironmental explanation for drug resistance (Mahoney et al.
2003). An in vivo study altering the extracellular pH of xenografts by adminis-
tration of glucose (resulting in a 0.2 pH increase in pH gradient) changed the ratio
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of the growth delay effect of a weakly acidic drug (Chlorambucil) versus a weakly
basic drug (doxorubicin) (Gerweck et al. 2006).

Increased doxorubicin resistance was associated with increased expression and
activity of NHE. Inhibition of NHE with EIPA increased doxorubicin uptake and
sensitized the resistant line to doxorubicin treatment (Miraglia et al. 2005). The
authors hypothesized that NHE resulted in a higher intracellular pH, which reduced
doxorubicin accumulation in the resistant cells (Miraglia et al. 2005). NHE1
knockdown in a drug-resistant SCLC cell line significantly increased sensitivity to a
number of chemotherapeutic drugs including cisplatin, etoposide and vincristine (Li
et al. 2009).

Expression of V-ATPase was increased in 3 cisplatin-resistant cell lines, which
had significantly more alkali intracellular pH than the parental cells (Murakami
et al. 2001). Knockdown of the V-ATPase subunit ATP6L, identified in this pre-
vious study to be overexpressed in cisplatin-resistant cell lines, sensitized a
drug-resistant breast cancer cell line to basic chemotherapeutics including dox-
orubicin and vincristine (You et al. 2009).

In addition to effecting chemotherapeutic response, pH modulation has also been
displayed to effect response to radiation therapy. CAIX knockdown and inhibition
enhanced the effect of tumour irradiation in a colon cancer xenograft model (Dubois
et al. 2011). Similar experiments in a second colon cancer xenograft model with
knockdown of CAIX showed a similar effect where CAIX knockdown enhanced
radiotherapeutic treatment (Doyen et al. 2012). Furthermore, MCT1 inhibition or
siRNA knockdown resulted in increased tumour sensitivity to irradiation (Sonveaux
et al. 2008).

13 pH Modulators as Therapeutic Targets

The effects of pH regulation on tumour growth, proliferation and survival in
addition to their role in chemotherapy and radiotherapy resistance described above
make the pH regulators appealing targets for cancer therapy. Therefore, a number of
inhibitors for these compounds have been designed. AR-C155858, an inhibitor of
MCTI1 and MCT2, has been identified (Ovens et al. 2010). However, it remains to
be investigated whether this has any effect on pH regulation in tumours. However,
MCT1 may not be a good target for cancer therapy given its role in the rapid
proliferation of T cells upon activation that plays an important in immune response
(Murray et al. 2005). There is a phase I clinical trial for the MCT1 inhibitor
AZD3965 (AstraZeneca) (Table 2).

A number of NHE inhibitors have been developed (reviewed in (Masereel et al.
2003)). Cariporide, a NHE inhibitor, was used in preclinical studies (Masereel et al.
2003; Karmazyn 2000) and in a phase III clinical study investigating the inhibition
of NHE on death or myocardial infarction in patients undergoing coronary artery
bypass graft surgery (Mentzer et al. 2008). The results showed a decrease in
myocardial infarction whilst increasing mortality due to an increase in cere-
brovascular events possibly due to cariporide (Mentzer et al. 2008).
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Inhibition of V-ATPase can be achieved with proton pump inhibitors (Spugnini
et al. 2010). Proton pump inhibitors including esomeprazole have been used for
many years clinically for the treatment of gastric acid disorders with few clinical
side effects (Der 2003). Treatment of melanoma xenografts with 2.5 mg/kg of
esomeprazole reduced tumour tissue pH gradients and tumour growth (De Milito
et al. 2010). In addition, NiK-12192, a V-ATPase inhibitor, induced cell death in
colon carcinoma cell lines (Supino et al. 2009). This work and other have provided
a strong rationale for more testing of V-ATPase inhibitors in the treatment of
tumours (Spugnini et al. 2010; De Milito et al. 2012). There are multiple clinical
trials using the proton pump inhibitors, omeprazole or pantoprazole, in combination
therapy (examples are shown in Table 2).

Many carbonic anhydrase inhibitors have been developed (see (Supuran 2008)
for a review). Much work has been done in recent years to identify CAIX-/
CAXII-specific inhibitors (Neri and Supuran 2011). CAIX/CAXII inhibitors are
derivatives of sulphonamides, sulphamates, sulphamides, coumarins and thio-
coumarins (Supuran 2010; Vullo et al. 2005; Pastorekova et al. 2004; Cecchi et al.
2005). Acetazolamide (Diamox) a general carbonic anhydrase inhibitor (Supuran
2008) is used clinically in a number of non-cancer treatment schedules including
glaucoma (Kaur et al. 2002). Acetazolamide has also been used in CAIX inhibition
in in vivo tumour models (Mclntyre et al. 2012; Dubois et al. 2011). However,
many drug studies have used much higher concentrations than needed to inhibit CA
activity, suggesting off target effects. In addition to chemical inhibition, antibodies
targeting CAIX and also CAXII function have been developed (Murri-Plesko et al.
2011; Battke et al. 2011). The CAXII inhibitory antibody (6A10) inhibits CAXII
very effectively at low concentrations (Battke et al. 2011). However, the CAIX
inhibitory antibody can inhibit a maximum of 76 % of CAIX CO, hydration
capacity (Murri-Plesko et al. 2011). The CAXII inhibitory antibody (6A10) reduced
spheroid growth in vitro and significantly reduced the growth rate of xenografts
(Gondi et al. 2013). An antibody against CAIX, which does not inhibit CAIX
activity, has also been developed (cG250) and is in clinical trials for clear cell renal
cell carcinoma, where it induces natural killer cell interactions via
antibody-dependent cellular toxicity (Surfus et al. 1996; Siebels et al. 2011)
(Table 2). ¢G250 is also in 2 additional clinical trials. A phase III study for
presurgical detection of clear cell renal cell carcinoma uses a radiolabelled
12471.¢G250. Additionally in a phase I study, G250 is coupled to the cytotoxic drug
auristatin for the treatment of solid tumours (Table 2). A dual targeting bioreductive
nitroimidazole-based anti-CAIX sulfamide drug (DH348) has been developed
(Dubois et al. 2013). DH348 reduced xenograft growth and sensitized
CAIX-positive tumours to radiotherapy (Dubois et al. 2013). A phase I clinical trial
to optimize dosing has been initiated (Table 2).

Bicarbonate transport by the SLC4A and SLC26A families is largely inhibited
by 4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS) (Hulikova et al. 2011).
There are also two more specific bicarbonate transport inhibitors. S0859, a specific
Na*-dependent bicarbonate transport inhibitor, has been identified (Ch’en et al.
2008; Larsen et al. 2012). In addition, NDCBE is specifically inhibited by S3705
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(Wong et al. 2002). S3705 treatment reduced the intracellular pH of cholangio-
carcinoma cells, reduced proliferation, increased apoptosis and inhibited activation
of the ERK and AKT pathways upon serum stimulation (Di Sario et al. 2007).

14 Conclusion

The identified phenotypic roles of proteins involved in pH regulation, in prolifer-
ation, invasion and metastasis, make these good therapeutic targets. This highlights
the importance of further developing drugs against these for clinical assessment.
With regard to the development of therapeutic targeting agents, it is worth also
considering the numerous normal physiological roles of the monocarboxylate
transporters, NHE, the V-ATPases and the bicarbonate transporters. These normal
roles make these a less cancer-specific target than CAIX. CAIX is more tightly
regulated by hypoxia and tends to be tumour associated, and a CAIX knockout
mouse shows little effect on pathology (Gut et al. 2002; Leppilampi et al. 2005).
Development of compounds, which inhibit the protein interactions, required for
formation of metabolons, or which inhibit membrane localization of the pH regu-
lation proteins, would also be worth pursuing. Future research directions should
include the effect of deregulating tumour pH controls on metabolism (Parks et al.
2013) given that this is the source of the acidity and also on signalling cascades
following up the effects of pH on signalling described earlier. It is clear that the
increased acidity of the tumour microenvironment has many effects and adaptation
to this, and other microenvironmental stresses are key in cancer development and
progression. Furthermore, understanding this heterogeneous tumour microenvi-
ronment will be crucial in developing effective therapeutic strategies.
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Abstract

A major barrier to achieving durable remission and a definitive cure in oncology
patients is the emergence of tumor resistance, a common outcome of different
disease types, and independent from the therapeutic approach undertaken. In
recent years, subpopulations of slow-cycling cells endowed with enhanced
tumorigenic potential and multidrug resistance have been isolated in different
tumors, and mounting experimental evidence suggests these resistant cells are
responsible for tumor relapse. An in-depth metabolic characterization of resistant
tumor stem cells revealed that they rely more on mitochondrial respiration and
less on glycolysis than other tumor cells, a finding that challenges the assumption
that tumors have a primarily glycolytic metabolism and defective mitochondria.
The demonstration of a metabolic program in resistant tumorigenic cells that may
be present in the majority of tumors has important therapeutic implications and
is a critical consideration as we address the challenge of identifying new
vulnerabilities that might be exploited therapeutically.
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1 Overview of Tumor Resistance: Old Concepts
and New Foes

One of the major challenges in clinical oncology is disease progression due to the
resistance tumor cells eventually develop in response to pharmacological treat-
ments. Indeed, it is well established in clinical practice that even the most impactful
cancer therapies, with the notable exception of emerging immune checkpoint
therapies, are doomed to fail after a transitory response. Ironically, it was this same
problem of acquired drug resistance that inspired ground-breaking work some
50 years ago leading to the development of modern chemotherapy.

In the 1940s, heroic pioneers in the field of clinical oncology, including Louis
Goodman, Alfred Gilman, and Sidney Farber, observed extraordinary therapeutic
results in children affected by Hodgkin’s lymphoma and acute lymphoblastic leu-
kemia upon treatment with nitrogen mustard and aminopterin derivatives (Farber
and Diamond 1948; Goodman et al. 1946). Sadly, their excitement was short-lived,
and it soon became evident that their greater challenge was not achieving remission,
but maintaining it. It would be nearly twenty years before Emil Freireich and Emil
Frei would find an answer to overcome drug resistance by applying the principles
learned by physicians using combined anti-bacterial therapy, to the treatment of
leukemia. By combining two effective cancer drugs having different mechanisms of
action, these pioneers made history by curing their young patients, and the modern
chemotherapy was born (Frei et al. 1965). Unfortunately, the path to sustained
treatment response would not be so clear for all types of cancer, and the effects of
chemotherapy on the majority of solid tumors were minimal due to intrinsic or
acquired pleiotropic resistance, as will be further explored in this chapter.

While it was acknowledged early on that multiple factors might be responsible
for treatment failure (Brockman 1963; Wilson et al. 2006; Holohan et al. 2013;
Zahreddine and Borden 2013), it took until the 1980s before the first insights into
the molecular mechanisms that could confer drug resistance were described.
Seminal work by Victor Ling’s laboratory demonstrated that DNA transfer from
resistant cells to sensitive cells could confer multidrug resistance (Debenham et al.
1982). Furthermore, they linked this phenomenon to a single gene, MDR1, which
encodes the P-glycoprotein efflux pump (Riordan et al. 1985). It is now known that
P-glycoprotein represents just one member of a large, 48-member family of
ATP-dependent transporters, referred to as the ATP-binding cassette (ABC) family,
which includes several other pumps known to be involved in the efflux of drugs
(Gottesman 2002). Because overexpression of these transporters seemed to play a
role in drug resistance, at least in vitro, for the majority of cancer types, significant
effort was put in attempting to counteracting their activity and resensitizing cancer
cells to chemotherapy. Promising preclinical results prompted a number of clinical
trials in different indications and using different strategies (Persidis 1999). Despite
positive outcomes in some trials, poor study design, a lack of information about
target engagement, and lack of evidence of the impact that MDR1 inhibitors would
have had on the pharmacokinetic properties of chemotherapeutic drugs made it
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impossible to tease out the actual contribution of MDRI inhibitors to clinical
response (Fisher et al. 1996; Garraway and Chabner 2002; Binkhathlan and
Lavasanifar 2013).

Since the identification of MDRI, additional mechanisms responsible for
resistance to specific chemotherapeutic drugs have been identified. For example,
some drugs need to be metabolically activated within the cell to exert their function,
and mutations modulating activating enzymes can impair drug activity. One classic
example is represented by cytarabine (ara-C) a nucleoside analog used to treat acute
myelogenous leukemia that becomes active when phosphorylated to ara-C
triphosphate within tumor cells (Cros et al. 2004; Huang et al. 1991; Kufe and
Spriggs 1985). Conversely, drug metabolism may represent a mechanism of
resistance. Ara-C, like other deoxycytidine analogs such as gemcitabine, can be
inactivated in cells with increased cytidine deaminase activity (Bardenheuer et al.
2005). Other detoxification pathways exploited by tumor cells include drug con-
jugation with metallothionein or glutathione by specific transferases (Kelley et al.
1988; Mistry et al. 1991).

Despite their different molecular structure, many cytotoxic drugs used in treat-
ment of cancer, as well as radiotherapy, rely on the same basic mechanism of
action: killing tumor cells by inducing extensive DNA damage. As a consequence,
a cell DNA repair machinery can play an important role in establishing resistance to
chemotherapy (Bouwman and Jonkers 2012). For instance, high activity of
nucleotide excision repair (NER), a common repair mechanism induced by
DNA-damaging drugs, correlates with poor outcomes in different types of cancer
(Kwon et al. 2007; Olaussen et al. 2006). The critical need to limit excessive
accumulation of DNA damage is further highlighted by a process known as genetic
reversion, which is the paradoxical restoration in tumor cells of a previously
compromised homologous recombination (HR) repair pathway. This is the primary
mechanism by which highly sensitive BRCA-mutated cancers become resistant to
platinum-based therapies, wherein they acquire reactivating mutations in BRCA
genes that restore protein function (Sakai et al. 2008; Edwards et al. 2008). In the
same vein, it is interesting that genes responsible for maintaining genomic integrity,
mainly represented by regulators of faithful replication and segregation of chro-
mosomes, are modulated in response to chemotherapy and during relapse and could
be used as negative prognostic indicators in several tumors (Carter et al. 2006;
Swanton et al. 2009; Zhou et al. 2013).

The strategies exploited by tumor cells to survive chemotherapy are numerous,
and they often coexist so that they become resistant to diverse treatments. However,
an alternative hypothesis has been proposed to suggest that some cancer cells may
be intrinsically more resistant to chemotherapy and less sensitive to DNA damage.
The rationale that originally resulted in using chemotherapy as a treatment for
cancer is based on the assumption that cancer cells are more sensitive than normal
cells because they are proliferating much more rapidly than healthy cells. Even
today, the assertion that cancer is a “proliferative” disease in which “cells begin to
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divide without stopping” is widely disseminated." However mounting evidence
suggests a different scenario as first reported in the late 1960s. Bayard Clarkson was
conducting pulse-chase experiments in patients with acute myeloid leukemia
(AML) receiving *H-thymidine to evaluate tumor proliferation. His experiment
demonstrated that leukemia cells were almost totally post-mitotic, with only a
minority (~5 %) of blasts actively dividing (Clarkson et al. 1970; Clarkson 1969;
Dick 2008). This dividing subpopulation was comprised primarily of fast-cycling
cells (doubling time of ~24 h), but a smaller fraction of slow-growing cells, or
“dormant cells” as named by Clarkson, was present and was characterized by quite
infrequent divisions (doubling time lasting from weeks to months). Interestingly,
because the dormant subpopulation of cells was insensitive to “anti-proliferative”
chemotherapy drugs and spared by treatment, it was assumed to be responsible for
leukemic regrowth and relapse (Clarkson et al. 1970, 1975; Skipper and Perry
1970), a hypothesis that has been supported by numerous studies in more recent
years (see below). These were the original studies that confirmed tumors are not
homogenous, but harbor functionally heterogeneous subpopulations of cells that
respond differently to drug treatment. Unfortunately, the significance of Clarkson’s
findings remained virtually neglected for over 30 years, as cancer research con-
tinued to be dominated by studies of fast-proliferating cells in 2D culture.

The significance of the dormant cell population, now known as tumor-initiating
cells or cancer stem cells, has been confirmed in different subtypes of human AML.
Indeed, in support of the hypothesis that these cells are responsible for disease
relapse, it has been demonstrated that only the quiescent fraction of blasts is
endowed with tumorigenic potential, whereas proliferating cells, even when
transplanted in high numbers, always fail to engraft (Guan et al. 2003; Ishikawa
et al. 2007). Moreover, quiescence is so intimately linked with tumorigenic
potential that it can be used as an unbiased method to isolate leukemic stem cells in
mouse models (Viale et al. 2009). Subpopulations of tumor cells with features of
cancer stem cells have now also been isolated from solid tumors (Al-Hajj et al.
2003; Collins et al. 2005; Kim et al. 2005; Li et al. 2007; O’Brien et al. 2007;
Ricci-Vitiani et al. 2007; Singh et al. 2004), and their existence might explain tumor
resistance.

Beside quiescence, other functional properties attributed to stem cells may be
responsible for the intrinsic drug resistance of tumors. One critical feature is their
enhanced drug efflux capacity due to high basal expression of ABC transporters
(Hirschmann-Jax et al. 2004; Patrawala et al. 2005; Wang et al. 2007; Liu et al.
2006). Notably, the widespread use of side population analysis, a flow cytometry
technique that isolates stem cells based on their ability to induce efflux of
cell-permeable dyes, is based on their elevated ABC transporter activity (Zhou et al.
2001). Other stem cell enzymatic markers relevant for their drug resistance are
aldehyde dehydrogenases, a group of enzymes having important biological
roles, including the detoxification of exogenously and endogenously generated
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aldehydes.” Thus, high expression of these enzymes in cancer stem cells, especially
isoforms of the ALDHI1A subfamily, can confer intrinsic resistance to different
chemotherapy drugs (Januchowski et al. 2013). Like ABC transporter activity, this
is another functional characteristic that can be exploited to isolate stem cells via the
Aldefluor fluorescent reagent system that measures aldehyde dehydrogenase
activity. A third recognized property of stem cells that can mediate drug resistance
is their increased ability to survive DNA damage (Bao et al. 2006; Diehn et al.
2009). Cancer stem cells, like their normal counterparts, seem to activate alternative
checkpoints in response to DNA damage that do not induce cell death; rather, this
checkpoint response elicits DNA damage tolerance and repair preserving
self-renewal (Viale et al. 2009; Beerman et al. 2014; Insinga et al. 2013). Taken
together, the existence of multiple biological mechanisms to escape drug toxicities
within stem cells—quiescence, drug efflux and conjugation, and tolerance to DNA
damage—may explain how this subpopulation of cells can tolerate multiple
chemotoxic agents and drive tumor relapse.

Interestingly, there is evidence that cancer stem cells are able to survive most
targeted therapies as well. The genomic revolution in clinical oncology has ushered
in a new era of personalized medicine where targeted therapies can be chosen based
on identification of driver oncogenes and other mutations (Weinstein 2002;
Weinstein and Joe 2006). In many cases, these new targeted therapies are
remarkably effective and induce tumor remission (Flaherty et al. 2010; Kantarjian
et al. 2002). However, despite a robust initial response, all patients relapse indi-
cating that targeting oncogenes is insufficient to completely eradicate tumor cells
(Jang and Atkins 2013; Quintas-Cardama et al. 2009; Felsher 2008). Interestingly,
cells surviving targeted therapies share at least two features with the cancer stem
cells that survive chemotherapy: dormancy and tumorigenic potential. The
appearance of secondary acquired mutations of targeted oncogenes (Choi et al.
2010; Gorre et al. 2001; Kobayashi et al. 2005) or activation of collateral signaling
effectors (Kapoor et al. 2014; Nazarian et al. 2010; Pettazzoni et al. 2015; Wagle
et al. 2011) has also been documented as mechanism of survival.

Thus, mounting evidence points to selection of slow-cycling tumorigenic cells as
an outcome common to all treatment modalities (chemotherapy, radiotherapy or
targeted therapies), a phenomenon recently coined “therapy-selected quiescence”
(Wolf 2014). This sets up an intriguing paradox as it seems that treatment resis-
tance, the major challenge of a “proliferative disease in which cells begin to divide
without stopping,” is actually a matter of quiescence.

2 Metabolism of Treatment-Resistant Cells
Like most aspects of tumor biology, the vast majority of studies investigating tumor

metabolism have focused on proliferating cells. Only recently, due to an increased
interest in tumor heterogeneity, have researchers begun to focus on the
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characterization of different subpopulations of tumor cells, such as the quiescent
cells that survive treatment. One reason for this delayed interest is likely related to
technical issues, as this small, functionally defined population of cells is difficult to
isolate and study. However, a second reason is undoubtedly the overwhelming
influence that pioneering studies conducted by Otto Warburg had on metabolism
research in cancer.

When Warburg performed his first experiment on live tissue slices and dis-
covered that tumors, unlike normal tissues, were able to produce lactate even in the
presence of oxygen (Ferreira 2010; Warburg et al. 1927), he was likely unaware of
the profound impact his work would have on the entire field of cancer metabolism.
Indeed, aerobic glycolysis or fermentation, as it was named by Warburg, was
confirmed in vivo by Gerty and Carl Cori shortly thereafter and dominated the
conversation around cancer cell metabolism for the next several decades (Ferreira
2010; Garber 2006). This idea that fast-proliferating tumor cells are highly gly-
colytic and depend primarily on lactate production to regenerate NAD™ to support
continued glycolysis for their anabolic metabolism (Vander Heiden et al. 2009) all
but eliminated any interest in the role of mitochondria in tumor metabolism.
Warburg himself actively contributed to the widely accepted idea that mitochondria
might be dysfunctional in cancer cells. Speaking on the origin of cancer before the
German Central Committee for Cancer Control in the 1956, Warburg stated, “When
the respiration of body cells has been irreversibly damaged, cancer cells by no
means immediately result” (Warburg 1956), claiming a direct link between sup-
pression of mitochondrial respiration (OXPHOS) and tumor initiation/progression.
Quite interestingly, in the same lecture he also considered exceptions asserting,
“when fermentation has become so great that dedifferentiation has commenced, but
not so great that the respiratory defect has been fully compensated for energetically
by fermentation, we may have cells which indeed look like cancer cells but are still
energetically insufficient. Such cells have been referred to as ‘sleeping cancer
cells’... and will possibly play a role in chemotherapy” (Warburg 1956). Aston-
ishingly, Warburg predicted the existence of a subpopulation of “sleeping” cells
relying on mitochondrial respiration in the same speech in which he anointed
impaired mitochondrial respiration as the definitive cause of cancer (Warburg
1956). Even if today the full extent of mitochondrial dysfunction, as well as its
significance, is not yet completely understood (Wallace 2012), we have isolated
Warburg’s predicted OXPHOS-competent “sleeping cancer cells,” and our deep
characterization of this subpopulation is painting an increasingly complex picture of
tumor metabolism.

Melanoma is an interesting test case for the cancer stem cell hypothesis.
Although cancer stem cells have never been formally isolated in melanoma and is
still questioned whether these tumors follow the cancer stem cell model (Quintana
et al. 2008, 2010), functional heterogeneity among melanoma cells has been
recently described based on the expression of the H3K4 demethylase JARID1B
(Roesch et al. 2010). Interestingly, cells characterized by high levels of this
demethylase have been shown to have a critical role in tumor maintenance; in fact,
down-regulation of JARID1B negatively impacts melanoma self-renewal in serial
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transplantation (Roesch et al. 2010). High expression of JARID1B can be used to
identify a subpopulation of slow-cycling melanoma cells characterized by a dou-
bling time of 4 weeks, and cells positive for JARID1B are mutually exclusive for
KI67 expression, behaving as Clarkson’s “dormant cells.” Interestingly
JARID1B-positive cells are resistant to various drugs, including platinum-based
therapy and BRAF inhibitors. Consequently, different pharmacological treatments
lead to selection and enrichment of slow-cycling, tumor-maintaining melanoma
cells (Roesch et al. 2013). These data represent the first demonstration that a
well-defined subpopulation of quiescent cells endowed with multidrug resistance
exists even in very aggressive tumors such as melanoma. Unexpectedly, further
characterization of JARIDI1B-positive cells by mass spectrometry revealed
de-regulation of their bioenergetics. Indeed, slow-cycling cells were characterized
by a sustained up-regulation of proteins involved in the electron transport chain
(ETC), the multiprotein enzymatic complexes responsible for mitochondrial res-
piration, as well as a significant down-regulation of glycolytic enzymes (Roesch
et al. 2013). The authors functionally validated these data demonstrating that
JARID1B-positive cells had increased oxygen consumption. As their metabolic
features suggested, slow-cycling melanoma cells were dependent on mitochondrial
respiration for energetics and exposure to OXPHOS inhibitors in combination with
BRAF inhibitors or cisplatin extended mouse survival in animal models. These data
demonstrated that targeting JARID1B-positive cells by inhibiting mitochondrial
respiration is an effective way to overcome intrinsic multidrug resistance in mela-
noma (Roesch et al. 2013).

In the same year, two other independent studies demonstrated the importance of
OXPHOS in melanoma (Vazquez et al. 2013; Haq et al. 2013). A subset of human
melanoma characterized by high expression of the mitochondrial master regulator
PGCla (PPARGC1A) was associated with an increased dependency on mito-
chondrial respiration and a decreased glycolytic profile. Importantly, the tumori-
genic potential of PGClo-expressing cells was strictly connected to the
maintenance of the respiratory gene program, and PGCla expression was proposed
as a negative prognostic factor for patient stratification. Interestingly, as the tran-
scription of PGCla is negatively regulated by continuous activity of oncogenic
signaling, melanoma cells treated with BRAF or MAPK inhibitors showed a robust
up-regulation of PGCla and, consequently, induction of mitochondrial biogenesis.
These data further supported that pharmacological resistance, specifically to BRAF
inhibitors, selects for cells characterized by increased mitochondrial respiration. As
was observed in JARID1B-positive cells, OXPHOS inhibitors have been demon-
strated to synergize with pharmacological down-regulation of oncogenic signaling
in PGCla-expressing BRAF inhibitor-resistant cells (Haq et al. 2013).

We recently used a mouse model of pancreatic ductal adenocarcinoma (PDAC)
in which we could control the expression of mutated Kras, the driver oncogene
found in a recent study to be mutated in 98 % of patients (Biankin et al. 2012), in a
time- and tissue-specific manner. We confirmed that continuous oncogenic sig-
naling is indispensable for tumor maintenance, as previously reported (Ying et al.
2012; Collins et al. 2012). Indeed, as predicted by the oncogene addiction
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hypothesis (Weinstein 2002), upon Kras inactivation PDA tumors underwent a
rapid and apparently complete regression through apoptosis induction. Surprisingly,
a small subpopulation of tumor cells organized in ductal-like structures survived
extinction of oncogenic signaling, remaining in a dormant state for months until
tumors eventually relapsed (Kapoor et al. 2014; Viale et al. 2014). These oncogene
extinction-resistant cells (hereafter, “surviving cells” or “resistant cells”), which
appeared well-differentiated and polarized upon histological analysis, were positive
for stem cell markers and extremely enriched in tumor-initiating cells representing,
de facto, a subpopulation of cells with features of cancer stem cells (Viale et al.
2014).

Transcriptome analysis of resistant cells from our inducible mutant Kras mouse
model revealed prominent expression of genes involved in mitochondrial function,
such as ETC and B-oxidation, as well as in autophagy and lysosome trafficking.
Consistently, resistant cells possessed increased mitochondrial mass and hyperpo-
larized mitochondria and consumed fourfold more oxygen than tumor cells
expressing the Kras oncogene. Another important metabolic trait of resistant cells
that clearly emerged through metabolomics analysis and Carbon-13 tracing
experiments was suppression of glycolytic activity. In fact, not only did surviving
cells have low basal levels of glycolysis, but they were unable to up-regulate
glycolytic flux even in response to acute inhibition of mitochondrial respiration, a
compensation mechanism known as glycolytic reserve that is promptly activated by
normal or Kras-expressing tumor cells. In the absence of energetic compensation
via glycolytic reserve, resistant tumor cells became exquisitely sensitive to inhi-
bition of mitochondrial respiration and succumbed to metabolic stress and under-
went apoptosis in response to OXPHOS inhibitors. Consequently, inhibition of
mitochondrial respiration effectively eradicated surviving cells and either prevented
or delayed tumor relapse in experimental animals (Viale et al. 2014). Notably, it has
been demonstrated in mouse models that treatment-naive PDAC cells expressing
stem cell markers have metabolic features similar to those we observed in
treatment-surviving cell: increased mitochondrial mass and high mitochondrial
transmembrane potential (Ay) (a measure of ETC activity) (Viale et al. 2014). In
fact, in unperturbed PDAC tumors mitochondrial activity (Ay) correlates positively
with tumorigenic potential and can be used as an unbiased method to isolate cancer
stem cells in mouse models.

Importantly, cells with the same metabolic features as resistant cells identified in
our inducible Kras mouse model have been isolated from human PDAC tumors
after pharmacological inhibition of oncogenic signaling with Mek and PI3K inhi-
bitors (Viale et al. 2014). Moreover, we found a similar subpopulation of quiescent
cells positive for stem cell markers and characterized by high mitochondrial content
in patient-derived histological samples upon neo-adjuvant chemotherapy and
radiation (our unpublished data). We suspect that these tumor cells, spared by and
enriched after conventional therapies, might have a role in tumor relapse for
patients as well. Like resistant cells from the mouse, resistant human cells had
markedly diminished glycolytic activity and, as expected, were extremely sensitive
to inhibition of mitochondrial respiration (our unpublished data). This existence of a
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subpopulation of cells resistant to different treatments characterized by specific
metabolic properties has important clinical implications and could explain why both
conventional and recently developed targeted therapies are doomed to fail long term
despite the astonishing remissions they initially might achieve.

Recent studies in BCR-ABL and FLT3-ITD leukemia led to similar conclusions.
Specifically, OXPHOS inhibition in combination with inhibitors of oncogenic
signaling such as imatinib or quizartinib exerted synergistic effects in eradicating
small molecule inhibitor-resistant leukemic cells (Alvarez-Calderon et al. 2014).
Furthermore, in agreement with studies in melanoma and pancreatic tumors, qui-
escent leukemia-initiating cells were shown to have a lower energetic level com-
pared to proliferating cells, to rely mainly on OXPHOS for energy production, and
to have diminished glycolytic reserve. These features make leukemic stem cells
highly sensitive to inhibitors targeting mitochondrial respiration (Lagadinou et al.
2013) and are consistent with data demonstrating that genetic or pharmacological
down-regulation of molecules involved in mitochondrial protein translation (in-
hibiting respiration by depleting respiratory complex subunits), selectively kills
leukemic stem and progenitor cells (Skrtic et al. 2011). A promising compound
with this activity is tigecycline, a glycylcycline antibiotic identified in a chemical
screen and currently in phase I clinical studies in patients with acute myeloid
leukemia (Skrtic et al. 2011).

One might argue that metabolic features such as increased mitochondrial activity
and decreased glycolysis are simply reflective of the particular cell cycle status of
resistant cells, namely their quiescence. Indeed, although an extensive review of the
literature reveals that glycolysis is not necessarily up-regulated in proliferating
tumor cells (Zu and Guppy 2004), it is well established that quiescent, terminally
differentiated cells, at least of ectodermal and endodermal origins, rely mainly on
mitochondrial respiration for ATP production (Vander Heiden et al. 2009). For this
reason, it is critical to account for cell cycle when studying metabolism. To control
for the effect of cell cycle on the metabolic analysis of surviving cells resistant to
Kras extinction in PDAC, we always compared the properties of quiescent sur-
viving cells with those of quiescent fully formed Kras-expressing spheres. (When
grown in 3D culture, PDAC sphere formation is a dynamic and regulated process in
which cells expressing Kras exit the cell cycle when tumor spheres are fully
formed.) Consequently, and consistently with BrdU uptake and Ki67 staining,
analysis of transcriptomic data confirmed that Kras-expressing fully formed spheres
did not have elevated expression of pathways related to cell cycle, DNA replication,
or cell division relative to surviving cells (Viale et al. 2014), thus allowing us to
appropriately attribute metabolic alterations in surviving cells to activation of an
autonomous program.

In comparison with unperturbed tumors that show a remarkable capacity for
metabolic adaptation in response to environmental changes, shifting energetic
metabolism from glycolysis to OXPHOS and vice versa (Viale et al. 2014; Jose
et al. 2011), resistant cells are metabolically much less plastic and show specific
dependency on mitochondrial respiration, though the reasons why this is the case
are not yet clear. However, their diminished metabolic plasticity and increased
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dependency on mitochondria do not make surviving cells less competent to cope
with environmental stresses than other cells in the tumor. Rather, tumor dormancy
is a low energetic state characterized by minimal biosynthetic needs relative to
highly proliferative cells (Viale et al. 2014; Lagadinou et al. 2013) and, although
counterintuitive, OXPHOS dependency in surviving cells might allow them to
survive in hypoxic and nutrient-depleted environments that would limit the growth
of actively proliferating cells. In fact, studies in intact cells using high-resolution
respirometry demonstrated that oxygen concentration is not a limiting factor for
mitochondrial respiration until it drops below 1.0 uM, an extremely hypoxic
environment (~0.1 % pOz; Ky for oxygen at 0.05 £ 0.01 kPa) (Scandurra and
Gnaiger 2010). Taken together, these metabolic properties portend a survival
mechanism in resistant cells wherein they take advantage of their ability to com-
pletely oxidize carbon skeletons entering the tricarboxylic acid (TCA) cycle to
produce sufficient ATP, even in hostile microenvironments where glucose and
oxygen are limiting.

That mitochondrial respiration is critical for the maintenance of a fully trans-
formed phenotype is well established, including evidence of the characterization of
p0 (tho-0) tumor cells, a state in which cells are completely depleted of mito-
chondrial DNA (mtDNA) and consequently OXPHOS activity. Historically, pO
cells were derived by depleting mtDNA upon long-term exposure of cells to low
concentrations of ethidium bromide (King and Attardi 1989). Recently, a study
using breast cancer and melanoma tumor cells elegantly demonstrated that tumor
engraftment upon transplantation in mice as well as lung seeding was dramatically
impaired in p0 tumor cells, a result consistent with previous studies (Hayashi et al.
1992; Cavalli et al. 1997; Morais et al. 1994). Interestingly, further characterization
of circulating cancer cells and metastases derived from pO tumors revealed com-
pletely unexpected results, namely a reactivation of mitochondrial respiration
through the acquisition of host mtDNA (Tan et al. 2015). These findings demon-
strated that recovery of OXPHOS by a subpopulation of cells endowed with
tumorigenic and seeding properties is essential to support tumor dissemination and
is consistent with another recent work demonstrating that OXPHOS activity and
increased mitochondrial biogenesis are critical features of circulating tumor cells
during the metastatic process (LeBleu et al. 2014). Combined, these data indicate
that mitochondrial respiration in tumors has an essential role in preserving features
related to cancer stemness, such as anchorage-independent growth, tumorigenic
potential, drug resistance, and invasion.

3 Therapeutic Implications

Our view of tumors has changed substantially in recent years from that of an
unorganized mass of highly proliferative cells to our current understanding of
tumors as complex tissues comprised of a mosaic of cell types characterized by
different functions, varying proliferative potentials, and in diverse states of differ-
entiation. As such, it is no surprise that they are heterogeneous at the metabolic
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level as well. In light of the abundance of evidence in different cancer models, it is
reasonable to assume that a common metabolic program active in a small subset of
quiescent/slow-cycling cells may exist in the majority of tumor types. This meta-
bolic program, in which cells rely on mitochondrial respiration instead of glycol-
ysis, would fulfill the low anabolic needs of quiescent cells.

Although our understanding of “sleeping cancer cells” remains incomplete, the
insight that multidrug resistance in different tumors is associated with a common
metabolic phenotype exhibited by quiescent cells represents an important step in
identifying new vulnerabilities that might be exploited to overcome drug resistance.
As discussed, a wealth of experimental evidence links dormant cells to tumor
resistance; thus, up-regulated OXPHOS has become the metabolic signature of
multidrug tumor resistance, implying that targeting OXPHOS should be one
mechanism to overcome drug resistance. Moreover, the realization that diverse
metabolic programs may not only coexist, but become manifest only in response to
genetic or pharmacological perturbations, may shed light on rational drug combi-
nations to produce durable drug responses.

As predicted, treatment with OXPHOS inhibitors can eradicate resistant cells
(Roesch et al. 2013; Haq et al. 2013; Viale et al. 2014; Alvarez-Calderon et al.
2014). However, the molecular mechanisms responsible for this effect are not yet
completely understood. OXPHOS inhibitors induce apoptosis in resistant cells, and
some reports suggest that up-regulation of mitochondrial respiration would pri-
marily confer resistance to cancer drugs whose mechanism of action involves
apoptosis induced by reactive oxygen species (ROS) (Vazquez et al. 2013). In other
words, ROS generation and not ATP depletion would be responsible for the effect
of OXPHOS inhibition (Rohlena et al. 2011). Even though it is well established that
mitochondria are the main source of cellular ROS, and drugs interfering with ETC
activity are potent inducers of ROS generation (Liu and Schubert 2009), we do not
believe this is the mechanism responsible for eradication of resistant cells, at least in
pancreatic tumors for several reasons. Our data demonstrate that cells resistant to
extinction of oncogenic signaling show high basal levels of ROS production and are
able to tolerate very well a further increase. Accordingly, resistant cells have higher
levels of glutathione than other tumor cells, and their viability is not affected by
depletion of glutathione induced by treatment with the y-glutamylcysteine syn-
thetase inhibitor buthionine sulphoximine. Similarly, effective concentrations of
antioxidants, such as vitamin E and tetrakis, are completely unable to attenuate the
effects of OXPHOS inhibitors (Viale et al. 2014). As these data indicate that the
effect of ROS generation is not responsible for OXPHOS inhibitor-induced apop-
tosis in resistant cells, a plausible mechanism to explain the effects exerted by
OXPHOS inhibitors is induction of metabolic stress. Because cells resistant to the
inhibition of the oncogenic pathways have low energetic levels, even minimal
inhibition of mitochondrial respiration is able to induce a critical drop in ATP,
leading to the activation of AMP-activated protein kinase (AMPKa). In the absence
of compensatory mechanisms, such as the up-regulation of glycolysis, this is suf-
ficient to induce apoptosis. Interestingly, inhibition of OXPHOS has no impact on
the energetic levels of other cells in the tumor (Viale et al. 2014).
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To our knowledge, our work in PDAC represents the first comprehensive
evaluation of mechanisms that confer sensitivity to OXPHOS inhibition in quies-
cent cells. The fact that a subpopulation of cells responsible for tumor maintenance,
metastasis, drug resistance, and tumor relapse exists in different tumors and shares a
common metabolic program underscores the importance of deeply characterizing
the metabolism of these quiescent cells and determining their sensitivity to
OXPHOS inhibition to inform on future therapies that may overcome resistance and
eradicate cancer.

4 Autophagy, Mitochondrial Respiration, and Tumor Stem
Cells: The Ultimate Theory of Tumor Resistance

We have discussed several mechanisms that make cancer stem cells resistant to
therapeutic intervention, including quiescence, high efflux capacity, and high
intrinsic reducing potential. However, despite the obvious utility of all of these
mechanisms to survive drug treatment, none of them—alone or in their totality—
can fully explain how cells can endure the intense toxic assault of most
chemotherapy regimens, much less how they retain sufficiently healthy subcellular
structures to eventually reactivate their anabolic potential to divide and initiate new
tumors. Thus, in addition to merely surviving, cells must also clear and promptly
repair damaged cellular structures. As we will discuss in this section, cancer stem
cells show a marked increase in autophagy in response to stressors, and this appears
to be an important characteristic of stem cells that helps them quickly adapt to
changes in the environment, including drug treatment. However, autophagy is not
the end of the story, and we posit that the essential linchpin of cancer stem cells’
endurance is their mitochondrial pool, which does so by integrating the activity of
multiple survival pathways.

Macroautophagy, or simply autophagy, is a highly conserved catabolic cellular
process by which cytoplasmic components are sequestered in autophagosomes and
delivered to lysosomes for enzymatic degradation. Present at basal level in any cell
or induced upon stress, autophagy is the major intracellular degradation and
recycling pathway responsible for the elimination of damaged or functionally
inactive intracellular components and is critical for cell homeostasis and restoration
upon perturbations. In recent years, a new function of autophagy behind its orga-
nelle “quality control” is emerging: Autophagy maintains metabolic homeostasis
and represents an alternative source of energetic and anabolic intermediates in
response to environmental depletion of substrates (Rabinowitz and White 2010).
Accordingly, activation of autophagy has been linked to the survival of tumor cells
in response to chemotherapy and radiotherapy and seems to have an important role
in tumor resistance (Apel et al. 2008; Hu et al. 2012; Janku et al. 2011; Sui et al.
2013). Tumor cells respond to drug treatment by activating autophagy as a stress
response. This is an early event upon treatment, and activation of autophagy
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represents a common response that has been observed in several different cancer
models and in response to treatment by all agents that induce genotoxic and
metabolic stress (Viale et al. 2014; Janku et al. 2011; Sui et al. 2013; Lum et al.
2005). Likewise, inhibition of autophagy sensitizes tumor cells to a variety of
treatments in preclinical models (Apel et al. 2008; Janku et al. 2011).

It is no surprise that some of the higher-scoring pathways uncovered by the
transcriptomic analysis of oncogene extinction-resistant cells in pancreatic tumors
involve autophagy and lysosome trafficking. Indeed, autophagic flux was robustly
activated in resistant tumorigenic cells and upon analysis by transmission electron
microscopy these cells appeared completely loaded with autophagosomes at various
stages of development, a condition that was previously observed in other cancer
models upon dampening of mitogenic signaling (Viale et al. 2014; Lum et al.
2005). Based on these observations, we hypothesized that autophagy could con-
tribute to the oxidative metabolism of resistant cells, and we subsequently
demonstrated that autophagy was responsible for at least 85 % of mitochondrial
respiration in resistant cancer stem cells. In fact, inhibition of lysosome acidifica-
tion, a common pharmacological strategy for impairing autophagy, induced a
remarkable drop in oxygen consumption (Viale et al. 2014). It was previously
shown that autophagy can contribute to oxidative metabolism in tumor cells (Guo
et al. 2011; Yang et al. 2011), but our analysis suggests that the contribution of
autophagy to the metabolism of resistant cells may far exceed what was previously
documented.

Massive activation of autophagy may also explain some metabolic abnormalities
found in carbon-13 (**C) tracing experiments. Following '*C incorporation, we
found that resistant cells relied less on glucose and glutamine and more on pyruvate
and palmitate to generate tricarboxylic acid (TCA) cycle intermediates and
branching metabolites. However, these experiments also illustrated that substan-
tially more carbon in central metabolism was not accounted for by the labeled
substrates in resistant cells compared to other tumor cells, suggesting that the TCA
cycle in resistant cells was sustained primarily by endogenous, unlabeled substrates
derived from autophagic activity versus from the environment (Viale et al. 2014).
Consistent with these findings, starvation of resistant cells did not have any neg-
ative impact on their oxygen consumption, and respiration remained constant for a
long period of time after complete nutrient withdrawal. This behavior is not mir-
rored by other tumor cells in which starvation rapidly abrogates their mitochondrial
respiration (our unpublished data). These findings are compatible with a model in
which surviving cells might be more resistant to environmental stresses than other
tumor cells, as they can fuel their energetics completely independently from their
microenvironment.

To survive treatment with virtually any drug, tumor cells must abruptly shift
from an anabolic to a catabolic program, and they are forced to become quiescent
and dismantle organelles and integral macromolecular complexes in a short time.
The fact that tumor stem cells are quiescent, have more mitochondria, and rely on
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OXPHOS for their energetics implies that they can rapidly adopt this phenotype by
exploiting an already existing metabolic program. But even if this metabolic
adaptation is relatively simple for cancer stem cells, and they can readily shut down
their biosynthetic machinery, cells must still cope with the huge amount of sub-
strates produced by protein and lipid degradation upon induction of exceptional
autophagic activity. We reason that the most efficient way for a cell to eliminate this
abnormal substrate overload would be through complete oxidation to CO, in the
mitochondrial TCA cycle, arguing that proficient mitochondria might be critical for
autophagic processing in resistant cells. However, a continuous regeneration of
NAD™ would be required in order to sustain TCA cycle flux. One possibility is that
cancer stem cells may take advantage of futile metabolic cycles in mitochondria to
maintain an efficient autophagic activity. Indeed, in resistant tumor stem cells,
uncoupling ATP-synthesizing activity of respiratory complex V from the ETC
through the expression of uncoupling proteins would ensure continuous regenera-
tion of NAD™. This hypothesis is consistent with several reports demonstrating that
up-regulation of mitochondrial uncoupling proteins (UCPs), inner-membrane
mitochondrial anion transporters that regulate mitochondrial transmembrane
potential and ETC efficiency through dissipation of the proton gradient without
ATP generation, is responsible for drug resistance in different cancer models (Dalla
Pozza et al. 2012; Derdak et al. 2008; Mailloux et al. 2010).

Although effects of UCP expression in tumors are commonly linked to decreased
oxidative stress, a few interesting reports have described a role for UCPs in reg-
ulating lysosome activity. In fact, UCP2 deficiency leads to accumulation of
autophagosomes in tumor cells as well as an impaired phagocytosis in macro-
phages, suggesting a direct link between lysosome degradation activity and mito-
chondrial ETC (Dando et al. 2013; Park et al. 2011). We do not yet know if tumor
stem cells up-regulate UCPs to take advantage of futile metabolic cycles in order to
rid themselves of damaged intracellular components upon drug-induced induction
of autophagy, but the possibility that they take advantage of their active mito-
chondrial respiration to survive induction of massive autophagy might explain how
they can survive virtually any kind of treatment while other tumor cells succumb
(Fig. 1). However, further studies are needed to confirm the validity of this new
model.

Thus, data from our laboratory and others have demonstrated that a subpopu-
lation of resistant tumor stem cells can survive a plethora of different treatments to
establish relapse tumors. These cells take advantage of a number of apparently
preexisting programs that result in quiescence, high drug efflux capacity, and high
reducing potential to abrogate the deleterious consequences of ROS. Resistant
tumor stem cells also massively induce autophagy, allowing them to shift from an
anabolic to a catabolic program and survive in harsh, hypoxic, nutrient-depleted
environments by completely oxidizing carbon skeletons entering the TCA cycle
through mitochondrial respiration. When one considers the strong evidence that a
subpopulation of dormant cells with these characteristics exists in most tumor types,
the challenge before us to cure cancer becomes readily apparent. However, based
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Fig. 1 In tumors, different subpopulations of cells coexist that are characterized by different
metabolic programs. Cells representing the bulk of the tumor are mainly glycolytic and minimally
dependent on oxidative phosphorylation (OXPHOS); on the other hand, rare quiescent tumor stem
cells are more reliant upon mitochondrial respiration. Upon treatment, tumor cells activate an
autophagic program in order to eliminate damaged or functionally inactive cellular components.
Maintaining an elevated autophagic flux in the event of massive damage, such as in response to
pharmacological treatments, is critical for cell survival. Quiescent cells, endowed with high basal
OXPHOS, can completely oxidize large amounts of autophagy-derived metabolites entering the
TCA cycle, sustaining robust autophagic activity until damaged cytoplasmic components are
completely dismantled. Conversely, highly glycolytic proliferating cells devoid of major OXPHOS
activity cannot rid themselves of the increased load of autophagy-derived metabolites, become
completely burdened with autophagosomes, and undergo apoptosis

on our developing knowledge of cancer stem cell metabolism, we may realize
significant clinical impact in the future by drugging the autophagic flux and
mitochondria that appear absolutely essential for these cells to survive.
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Jan Budczies and Carsten Denkert

Abstract

Mass spectrometry and nuclear magnetic resonance-based metabolomics have
been developed into mature technologies that can be utilized to analyze hundreds
of biological samples in a high-throughput manner. Over the past few years, both
technologies were utilized to analyze large cohorts of fresh frozen breast cancer
tissues. Metabolite biomarkers were shown to separate breast cancer tissues from
normal breast tissues with high sensitivity and specificity. Furthermore, the
metabolome differed between hormone receptor positive (HR+) and hormone
receptor negative (HR—) breast cancer, but was unchanged in HER2+ tumors
compared to HER2— tumors. New metabolism-related biomarkers were discovered
including the 4-aminobutyrate aminotransferase ABAT, where low mRNA
expression led to an accumulation of beta-alanine and shortened relapse-free
survival. The glutamate-to-glutamine ratio (GGR) represents another new
biomarker that was increased in 88 % of HR— tumors and 56 % of HR+ tumors
compared to normal breast tissues. The GGR might help to stratify patients for the
treatment with specific glutaminase inhibitors that were recently developed and are
currently being tested in phase I clinical studies. Surprisingly, 2-hydroxyglutarate
(2-HG), initially found to accumulate in isocitrate dehydrogenase (IDH) mutated
gliomas and leukemias and described as an oncometabolite, was detected to be
drastically increased in several breast carcinomas in the absence of IDH mutations.
In summary, metabolomics analysis of breast cancer tissues is a reliable method
and has produced many new biological insights that may impact breast cancer
diagnostics and treatment over the coming years.
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1 Introduction

Alterations in cellular energy metabolism are a hallmark of cancer (Hanahan and
Weinberg 2011). Metabolic alterations in cancer cells compared to normal cells
include the way nutrients such as glucose and glutamine are taken up and processed
and the way that important molecular building blocks such as amino acids, lipids,
and nucleotides are synthesized (Kroemer and Pouyssegur 2008; Schulze and
Harris 2012; Tennant et al. 2009; Vander Heiden et al. 2009). Furthermore, it has
been recently discovered that some types of tumor cells produce oncometabolites
that are capable of actively driving tumor growth by changing the landscape of
DNA and histone methylation via inhibition of methylation modifying proteins
(Morin et al. 2014). Some of the metabolic alterations are specific to certain tumor
types or more pronounced in some tumor types, while other changes occur com-
monly in many or all malignant tumors. The aim of cancer metabolomics research
was to gain insight into the metabolic alteration in cancer cells and exploit them
for better diagnostic and therapeutic strategies. In particular, the aims include:
1. detection of vulnerable structures and targeting of these structures by
metabolism-modifying treatments; 2. usage of metabolites as biomarkers for cancer
screening or separation of malignant and benign disease; 3. monitoring of treatment
in vivo using metabolite imaging methods; and 4. usage of metabolites as
biomarkers for tumor classification and selection of patients for targeted therapies.

Breast cancer is the most frequently diagnosed cancer worldwide with an inci-
dence of 8 % in more developed and that of 3 % in less developed areas in woman
74 years and younger (Torre et al. 2015). Furthermore, breast cancer is the leading
cause of cancer death in woman aged 20-59 in the US population (Siegel et al.
2016). Seminal work of Perou, Serlie, and coworkers based on hierarchical clus-
tering of genome-wide expression data has led to the discovery of five molecular
subtypes of breast cancer: luminal A, luminal B, HER2-enriched, basal-like, and
normal-like breast cancer (Perou et al. 2000; Sorlie et al. 2003; Serlie et al. 2001).
To a large extent, this classification can be reproduced by simpler and less
expensive methods including immunohistochemistry for ER, PgR, and HER2
proteins and in situ hybridization for HER2 amplifications that are available in
routine pathology laboratories. Today, determination of HR and HER2 status is
worldwide standard in breast cancer diagnostics to select patients for endocrine- and
HER2-blocking therapies (Goldhirsch et al. 2011).

During the last 20 years, the altered metabolism in breast carcinomas and the
resulting alterations in body metabolism have been intensively investigated by
metabolomics studies in breast cancer tissues and in body fluids of breast cancer
patients (Glinther 2015). In this overview, we focus on the most important findings
from a translational research perspective and the implication of the metabolomics
studies in breast cancer tissues for clinical management.
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2 Metabolome and Metabolomics

The metabolome is defined as the totality of all small molecule compounds con-
tained in a biological sample. Metabolomics is the science and analysis technology
to investigate the metabolome. During the last decade, there has been a growing
interest in cancer metabolomics with more than 450 PubMed-listed publications in
2015. More than 40,000 human metabolites are already annotated in The Human
Metabolome Database (www.hmdb.ca) of the Human Metabolome Project that
aims to identify and catalog all human metabolites (Wishart et al. 2013).

The metabolism of human tumors can be studied in two ways, either by the
analysis of biopsies or surgically removed tumor tissues or indirectly by the anal-
ysis of blood, urine, and other body fluids. As the typical tumor burden of early
breast cancer compared to the mass body is very low (typically in the range 0.0001—
1 %), tumor metabolites are expected to be diluted and to present in the body fluids
at low concentrations. Further, metabolite changes in the blood and in other body
fluids reflect changes of the body metabolism in response to the disease. Metabo-
lomics analysis of body fluids is certainly an interesting field because they can be
obtained noninvasively and easily and possibly can be used for disease screening,
disease monitoring, and to detect biomarkers for the response to therapies. How-
ever, analysis of cancer tissues represents the most direct way to gain insights into
the metabolomics changes in cancer cells.

Table 1 gives an overview on the most important metabolomics studies in
human breast cancer tissues. Both nuclear magnetic resonance (NMR)- and mass
spectrometry (MS)-based technologies were applied. The latter combined MS with
either preceding liquid chromatography (LC) or preceding gas chromatography
(GC). An advantage of NMR metabolomics is that it is nondestructive and
potentially can be applied in vivo. Advantages of the MS-based methods are their
high sensitivity and the identification of a higher number of metabolites compared
to the NMR-based methods (Shulaev 2006). Indeed, in the NMR-based studies
listed in Table 1, no systematic identification of metabolites and no statistical
analysis of metabolite levels were performed.

3 Tissue-Based Metabolomics

Metabolome analysis of cancer tissues is usually performed in fresh-frozen tissues
that have been collected during surgery. A critical point of sample collection is the
freezing delay time between the cutoff of blood supply during surgery until the
sample is frozen for storage. Freezing delay times are difficult to control for
intraoperatively acquired human tissues. However, the first MS-based metabo-
lomics studies in large retrospective collections of frozen cancer tissues proved that
reliable quantification of metabolites is feasible (Denkert et al. 2006, 2008;
Sreekumar et al. 2009). These studies led to the identification of diagnostic and
prognostic biomarkers. Additionally, a recent study in patient-derived breast cancer
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xenograft models showed that NMR metabolic profiles of tumor samples were
reproducible and robust to variation in freezing delay time up to 30 min (Haukaas
et al. 2016).

A bottleneck of tissue metabolomics is the dependence on frozen tissues samples,
because the standard clinical workflow for tissues sample preparation includes
formalin fixation (FF) and subsequent paraffin embedding (PE). Huge collections of
FFPE biopsies and surgical tissue samples are archived at pathology institutes, while
the number of available frozen tissues is limited. However, methods for metabolite
extraction from FFPE tissues have been optimized during the last number of years
and first studies demonstrating the feasibility of metabolomics analysis in FFPE
tissues have been published (Kelly et al. 2011; Wojakowska et al. 2015).

4 Bioinformatical Strategies for Metabolomics

The analysis workflow of metabolomics data can be divided into two steps: In the
first step (data processing), the recorded spectra are deconvoluted to identify and
quantify metabolites (Kind et al. 2009; Pluskal et al. 2010). In the second step (data
analysis), the metabolite data are analyzed to identify biomarkers and gain infor-
mation on the biomedical system under study. The workflow and methods for data
processing are reviewed in (Smolinska et al. 2012) for NMR data and in (Katajamaa
and Oresic 2007) for MS data. In the following, we discuss some general aspects of
data analysis, while functional analysis and interpretation in the context of the
metabolic pathways is discussed in the next section.

Data analysis usually starts from a data matrix including measurements of some
hundred metabolites in the rows, and the investigated samples in the columns. The
optimal method for sample normalization in metabolomics is still under discussion
and depends on the metabolomics platform. Different strategies have been applied
in breast cancer metabolomics including normalization with respect to the sum of
all metabolite intensities (Budczies et al. 2012; Denkert et al. 2006, 2008) and
normalization with respect to the total protein content (Hilvo et al. 2011). Quan-
tification of metabolites (in terms of concentration) can be achieved by spiking in
isotope-labeled internal or external standards.

Methods for the analysis of metabolomics data include metabolite-wise methods
and methods of pattern recognition that take into account the correlations between
methods. The latter can be divided into methods of unsupervised and supervised
learning. In unsupervised learning, patterns are recognized based only on the
metabolomics data, while supervised methods include the information of target
variables such as diagnostic or prognostic information in the analysis. Many of
these methods can be adopted from the analysis of other kinds of —omics data and
have been extensively applied and evaluated in whole-genome gene expression
analysis (microarray data).

When analyzing metabolite by metabolite to detect differences between two
disease states, false positive detection associated with multiple hypotheses testing
needs to be taken into account. However, corrections of p values, for example, using
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the Bonferroni methods for family-wise error control or the Benjamini-Hochberg
method for false discovery rate control will be much weaker than for microarray
data, because the number compounds in metabolomics data is typically a few
hundred compared to thousands of the genes that are investigated in a genome-wide
expression analysis. In our recent METAcancer project (Denkert et al. 2012),
GC-TOF-MS analysis of 369 breast cancer tissues was performed in a predefined
training set (2/3) and validation set (1/3). Metabolite changes were considered
detected when found significant in the training set (p < 0.05, two-sided t test) and
validated when confirmed in the validation set (change in same direction, p < 0.05,
one-sided t test). Out of a total number of 468 metabolite peaks, 427 changes were
detected between cancer and normal tissues and 65 metabolite changes were
detected between HR— and HR+ tumors. Out of these, 368 (86 %) and 40 (62 %)
could be confirmed in the validation set.

Heatmaps including hierarchical clustering of genes and samples represent the
most common method of unsupervised analysis of gene expression data. Heatmaps
were also successfully applied to the analysis and visualization of metabolomics
data. In the METAcancer study, breast cancer tissues could be well separated from
normal breast tissues using hierarchical clustering (Denkert et al. 2012). Further-
more, a new breast cancer subtype, characterized by increased glutamate and
decreased glutamine, could be discovered by clustering of breast cancer tissue
profiles (Budczies et al. 2015). This finding was obtained in a training data set and
could be confirmed in an independent validation data set. Finally, in (Terunuma
et al. 2014), a heatmap analysis showed distinct metabolite pattern in HR— breast
cancer of patients of West African ancestry compared to patients of European
ancestry.

Comprehensive comparison of the performance of supervised learning methods
in molecular high-throughput is difficult because of the multitude of methods
available and the dependence of some of the methods on external parameters.
However, the experiences from the analysis of gene expression data taught that
there is a tendency of simple methods (such as nearest centroid classification) to
perform comparable to or even outperform more complicated methods (such as
support vector machines or neuronal networks). A similar tendency was observed
when investigating the separation of malignant tissues of ovarian cancer, breast
cancer, and colon cancer from benign tumors or normal tissues (Budczies et al.
2012; Denkert et al. 2006, 2008). Important challenges of supervised pattern
recognition in molecular high-throughput data include the following: (1) to avoid
overfitting and (2) to secure that the reported classification rates are valid. These
challenges should be addressed by a suitable validation protocol. The multiple
random cross-validation protocol introduced by Michiels et al. represents the most
comprehensive method for validation (Michiels et al. 2005). Using the imple-
mentation as R package cancerclass (Budczies et al. 2014), the protocol was used
for the analysis of ovarian cancer, colon cancer, and breast cancer metabolomics
data (Budczies et al. 2012; Denkert et al. 2006, 2008).
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5 Metabolic Pathways and Functional Analysis

Decoding of the metabolic pathways represents one of the greatest achievements of
biochemistry during the last 100 years (German et al. 2005). After the sequencing
of the human genome was finished in the early 2000s, the richness of metabolic
pathway knowledge was integrated with genomic information and is available from
databases such as KEGG, HumanCyc, Reactome, and EHMN (Caspi et al. 2014;
Croft et al. 2014; Kanehisa et al. 2014; Ma et al. 2007). The atlas of pathways
represents a blueprint of the metabolic processes of the cell and includes the maps
of how cells produce energy as well as how the molecular building blocks of the
cellular structures are synthesized. This information represents a valuable source for
the improvement of worldwide health, particularly for cancer research.

Metabolomics and proteomics represent the systems biology tools to study
changes in the metabolic pathways acquired by the cancer cell. However, enrich-
ment analysis that is often applied for functional analysis of gene expression data is
less helpful in the context of metabolomics data for the following two reasons:
1. Using today’s metabolomics platforms, the coverage of the metabolome as well
as most of the metabolic pathways is incomplete. This limitation reduces the sen-
sitivity of the enrichment methods. 2. Important changes in a metabolic pathway
can involve the change of only a single or a few metabolites. Pathway changes of
this kind would be overlooked in an enrichment analysis.

One way to integrate metabolomics data with metabolic pathway knowledge is
to visualize the data in a map of enzymatic reactions. MetScape (Karnovsky et al.
2012) is an App for Cytoscape (Cline et al. 2007) providing a framework for
visualization and interpretation of metabolomics and gene expression data in the
context of the metabolic pathways. Inclusion of a metabolite in a MetScape analysis
requires that the chemical structure of the metabolite is known and annotated in
KEGG or NHMN. This limitation can be overcome using the bioinformatical tool
MetaMapp that includes metabolites not contained in the pathway databases and
unknown metabolites into metabolite networks based on chemical similarity and on
mass spectral similarity, respectively (Barupal et al. 2012).

METAtarget is another method to integrate metabolomics data with pathway
knowledge that focuses on substrate-product pairs of enzymatic reactions (Budczies
et al. 2010a). In breast cancer, the equilibrium of glutamine to glutamate and that of
glucose to glucose-6-phosphate were shifted to the product in HR— tumors com-
pared to HR+ tumors. A subsequent analysis of gene expression data identified
differential expressed enzymes that interconvert between these substrates and
products.

PROFILE clustering is a method to visualize and interpret metabolite changes in
the context of the network of enzymatic reactions (Denkert et al. 2008). PROFILE
clustering uses pathway information from the KEGG database to calculate the
distances between all pairs of metabolites included in a metabolomics data set
(metabolite distance). To this end, the minimal number of reactions to convert the
source metabolite in the target metabolite is calculated for each of these pairs. Then,
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metabolites are hierarchically clustered with respect to the metabolite distance and
the metabolite changes are visualized as a barplot above the clustering. In this way,
the complexity of the multidimensional metabolic network is projected to an order
along a one-dimensional axis. A PROFILE clustering of breast cancer GC-TOF-MS
data is shown in Fig. 1.
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Fig. 1 PROFILE clustering of 271 breast cancer tissues and 98 normal tissues with respect to 129
metabolites. Metabolites were identified and analyzed using GC-TOF-MS-based metabolomics to
cover the primary metabolism (Budczies et al. 2012, 2013). Metabolite increases that were detected
in the training set (2/3 of data) and could be validated in the validation set (1/3 of data) are marked in
blue. Top panel Metabolic pathways. Upper panel Fold changes between HR— and HR+ breast
cancer. Lower panel Fold changes between breast cancer and normal breast tissues. Bottom panel
Clustering of metabolites with respect to the distance (number of reactions needed to convert the
substrate into the product) in the network of metabolic pathways
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6 Comparison of Tumor and Normal Tissues

Metabolomics studies in large tissue cohorts have shown that breast cancer tissues
can be separated from normal tissues with high accuracy using both NMR-based and
MS-based technologies (Bathen et al. 2013; Budczies et al. 2012; Mackinnon et al.
1997). Typically, sensitivities and specificities around 95 % could be obtained. In
general, the —omics approach for tissue analysis is challenged by tissue inhomo-
geneity causing varying amounts of tumor, glandular, connective, and fat tissues in
the samples. However, it turned out that even those samples with tumor content as
low as 5 % could be separated from normal tissues using NMR (Bathen et al. 2013).
Furthermore, in a GC-TOF-MS study, it was shown that metabolite markers were
capable of distinguishing between breast cancer and normal breast tissues as well as
between breast cancer and adipose-rich tissues (Budczies et al. 2012). While the
NMR studies did not include metabolite identification in a systematic way,
GC-TOF-MS identified a list of 20 top primary metabolites (13 tumor tissue markers
and 7 normal tissue markers) that separated best between cancer and normal tissues
(Table 1). In the same study, it was shown that 79 % of the detected metabolites
were significant changes between tumor and normal tissues (p < 0.05 in training and
validation set). Furthermore, in a lipidomics study using UPLC-MS 70 % of the
detected lipids were significantly different in cancer compared to normal tissues even
at a very stringent p value cutoff (Hilvo et al. 2011). In detail, mainly membrane
phospholipids including PCs, PEs, PIs, SMs, and Cers were altered, while most of
the TGs were unaltered. It should be noted that it is unlikely that metabolomics will
be used as a primary cancer diagnosis tool, because other less complicated
approaches such as classical histopathology are well established for this purpose.
Nevertheless, the excellent results for separation of tumor and normal tissue provide
a strong validation of the method’s approach. In particular, this shows that despite all
changes related to tissue handling during and after surgery, metabolic differences are
stable enough in the tissue samples to be detectable.

In addition to this method validation, the comparison of normal tissue and tumor
tissue provides first insights into the abnormal metabolism of cancer. We have
developed PROFILE clustering as a tool for pathway-based analysis of the changes
between breast cancer and normal breast tissues in primary metabolism (Fig. 1).
The metabolic alterations included upregulation of many amino acids, changes in
TCA cycle, changes in glycerophospholipid metabolism, downregulation of the
benzoic acid family, upregulation of most of the nucleotides and their phosphates,
downregulation of the sugar cluster including sucrose, fructose, and glucose, and
downregulation of many free fatty acids. At first sight, the downregulation of fatty
acids seems to contradict the upregulation of fatty acid synthase (FASN) and
increased de novo fatty acid synthesis that is found in many cancers (Menendez and
Lupu 2007). However, this paradox would be resolved by a situation that de novo
fatty acid synthesis in breast cancer is increased, but free fatty acids are rapidly
metabolized to synthesize membrane phospholipids. Such a situation would be in
line with the results of lipidomics study that detected upregulation of various
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membrane lipids in cancer compared to normal tissues (Hilvo et al. 2011). Fur-
thermore, the GC-TOF-MS data show that equilibrium between ethanolamine and
phospho-ethanolamine was shifted toward phospho-ethanolamine in the cancer
tissues. The latter reaction is part of the Kennedy pathway, a way for de novo
synthesis of PEs and PCs from diacylglycerol as well as ethanolamine and choline,
respectively. The shift of the equilibrium from ethanolamine to
phospho-ethanolamine is in line with activation of the Kennedy pathway and rapid
membrane lipid synthesis from free fatty acids.

7 Metabolic Characterization of the Molecular Subtypes
of Breast Cancer

Multiple studies revealed a strong dependence of the breast cancer metabolome on
HR status, but not on HER2 status (Budczies et al. 2010b; Budczies et al. 2013;
Giskeodegard et al. 2010; Terunuma et al. 2014). Prediction of HR status was
feasible using either NMR data or GC-TOF-MS data at sensitivity and speci-
ficity >80 %. An overview of important metabolite alterations between HR— and
HR+ tumors is given in Fig. 1. The alterations include increase of beta-alanine and
xanthine in HR— breast cancer as well as changes of three metabolites in glutamine
metabolism. The role of glutamine metabolism and the oncometabolite 2-HG in
breast cancer is discussed in the next two sections.

In (Budczies et al. 2013), a correlation analysis of metabolomics data and
genome-wide gene expression data was carried out: Interestingly, beta-alanine
correlated strongly negative with the mRNA of ABAT, the enzyme that catalyzes the
degradation of beta-alanine to malonate semialdehyde (Rspearman = —0.62). Fur-
thermore, xanthine correlated strongly positive with the mRNA of XHD, the enzyme
that catalyzes the degradation of hypoxanthine to xanthine (Rspearman = 0.53). These
observations support the notion that distinct transcriptional regulation in HR— and in
HR + breast cancer contributes to different metabolomes in these molecular sub-
types. Finally, analysis of a large external gene expression data set showed that low
ABAT mRNA expression shortened relapse-free survival in breast cancer (hazard
ratio = 1.7, p = 3.2E—15). Low ABAT expression remained a negative prognostic
marker when analyzed separately in HR+ breast cancer (hazard ratio = 1.5,
p = 8.7E—08) and in HR— breast cancer (hazard ratio = 1.3, p = 0.028).

A lipidomics analysis of breast cancer tissues revealed that many phospholipids
(PCs, PEs and PIs) were increased in HR— tumors compared to HR+ tumors, while
TGs were not different (Table 1). Furthermore, even after normalization for the total
phospholipid content, certain phospholipids including PC (14:0/16:0) were
increased in HR— tumors (Hilvo et al. 2011). The authors concluded that products
of de novo fatty acid synthesis incorporated in membrane lipids were increased in
tumor tissues compared to normal tissues and highest in HR— and G3 tumors.
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8 Alteration of Glutamine Metabolism

PROFILE clustering of GC-TOF-MS data revealed pronounced changes in glu-
tamine metabolism in breast cancer tissues (Fig. 1): Glutamate and
2-hydroxyglutarate were increased in cancer compared to normal tissues, while
alpha-ketoglutarate was decreased. Comparing the molecular subtypes of breast
cancer, glutamate and 2-hydroxyglutarate were increased in HR— tumors compared
to HR+ tumors, while glutamine was decreased. Furthermore, positive correlation
(R = 0.56) of glutamine and glutamate in normal breast tissues changed to a neg-
ative correlation (R = —0.42) in breast cancer tissues (Budczies et al. 2015). To
quantify the dysregulation of the glutamine metabolism, the glutamate-to-glutamine
ratio (GGR) was introduced as a new biomarker. A cutoff point was introduced
based on the value of GGR in normal tissues and tissues above the cutoff were
considered as glutamate-enriched, while tissues below the cutoff were considered as
glutamate normal. Using this definition, 88 % of HR— tumors, 56 % of HR+ tu-
mors, and only 2 % of the normal tissues were glutamate-enriched. GRR may
represent a valuable biomarker in the context of a therapeutic inhibition of glu-
taminase, an enzyme that catalyzes the conversion of glutamine to glutamate. In
recent years, specific inhibitors of glutaminase 1 (GLS) including BPTES, 968 and
CB-839 have been developed (Gross et al. 2014; Robinson et al. 2007; Wang et al.
2010). CB-839 is currently tested in phase I clinical trials of solid and hematological
malignancies. The results on GGR in breast cancer support the notion that glu-
taminase inhibitors should evaluated in HR— tumors and selected HR+ tumors.

9 2-HG as Oncometabolite in Multiple Cancer Types

Three independent studies reported increased level of 2-hydroxyglutarate (2-HG) in
breast cancer tissues compared to normal breast tissues (Budczies et al. 2012; Tang
et al. 2014; Terunuma et al. 2014). Levels of 2-HG were higher in HR— tumors
compared to HR+ tumors and reached the highest levels in triple-negative breast
cancer (Budczies et al. 2013; Terunuma et al. 2014). On the other hand, 2-HG is
known as oncometabolite in gliomas and leukemias that is produced by
gain-of-function mutations in isocitrate dehydrogenase IDH1 or IDH2 (Morin et al.
2014). However, mutations in the IDHs in breast cancer are extremely rare: Ana-
lyzing all breast carcinomas in the COSMIC database, only 9/2179 (0.4 %) tumors
had IDH1 mutations and only 4/1927 (0.2 %) tumors had IDH2 mutations. So far,
only a single metastatic breast cancer case with IDH1 p.R132L was reported and it
was shown that 2-HG accumulated in the blood and the urine of this patient (Fathi
et al. 2014). However, in (Budczies et al. 2012) and in (Terunuma et al. 2014) about
half of the breast carcinomas had elevated 2-HG levels compared to the normal
tissues and none of tumors in the latter study had hot spot mutations in the IDH
genes. Thus, 2-HG accumulates in many breast carcinomas in an IDH-independent
way.
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2-HG accumulation is known to provoke a DNA-hypermethylation phenotype and
suppress histone-demethylation via the inhibition of alpha-ketoglutarate-dependent
dioxygenases (Morin et al. 2014). As shown before in AML cells (Figueroa et al.
2010), DNA-hypermethylation was associated with 2-HG accumulation in breast
cancer tissues (Terunuma et al. 2014). Furthermore, in the same study using a MYC
activation, it was shown that activated MYC correlated strongly with the accumula-
tion of 2-HG (odds ratio = 11.3). Thus, the authors developed the hypothesis of a
MYC-driven accumulation of 2-HG in breast cancer that could be validated in
proof-of-principle in vitro experiments. Furthermore, some evidence was obtained
that this regulation could be mediated by a mechanism of GLS1 activation by MYC
that is mediated via suppression of miR-23a/b that was described before (Gao et al.
2009).

2-HG is a chiral molecule with both enantiomers D-2-HG and L-2-HG occurring
in normal tissues at low concentrations (Struys et al. 2004). D-2-HG and not
L-2-HG was shown to be produced by mutated IDH1 and IDH2 in gliomas and
leukemias (Dang et al. 2009; Ward et al. 2010). Furthermore, it has been shown that
D-2-HG accumulates in a subgroup of breast carcinomas (Tang et al. 2014), while
L-2-HG has been identified as a putative oncometabolite in renal cancer (Shim et al.
2014). A pilot experiment in a single cell line showed that neither D-2-HG nor
L-2-HG was metabolized to any metabolite product in colorectal cancer cells
(Gelman et al. 2015). Both 2-HG enantiomers are known to be potent inhibitors of
alpha-ketoglutarate-dependent enzymes (Chowdhury et al. 2011; Xu et al. 2011).
Thus, although there are cancer-type-specific differences in the action of the D- and
the L-enantiomer (Losman et al. 2013), both enantiomers are believed to be capable
of acting as oncometabolites through the modification of DNA and histone
methylation patterns.

10 Discussion

During the last decade, the research field of cancer metabolomics enjoyed a
growing popularity that is reflected in more than 450 PubMed-indexed publications
on the subject in 2015. Both MS-based and by NMR-based metabolomics have
been established as reproducible technologies that can be used to analyze hundreds
of samples in a high-throughput manner (Larive et al. 2015; Liesenfeld et al. 2013).
While NMR-based metabolomics has the advantage of leaving samples unde-
stroyed and can by potentially applied in vivo, MS-based methods are more sen-
sitive and allow the identification of a higher number of metabolites. In breast
cancer tissues, 162 primary metabolites were identified using GC-MS, 230 complex
lipids were identified using UPLC-MS, and a total of 352 metabolites were iden-
tified using two separate LC-MS injections (Table 1). On the other hand, the
number of identified metabolites in NMR studies on breast cancer tissues was low
(10-20) and none of the NMR studies included a systematic identification and
statistical analysis of metabolite intensities.



Tissue-Based Metabolomics to Analyze the Breast Cancer Metabolome 171

Tissue-based metabolome analysis of breast cancer has revealed new insight into
the regulation of metabolism in the molecular subtypes of breast cancer and led to
the discovery of new diagnostic and prognostic biomarkers. Metabolomics and
lipidomics studies in large cohorts showed that the breast cancer metabolome
strongly depends on HR status and on tumor grade, but to a much lesser extend on
HER?2 status (Budczies et al. 2013; Hilvo et al. 2011). Low ABAT expression was
associated with beta-alanine accumulation and shortened relapse-free survival across
all subtypes of breast cancer as well as when analyzed separately in the HR+ subtype
and in the HR— subtype. Several studies have reported alterations in glutamine
metabolism in breast cancer. The glutamate-to-glutamine ratio (GGR) has been
introduced as a new biomarker and has been used to stratify breast tissues in either
glutamate-enriched or glutamate normal. The GGR could possibly be used as a
biomarker for stratification of patients for treatment with one of the new specific
glutaminase inhibitors that has recently entered the first clinical studies. A highly
interesting finding was the accumulation of 2-HG in some breast carcinoma that has
been reported in several studies (Budczies et al. 2013; Tang et al. 2014; Terunuma
et al. 2014). 2-HG has been described as oncometabolite in gliomas and leukemias
that acts through modification of DNA and histone methylation landscapes. Inter-
estingly, while not associated with IDH mutations in breast cancer, 2-HG accu-
mulation correlated with DNA-hypermethylation and poor outcome in breast cancer
(Terunuma et al. 2014). These findings may open new therapeutic options including
glutaminase inhibition or treatment with demethylating agents.

A fascinating feature of metabolome analyses is the multitude of three-
dimensional spatial structures as well as the multitude of biological functions of
the metabolites. However, these properties complicate a comprehensive analysis of
the metabolome in comparison with analysis of one-dimensional molecules such as
DNA, mRNA, and proteins. In fact, today’s metabolomics studies are limited to
detection of a few hundred metabolites in the human metabolome that is comprised
of several 10,000s of metabolites (Wishart et al. 2013). Several ways to improve the
coverage of the metabolome are expected to be implemented during the next years:
1. Extension of the spectral databases by including more metabolite standards. 2.
Combination of serval metabolomics platforms. 3. Development of specialized
metabolomics platforms for the profiling of specific molecule classes.

In summary, we reported on recent trends of tissue-based metabolomics of breast
cancer. Over the past few years, there were several discoveries that were to influ-
ence clinical practice of breast cancer diagnosis and treatment in the future: For
example, ABAT mRNA expression and beta-alanine accumulation represent
prognostic markers, while the glutamate-to-glutamine ratio and/or 2-HG accumu-
lation could be possible predictive markers for treatment with glutaminase inhibi-
tors. Numerous metabolites were found to differ between breast cancer and normal
breast tissues. This could potentially be exploited by new methods of screening, by
the investigation of body fluids and of imaging using magnetic resonance
spectrometry.
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A future challenge is to gain a better understanding of the causes of the meta-
bolism deregulation in cancer. Results reported before have shown the power of a
combined transcriptomics and metabolomics approach. It should be stressed that the
information content in a multiomics data set is much higher than in separate
single-omics data sets because of the vast amounts of information contained in the
cross-correlations between different molecule types. Therefore, combining meta-
bolomics data with other kinds of —omics data, especially with comprehensive
proteomics data ideally obtained from the same tissues, appears a promising
approach for a deeper insight into metabolism deregulation and the uncovering of
new therapeutic options.
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Abstract

Molecular imaging employing PET/CT enables in vivo visualization, characteri-
zation, and measurement of biologic processes in tumors at a molecular and cellular
level. Using specific metabolic tracers, information about the integrated function of
multiple transporters and enzymes involved in tumor metabolic pathways can be
depicted, and the tracers can be directly applied as biomarkers of tumor biology. In
this review, we discuss the role of F-18-fluorodeoxyglucose (FDG) as an in vivo
glycolytic marker which reflects alterations of glucose metabolism in cancer cells.
This functional molecular imaging technique offers a complementary approach to
anatomic imaging such as computed tomography (CT) and magnetic resonance
imaging (MRI) and has found widespread application as a diagnostic modality in
oncology to monitor tumor biology, optimize the therapeutic management, and
guide patient care. Moreover, emerging methods for PET imaging of further
biologic processes relevant to cancer are reviewed, with a focus on tumor hypoxia
and aberrant tumor perfusion. Hypoxic tumors are associated with poor disease
control and increased resistance to cytotoxic and radiation treatment. In vivo
imaging of hypoxia, perfusion, and mismatch of metabolism and perfusion has the
potential to identify specific features of tumor microenvironment associated with
poor treatment outcome and, thus, contribute to personalized treatment approaches.
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1 Introduction

The methods for noninvasive molecular imaging based on nuclear medicine tech-
nology, such as positron emission tomography (PET), allow highly sensitive in vivo
visualization of general metabolic processes within cancer cells (Jacobson and Chen
2013). In vivo imaging of tumor cell metabolism with PET has been remarkably
successful in recent years (Plathow and Weber 2008). PET is a modality based on
nuclear medicine technology, with lower spatial resolution than the morphological
imaging methods such as computed tomography (CT) and magnetic resonance
imaging (MRI), however, with excellent sensitivity (Mawlawi and Townsend 2009)
and the potential to provide quantitative information on biochemical processes
within tissues or on specific target macromolecules within the human body
(Jacobson and Chen 2013). Metabolic imaging, in comparison with other molecular
imaging probes, such as receptor ligands, does not target the expression of one
molecule but provides information about the integrated function of multiple
transporters and enzymes involved in a metabolic process (Plathow and Weber
2008). Being able to highlight the areas of abnormal metabolism of cancer cells,
PET in combination with computed tomography (PET/CT) or magnetic resonance
imaging (PET/MRI) has become an important component of cancer imaging and an
integral part of the management of cancer patients.

Several molecular pathways are responsible for the formation, development, and
aggressiveness of cancer. Oncogenic signaling, loss of suppressor genes, or adap-
tation to the tumor microenvironment have been shown to result in quantitative and
qualitative alterations of tumor metabolism (Bui and Thompson 2006; Kim and
Dang 2006). The best-known alteration of energy metabolism in cancer cells is
increased glycolysis. F-18-fluorodeoxyglucose (FDG) PET is by far the most
commonly used PET imaging technique enabling the visualization of glucose
metabolism of cancer cells in vivo. FDG PET/CT is widely used for cancer
detection, mostly for staging the extent of spread of newly diagnosed or recurrent
cancers (Kelloff et al. 2005). Numerous clinical trials have also shown that meta-
bolic imaging can significantly impact patient management by improving treatment
planning, especially of image-guided techniques such as radiation therapy and
stereotactic surgery, and monitoring of tumor response to therapy (Plathow and
Weber 2008).

There is a wide range of FDG uptake in different tumors. Most of the malignant
tumors, such as lung cancer, melanoma, breast cancer, and aggressive lymphoma,
show robustly elevated FDG uptake in the untreated state rendering FDG the most
widely used PET tracer in oncology (Macapinlac 2004; Vansteenkiste 2003; Weber
et al. 2003). Other tumor entities, however, such as early prostate cancer and
well-differentiated hepatocellular carcinoma, differentiated thyroid carcinoma, and
low-grade gliomas have consistently low uptake, and FDG PET has not proven
useful for cancer detection and staging (Khan et al. 2000). The limited applicability
of FDG in these less aggressive or less glycolytic tumors, as well as the limited
specificity, e.g., accelerated energy consumption in inflammation and tissue repair
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in response to damage, brings the necessity for imaging probes targeting other
pathways and biologic processes. Therefore, a multitude of different tracers have
been applied for use in specific tumors, although only very few of these tracers have
gained widespread clinical use so far such as F-18-fluoroethyl-tyrosine (FET) in
gliomas, Ga-68-labeled somatostatin receptor analogues in neuroendocrine tumors,
or choline derivatives and most recently Ga-68-PSMA in prostate cancer.

Besides PET, single-photon emission computed tomography (SPECT) is another
modality for imaging cancer that uses radioactive imaging probes. However,
SPECT isotopes emit only one photon upon decay and require physical collimation;
thus, the SPECT technique is less sensitive than PET and does not allow absolute
quantitative measurements of tracer accumulation (Rahmim and Zaidi 2008). In this
review, the discussion on metabolic imaging, therefore, is restricted to PET tech-
nology. We summarize the use of PET to depict glucose metabolism, hypoxia, and
perfusion in tumors and describe the techniques for noninvasive imaging of these
processes.

1.1 PET Technique, Radiopharmaceuticals

PET imaging is based on the selection of a suitable carrier molecule, which is
specific for the function to be examined. In order to trace the kinetics and spatial
distribution of the carrier molecule in the body after intravenous injection and to
derive the desired functional information, the carrier molecule is radiolabeled with a
positron emitter artificially created, e.g. in a cyclotron. For the purpose of metabolic
PET imaging, these are mostly defined biologic molecules, naturally present in the
body (e.g., sugar, protein, or DNA elements). The radioactively labeled molecule is
than referred to as “tracer.” The emitted positron, arising from the radioactive label,
travels a short distance (typically 1-2 mm or less) in human tissue until it interacts
with target electrons. Both particles are then annihilated, resulting in two opposing
511 keV photons. These y-ray photons arrive simultaneously at the PET camera
detectors, arranged in a ring-shaped array, surrounding the patient. PET enables
four-dimensional (three-dimensional spatial and temporal), quantitative determi-
nation of the distribution of radioactivity within the human body. The raw PET
dataset uses only simultaneously detected, coincident, photon pairs at different
projections through the body, from which a 3D image of the radiopharmaceutical
concentration can be reconstructed mathematically (Yu and Mankoff 2007). The
advantage of the radioactive labeling results from the fact that radioactive decay can
be detected with very high sensitivity, so that only very low tracer doses are
required for imaging. In PET, typical tracer doses lie in the ng or pg range which is
usually far below any pharmacodynamic effects which could interfere with the
measured processes. This is an important fact because any relevant interference of
the tracer altering the underlying process would distort the measurement itself.
For radiolabeling, various positron emitters are available, including the carbon
isotope C-11 and fluorine F-18. These nuclei are commonly found in biologic
tissue; thus, the radiopharmaceuticals used in PET technology could be chemically
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identical to close analogues of naturally occurring molecules (Yu and Mankoff
2007). The advantage of labeling with C-11 is that the chemical properties of the
carrier molecule are not altered when a stable C-12 atom is replaced by a
radioactive carbon-11 atom. However, the short half-life of C-11 of approximately
20 min requires both an onsite cyclotron production and production of a tracer dose
per patient which both hamper routine clinical use. F-18 has a longer half-life
(110 min) and, thus, is better applicable in the daily routine even allowing shipment
of the tracer within a transportation range of a few hours. However, fluorinated
analogues of native biologic molecules may not perfectly match the biochemical
properties of the native molecule; therefore, F-18 radiopharmaceuticals often
require thorough validation as quantitative markers of the respective biochemistry
and molecular biology.

2 F18-FDG PET

In 1924, Otto Warburg observed in thin slices of human and animal tumors ex vivo
that tumor cells use glycolysis despite oxygen availability and metabolize more
glucose to lactate than normal cells (Warburg et al. 1927). The shift toward lactate
production in cancers, even in the presence of adequate oxygen, is termed the
Warburg effect or aerobic glycolysis (Bensinger and Christofk 2012; Upadhyay et al.
2013). PET imaging with the glucose analogue FDG verified Warburg’s hypothesis
of altered glucose metabolism of cancer cells several decades later (Upadhyay et al.
2013). FDG has its origin in the work of Sokoloff et al., who developed a method to
measure regional cerebral glucose metabolism in animals using C-14-deoxyglucose
autoradiography (Sokoloff 1977). C-14-deoxyglucose is transported into cells in
parallel with glucose and is phosphorylated by hexokinase to C-14-deoxyglucose-
6-phosphate. Because it lacks a hydroxyl group at the 2 position, it is prevented from
being a substrate of enzymes farther down the glycolytic pathway and thus trapped
into the cell. This concept was adopted with the development of FDG. FDG, which
also lacks a hydroxyl group in the 2 position, enters cancer cells similar to glucose
via glucose transporters GLUT1 and GLUT3 and is subsequently phosphorylated by
hexokinase to FDG-6-phosphate (Fig. 1a). While glucose-6-phosphate undergoes
further isomerization to fructose-6-phosphate in the glycolytic pathway or oxidation
to 6-phosphogluconolactone in the pentose phosphate pathway, FDG-6-phosphate
cannot be further catabolized due to the lack of an oxygen atom at the C-2 position
(Fig. 1b). FDG-6-phosphate is unable to diffuse out of cells due to its negative
charge, and dephosphorylation occurs very slowly. Therefore, FDG-6-phosphate
becomes trapped within the cell and accumulates at a rate proportional to glucose
utilization (Fig. 1) (Phelps et al. 1979; Reivich et al. 1977). Thus, FDG uptake
depends on both glucose transporter expression (Szablewski 2013) and hexokinase
activity (Mathupala et al. 1997). Unlike glucose, FDG is not reabsorbed after
glomerular filtration but excreted with the urine. This contributes to the rapid
clearance of FDG from the blood resulting in a low background activity, which is
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Fig. 1 a The molecules of fluorodeoxyglucose and glucose: a hydroxyl group is exchanged for
F-18 at the C-2 position. b FDG accumulation: FDG enters the cell via glucose transporters
(GLUT) and is subsequently phosphorylated by hexokinase to FDG-6-phosphate. While
glucose-6-phosphate undergoes further metabolism, FDG-6-phosphate cannot be further catabo-
lized. FDG-6-phosphate thus becomes trapped in the cell and accumulates at a rate proportional to
glucose utilization

important for imaging metabolically active tissues with high contrast (Weber et al.
2003).

It is worth to note that the usage of metabolic tracers is based on the assumption
that the tracer follows the same biochemistry, both transport and metabolism, as the
compound being traced. This requirement is satisfied when one of the carbon atoms
in glucose, for example, is substituted with a C-11 atom (Krohn et al. 2005).
However, many C-11-labeled molecules, including C-11 glucose, are rapidly
metabolized to C-11-CO,, which leaves promptly the region being imaged. Different
approaches are used as described by Sokoloff et al. to modify the tracer so that the
metabolic product is trapped in the tissues. However, the fluorinated derivatives of
glucose are chemically distinguishable from the authentic molecules that they are
intended to trace. This raised the question how FDG measures the biochemistry of
the native substrate glucose. Several studies validated the differences in membrane
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transport and kinetics of phosphorylation between glucose and 2-deoxy glucose. The
so-called lumped constant has been used to account for differences between glucose
and 2-deoxy glucose and to approximate the glycolytic rate. The original approach
of Sokoloff has been extended to FDG and has been reliably validated in human
brain studies for example, by Krohn et al. accounting for a lumped constant (LC) of
approximately 0.8 and providing confidence that the metabolic rate of glucose in
normal human brains can be inferred from dynamic imaging and modeling of the
alternative substrate FDG (Krohn et al. 2005). This has not been confirmed in the
case of pathologic tissues and especially in tumors. The variable tumor enzymology
as well as differences in membrane transport between malignant and nonmalignant
cells as well as the extracellular glucose concentration, which are determinants of the
LC, contribute to relevant variability of the LC between tumor tissues and have been
shown to be different than that in normal brains. Krohn et al. recommended to refer
to the metabolic rates measured by FDG PET as the metabolic rate of FDG rather
than the glucose metabolic rate (Krohn et al. 2005).

2.1 Biomarker for Altered Cancer Metabolism

FDG is meanwhile an established biomarker, which can be used for objective
measurements of cancerous signatures. Although the regulation of genes encoding
glucose transporters and hexokinases has not been fully elucidated, oncogenic
signal transduction pathways are shown to directly stimulate transcription of these
genes and trigger glycolysis (Kelloff et al. 2005). The correlation between GLUT or
hexokinase expression levels and FDG uptake was found variable and in some
studies even low, most probably due to the different regulatory mechanisms of
transport and phosphorylation (Buerkle and Weber 2008). Also, the correlation
between FDG uptake and cellular proliferation has been found to be variable, and in
some cases, no significant correlation between tumor FDG uptake and the Ki-67
labeling index was found (Buerkle and Weber 2008). In direct comparison, a much
closer correlation between uptake of the thymidine analogue fluorothymidine and
Ki-67 was reported (Buck et al. 2003). In several studies, a significant correlation
between FDG uptake and grading has been described, but generally the association
was weak with considerable overlap between the individual tumor grades. Rela-
tively strong correlations between tumor grading and FDG uptake have been
reported in patients with gliomas and sarcomas (Di Chiro et al. 1982; Folpe et al.
2000). Another example is the hepatocellular carcinoma where FDG uptake was
associated with the expression of pSTAT3 (signal transducer and activator of
transcription 3), HIF-la, and GLUT1 correlating with poor differentiation and
vascular invasion (Mano et al. 2014). In a report differentiating between liver
metastases and hepatocellular carcinoma, Izuishi et al. (Izuishi et al. 2014) found
variations in the expression of glucose metabolism-related enzymes between HCC
and metastases attributed to the origin or degree of differentiation; low FDG uptake
in moderately differentiated HCC reflected low GLUTI1 and high glucose-6-
phosphatase (G6Pase) expression, while high FDG accumulation in poorly
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differentiated HCC could reflect increased GLUT1 and decreased G6Pase expres-
sion. Although cellular proliferation and differentiation influence the FDG uptake,
the high metabolic rates of malignant tumors cannot be explained by increased
proliferation or loss of cellular differentiation alone (Buerkle and Weber 2008). As
recently summarized by Plathow and Weber (Plathow and Weber 2008), there are
different models fitting the explanation of the relationship between tumor devel-
opment and glucose metabolism: (i) upregulation of glycolysis or upregulation of
membrane transporters as an adaptation to hypoxia and consequent adaptation
through resistance to apoptosis; (ii) increased glycolysis caused by genetic alter-
ations that lead to uncontrolled activity of oncogenes; and (iii) mitochondrial
dysfunction. All of these contributing factors are found resulting in the activation of
the same effector mechanism, the stabilization of the transcription factor HIF-1
(hypoxia-inducible factor 1) (Plathow and Weber 2008). Hypoxia-inducible factor 1
is a heterodimeric transcription factor consisting of HIF-1a and HIF-1f subunits
(Semenza 2003; Semenza 2007). HIF-1a expression and transcriptional activity
increase exponentially as cellular O, concentration is decreased. Well over 100
target genes that are activated by HIF-1 have been identified which protein products
mediate a switch from oxidative to glycolytic metabolism including those genes
encoding erythropoietin, glucose transporters, glycolytic enzymes, and vascular
endothelial growth factor (Semenza 2013). HIF-1 is also activated in cancer cells by
tumor suppressor loss of function (e.g., VHL) and oncogene gain of function
(leading to PI3K/AKT/mTOR activity) and mediates metabolic alterations that
drive cancer progression and resistance to therapy (Semenza 2013). An increasing
number of studies elaborate on the expression patterns of biologic markers related
to glucose metabolism. In a xenograft model for colorectal carcinoma, tumor
hypoxia and tumor metabolism were linked through the activation of metabolic
genes following HIF-1 activation. Chemical induction of functional HIF-1 resulted
in increased FDG uptake in vitro and in vivo, colocalized to carbonic anhydrase 9
(CA-9) and GLUT1 expression (Mees et al. 2013). Also in cancer of the tongue,
correlations between SUVmax (SUV—standardized uptake value) and expression
of HIF-1a, CA-9, and GLUT-1 were observed (Han et al. 2012). Kaira et al. (Kaira
et al. 2011) showed that FDG uptake in NSCLC was significantly associated with
GLUT]1, hexokinase, HIF-1a, vascular endothelial growth factor (VEGF), CD34,
p-AKT (protein kinase B), p-mTOR (mechanistic target of rapamycin), and epi-
dermal growth factor receptor (EGFR). PTEN (phosphatidylinositol-
3,4,5-trisphosphate 3-phosphatase) expression showed inverse correlation with
FDG uptake. In vitro, FDG uptake was markedly decreased by the inhibition of
GLUT! and increased by GLUT1 upregulation by the induction of HIF-1a. NSCLC
cells with PTEN loss showed the highest FDG uptake and the least sensitivity to
mTOR inhibitors. In a further study, lactate dehydrogenase A (LDHA) was shown
to increase FDG accumulation in adenocarcinomas of the lung by the upregulation
of GLUT1, but not HK2, expression possibly via the AKT-GLUT1 pathway (Zhou
et al. 2014). However, in gastric cancer, SUV was correlated only moderately with
HIF-1a, but not with the expression of PCNA (proliferating cell nuclear antigen),
HK2, or GLUTI1. The authors therefore hypothesized that FDG accumulation
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represented tissue hypoxia rather than proliferative activity (Takebayashi et al.
2013). In a multitracer study of patients with oral squamous cell carcinoma, an
association of HIF-1a expression to uptake of F-18-fluoromisonidazole (FMISO), a
marker for cellular hypoxia, was detected, but no significant correlation between
FDG and HIF-1a expression was found (Sato et al. 2013). There is increasing
evidence that important oncogenes play a key role in regulating cellular glucose
metabolism, including Aktl, c-MYC, HER2/neu, Wntl, or H-Ras (Buerkle and
Weber 2008; Alvarez et al. 2014). In NSCLC, SUVmax was shown to be associated
with p53 and ERCC1 (excision repair cross-complementing gene 1), p53 expres-
sion being the primary predictor for FDG tumor uptake (Duan et al. 2013). It was
recently stated that the oncogenic pathway activated within a tumor is a primary
determinant of its FDG uptake, mediated by key glycolytic enzymes (Alvarez et al.
2014). The same authors showed that FDG uptake correlated positively with the
expression of HK2 and HIF-1a, where the correlation between HK2 and FDG
uptake was independent of all variables tested, including the initiating oncogenes.
The authors, therefore, suggested that HK2 is an independent predictor of FDG
uptake (Alvarez et al. 2014). In breast cancer subtypes, based on estrogen receptor
(ER), progesterone receptor (PR), and HER2 expression, quantitative FDG PET
parameters were significantly higher in the ER-negative group and the PR-negative
group (Yoon et al. 2014). Association between elevated SUVmax and absence of
ER expression was also found by other groups, as well as associated with positive
HER?2 phenotype, pleomorphism, mitosis count, lymphatic invasion, necrosis, and
triple receptor negativity, accounting for the variable FGD uptake in breast cancer
subtypes (Ekmekcioglu et al. 2013; Garcia Garcia-Esquinas et al. 2014).

2.2 Quantitative Imaging

The uptake of FDG into tissue reflects both transport and phosphorylation of glu-
cose by the cells. Once images are obtained, there are several ways to analyze and
interpret the data. The simplest method is qualitative imaging, which, however, fails
to take full advantage of the inherently quantitative nature of PET data (Yu and
Mankoff 2007). Quantification of tracer uptake or kinetics can be performed on
several levels of complexity: semiquantitatively or quantitatively (from dynamic
FDG PET acquisitions) using pharmacokinetic analysis. Most commonly, uptake is
quantified using the standardized uptake value (SUV), i.e., the FDG tissue activity
concentration at a single time point, normalized to the administered activity and a
measure for distribution volume such as body weight or lean body mass. However,
the FDG concentration measured in a tissue by PET is the summed up signal of
three components of radioactive FDG: phosphorylated intracellular FDG, FDG in
equilibrium between interstitial and intracellular space, and nonphosphorylated
intravascular FDG (Buerkle and Weber 2008). Only the first component, the
amount of phosphorylated intracellular FDG, is directly related to the metabolic
activity of tumor cells. Static measurements of FDG uptake, which cannot differ-
entiate these three components of the PET signal, therefore are not necessarily
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correlated with glucose metabolic rates (Buerkle and Weber 2008). The basic
assumption underlying the use of the SUV is that at sufficiently late time points
after injection, the concentrations of intravascular FDG and nonphosphorylated
intracellular FDG become so small that they can be neglected when compared to the
concentration of phosphorylated FDG in the tumor tissue (Buerkle and Weber
2008). Although SUV can be easily obtained from routine whole-body PET scans
and is widely used in the clinical routine, it can be influenced by a variety of factors
other than glucose metabolism, e.g., the time between injection and imaging, the
size of the lesion, image reconstruction parameters, and the spatial resolution of the
PET scanner but also by patient factors such as kidney function and volume of
tumor vasculature. In order to measure metabolic rates of FDG, it is necessary to
image the time course of FDG uptake by the tissue and its clearance from the blood.
This more sophisticated approach uses dynamic PET imaging and kinetic analysis
where the blood clearance curve is obtained in addition to the dynamic PET tumor
images and serves as an input to compartment models from which relevant kinetic
parameters can be estimated. Dynamic scanning for at least 1 h after injection, as
well as an input function based on arterial blood samples, are required (Fig. 2d). In
some cases, e.g., thoracic studies, the latter can be derived from large enough
vascular structures within the field of view, i.e., image-derived input function, but
arterial catheterization and frequent sampling are otherwise required (Kelloff et al.
2005). A mathematical analysis of these data can be used to provide parametric
images of the PET tracer’s biochemistry in terms of transport parameters and a
metabolic flux. The autoradiographic method of Sokoloff for measuring regional
metabolic rates of glucose in the brain of rats using C-14-deoxyglucose (Sokoloff
1977) has been modified for human studies using FDG PET by Phelps et al. (Phelps
et al. 1979) and Reivich et al. (Reivich et al. 1979). Mostly, the two-tissue
three-compartment model with four rate constants K1, k2, k3, and k4 is used, often
simplified by assuming that the dephosphorylation rate of FDG-6-phosphate is
small enough that it can be ignored (k4 = 0) (Fig. 2e). The metabolic rate of
glucose (MRglu) can be calculated from the equation below, where Cglu is the
concentration of glucose in plasma and LC is the lumped constant:

_ Cglu KIik3

MRglu — A
Y =L k21 k3)

Only later it was recognized that a simplified graphical method for tracer kinetic
modeling assuming k4 = 0, the Patlak—Gjedde analysis, can be used that allows the
determination of a rate constant (Ki) for the net influx of FDG in the tumor. In
contrast to compartment modeling, Patlak—Gjedde analysis is less sensitive to errors
in individual data points of the blood— and tissue time-activity curves, leading to
more robust and reproducible results (Minn et al. 1995; Weber et al. 2000). For
clinical practice and even for most research questions, estimation of SUV is the
most relevant approach, while kinetic modeling is the indispensable step in new
tracer development and tracer biokinetic studies.
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Fig. 2 Normal distribution of FDG (a). Increased metabolic activity in lesions of patients with
NSCLC stage II B (T2a N1 MO) (b) and stage IV (T1b N3 M1) (¢). d Typical time course of FDG
uptake by malignant tumors and FDG clearance from the blood. e Two-tissue three-compartment
model: the kinetic model for the measurement of glucose transport and phosphorylation rate using
FDG

There are also studies indicating that kinetic analysis of FDG PET might capture
some auxiliary information on tumor biology, especially in regard to the prediction
of treatment response. Tseng et al. (Tseng et al. 2004) used a two-tissue com-
partment model to describe the FDG kinetics in patients with locally advanced
breast cancer which obtained FDG PET prior to and after cytotoxic chemotherapy.
Chemotherapy induced a decline of tumor growth resulting in a decline of glucose
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metabolism, above average in comparison with blood flow, identifying the phos-
phorylation step (k3) as a rate-limiting factor for FDG accumulation. The decline of
k3 indicated that the cytotoxic treatment induced a shift in the kinetic pattern of
FDG, driven by the rate of phosphorylation (k3) relative to glucose delivery (K1).
This implicated that anaerobic metabolism and hypoxia have been diminished with
treatment and the tumor-specific aberrant glucose metabolism returned to a state of
normal conditions. Tumors that responded to therapy showed a decline in the FDG
blood-to-tissue transport (K1) and glucose metabolism (Ki) similar to normal tissue,
whereas a persistent imbalance between glucose transport and glucose metabolism
was associated with a more aggressive tumor behavior (Tseng et al. 2004).
Besides the quantitative assessment of metabolic parameters, further approaches
for advanced tumor characterization are emerging in recent years and summarized
under the general term “radiomics” (Lambin et al. 2012). The underlying concept is
that human cancers exhibit strong phenotypic differences that can be visualized
noninvasively by medical imaging. Radiomics refers to the comprehensive quan-
tification of tumor phenotypes by applying a large number of quantitative image
features (Lambin et al. 2012). In the focus of these analyses are the prognostic
signatures, capturing intratumor heterogeneity, associated with underlying gene
expression patterns (Aerts et al. 2014). Solid cancers have extraordinarily spatial
and temporal heterogeneity at different levels: genes, proteins, cells, microenvi-
ronment, tissues, and organs (Lambin et al. 2012; Aerts et al. 2014). This limits the
use of biopsy-based molecular assays but in contrast gives a huge potential for
noninvasive imaging, which has the ability to capture intratumoral heterogeneity in
a noninvasive way. Heterogeneity of FDG uptake within the tumor is hypothesized
to reflect this biologic variability. Therefore, tumor heterogeneity detected by
FDG PET appears promising for the prediction of therapy outcome. Two types of
tumor heterogeneities based on FDG PET images are discussed in the literature:
(i) heterogeneity of tracer uptake (voxel values) in the tumor lesion and (ii) spatial
(shape) irregularity of the lesions (Apostolova et al. 2014). A number of different
measures have been proposed for both types, the majority for the characterization of
the voxelwise heterogeneity of tracer uptake (Chicklore et al. 2013; Cook et al.
2013; El Naqa et al. 2009; Tixier et al. 2012; Tixier et al. 2014; Tixier et al. 2011).
Also, several measures of shape heterogeneity of the FDG uptake in tumors were
proposed that have been associated with progression-free survival and overall
survival in sarcomas as well as in tumor patients with head and neck cancer and
cervical carcinoma (Apostolova et al. 2014; El Naqa et al. 2009; Eary et al. 2008).

2.3 Clinical Applications

FDG PET is mostly used for diagnosis, staging, and restaging of a variety of
malignant tumors, including nonsmall-cell lung cancer, melanoma, lymphoma, and
esophageal, head and neck, pancreatic, and colorectal cancers. In these and other
tumor entities, FDG PET has shown a significant impact on clinical management.
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One of the first indications, where FDG PET was evaluated as a noninvasive tool,
was the characterization of solitary pulmonary nodules (SPN), demonstrating the use
for characterizing the likelihood for malignancy in mass lesions that are not
amenable for biopsy. Numerous studies found that PET had relatively high accuracy
with the majority of FDG-avid lesions being malignant and nonavid lesions being
benign, defining further strategies as active treatment or conservative management
(Dewan et al. 1995; Gould et al. 2001; Gupta et al. 1992; Keith et al. 2002).

The role of FDG PET in cancer staging is meanwhile confirmed in many
prospective cohorts of patients with different cancer types. In NSCLC, FDG PET/CT
is known to lead to stage migration in 30 % of the cases and to modification of
treatment in 20-30 %, including avoidance of a futile thoracotomy (Taus et al.
2014). PET/CT has shown better accuracy for mediastinal lymph node staging than
conventional imaging with a sensitivity of 85 % and a specificity of 90 %, compared
to 61 and 79 % in case of CT, respectively (Gould et al. 2003), as in Fig. 2.

FDG PET/CT is also playing an increasing role in radiotherapy treatment
planning. Due to the contrast afforded by differential FDG uptake in cancer cells,
while still providing anatomic landmarks, PET/CT offers the potential for improved
differentiation of malignant from benign tissues and, therefore, more accurate
definition of the gross tumor volume. The advantage of radiotherapy planning based
on FDG PET/CT has been demonstrated in esophageal cancer (Leong et al. 2006),
rectal cancer (Withofs et al. 2014), and NSCLC (Bradley et al. 2004; Vanuytsel
et al. 2000; Mah et al. 2002).

FDG PET/CT is also increasingly used for monitoring tumor response to therapy.
One of the major theoretical advantages of PET compared with structural imaging
techniques is that there is usually a more rapid decline in tumor metabolism than in
tumor size after tumor-specific therapies. Numerous studies have demonstrated that
reduction in FDG uptake correlates with subsequent clinical and radiological
response, and treatment-induced changes in tumor FDG uptake correlate with patient
survival (Allen-Auerbach and Weber 2009). This has led to recommendations for
wider use of FDG PET/CT in therapeutic response assessment. For chemotherapy
and radiotherapy, there is considerable evidence that reduction of FDG uptake is
caused by a loss of viable tumor cells (Weber and Wieder 2006). However, the close
relationship between various oncogenic signaling pathways and tumor glucose
metabolisms suggests that drugs targeting these signal transduction pathways may
have a more direct effect on cellular glucose metabolism (Plathow and Weber 2008).
One of the most dramatic examples of these direct effects is the rapid reduction of
FDG uptake in gastrointestinal stromal tumors (GISTs) following treatment with an
agent that blocks the c-kit oncogene product. Metabolic response can be apparent
within 24 h of commencing treatment (Fig. 3) (Treglia et al. 2012; Holdsworth et al.
2007). Moreover, the decrease in FDG uptake after the onset of treatment seems to
be related to a positive treatment result and a prolonged progression-free survival. In
this setting, the typical morphological response evaluation criteria in solid tumors
(RECIST) have been shown to perform poorly, as tumors may become more
hypodens on CT and even increase in size after treatment (Holdsworth et al. 2007).
Another example of successful application of FDG PET is the management of
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Fig. 3 Patient with a disseminated abdominal GIST tumor: a baseline PET, b restaging PET
14 days after initiation of imatinib treatment showing metabolic response in the majority of
abdominal lesions. Transversal planes of FDG PET, attenuation CT and fusion PET/CT prior to
therapy (c), and 14 days after initiation of imatinib (d)

lymphomas (Cheson et al. 2014). Conventional methods have low specificity for
distinguishing viable lymphoma or fibrotic scar tissue after treatment. Since changes
in tissue function predate volume changes, it is possible to assess response using
functional imaging. Thus, FDG PET is being increasingly used for restaging after
treatment of Hodgkin’s lymphoma and aggressive non-Hodgkin’s lymphomas
(Specht 2007). Studies have demonstrated that normalization of FDG PET findings
early in the course of chemotherapy is associated with an excellent prognosis in
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children with Hodgkin’s lymphoma, whereas children who still have positive PET
findings after, for example, 2 courses of chemotherapy experience a significantly
higher relapse rate (Furth et al. 2009; Hutchings et al. 2014; Hutchings et al. 2006).
In trials on adults with Hodgkin’s lymphoma, treatment intensity is either increased
or reduced depending on the early interim FDG PET result (Hutchings et al. 2014;
Gallamini et al. 2014; Kostakoglu and Gallamini 2013). Patients with negative
interim FDG PET findings do not receive radiotherapy at the end of chemotherapy
despite residual morphological tumor masses as depicted by CT and/or MRI. The
ability to predict tumor response early in the course of therapy offers the opportunity
to intensify treatment in patients who are unlikely to respond to first-line
chemotherapy. Conversely, treatment could be shortened in patients who show a
favorable response in order to avoid toxicity (Hutchings et al. 2014; Hutchings et al.
2006; Gallamini et al. 2014; Kostakoglu and Gallamini 2013).

After treatment, FDG PET is valuable for restaging and is used in this setting to
detect recurrent or residual disease or to determine the extent of a known recurrence.
Improved treatment selection and planning could be facilitated by more accurate
detection of residual disease and the definition of its extent. FDG PET is less
susceptible to the effects of prior treatments, and the metabolic patterns are more
distinctive for differentiation of scar tissue. This setting was confirmed in restaging
studies of lymphoma (Cheson et al. 2014), NSCLC (Eschmann et al. 2007), colon
carcinoma (Kalff et al. 2000), head and neck cancer, etc. (Ul-Hassan et al. 2013).

Another application where FDG PET is of particular utility is in detecting
suspected malignancy, for example depicting the primary tumor in metastatic
patients with unknown primary (CUP syndrome), or in patients suffering from
paraneoplastic syndrome without obvious primary (Wilkinson et al. 2003), or in the
situation of elevated suspicious tumor markers (Shammas et al. 2007).

Finally, the potential role of PET in characterizing the biologic nature of the
tumor and serving as a prognostic biomarker increasingly gains consideration in the
clinical routine. High-grade gliomas had higher FDG uptake than low-grade glio-
mas, and FDG uptake was shown to be associated with longer survival (Di Chiro
et al. 1982; Di Chiro and Bairamian 1988; Patronas et al. 1985). In thyroid cancer,
FDG PET signifies the conversion of differentiated to dedifferentiated cancer in
iodine-131-negative recurrences and defines the clinical and therapeutic manage-
ment as well as the prognosis (Caetano et al. 2014). In neuroendocrine tumors, FDG
uptake was also shown to be correlated with grading and to be predictive for
survival in GEPNET patients (Bahri et al. 2014; Simsek et al. 2014). In various
sarcoma entities, FDG PET SUV has been shown a reliable and independent marker
for risk assessment and patient survival (Brenner et al. 2004, 2006a, b).

3 Hypoxia and Tumor Perfusion
The most fundamental process of any living cell in all aerobic life forms is the

capability to use oxygen in the production of energy. Transported via oxyhe-
moglobin, oxygen is used in a chain of mitochondrial redox reactions to produce
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ATP in oxidative phosphorylation. This principal method is the common ground for
both normal healthy cells and tumor cells, because it is the most efficient way to
nurture cell metabolism and proliferation in the presence of oxygen. Differences
begin to appear when these two entities of cells suffer from deprivation of oxygen.
Otherwise, normal cells react to shortage of oxygen by shutting down cell functions
and going into apoptosis or necrosis, depending on the circumstances like intensity
and length of hypoxia. Tumors with high proliferation rates often outgrow their
blood supply and evolve different reactions to hypoxic environments (Krause et al.
2006). The key role in the adaptation process plays the hypoxia-inducible factor 1
(HIF-1) or rather its subunit HIF-1a (Ferrer Albiach et al. 2010). This transcription
factor is constantly degraded in the presence of oxygen, but can become stable to
promote the transcription of many genes, for instance genes that turn up glycolysis
and slow down growth. Mutations concerning the enhanced stability of HIF-1 can
be found in many cancer types, especially types with high chances of metastatic
growth (Krause et al. 2006; Ferrer Albiach et al. 2010).

The importance and clinical relevance of easy and reliable detection of hypoxia
in tumor cells becomes evident when it comes to radiation therapy. The direct
correlation between radiation sensitivity of any tissue and an adequate oxidation is a
long-known and well-proved principal. The presence of hypoxic areas within a
tumor has shown to be a risk factor for poor outcome with high prognostic rele-
vance in a variety of cancer entities (Vaupel and Mayer 2007; Arabi and Piert 2010;
Brizel et al. 1996). Modern PET-based imaging, today often merged with CT or
even MRI in multimodality imaging, can unveil such areas by using tracers like
O-15 water, F-18-fluoromisonidazole (FMISO), and F-18-fluoroazomycin arabi-
noside (FAZA). In contrast to other direct methods like Eppendorf electrodes and
indirect methods like analysis of biomarkers and immunohistochemistry, these PET
tracers provide a highly sensitive, easy-to-use, and noninvasive method to delineate
perfusion, oxidation, and hypoxia and its spatial distribution within the tumor
(Hockel and Vaupel 2001; Wang et al. 2010; Tatum et al. 2006).

3.1 FMISO

FMISO has been widely used to study hypoxic tissue. It originates from
misonidazole, a compound of nitroimidazole (Adams and Stratford 1986). Long
before it was first used in its F-18-fluorinated form to mark hypoxic cells,
misonidazole was successfully applied as a radiosensitizer (Lapi et al. 2009; Jer-
abek et al. 1986). Until now, there is no gold standard in the synthesis of FMISO,
although there are precursor kits commercially available for radiochemical syn-
thesis (Lim and Berridge 1993).

When entering a cell through passive diffusion, FMISO is reduced by nitrore-
ductase enzymes and immediately reoxidized if there is a normal level of oxygen.
However, in hypoxic cells, the metabolites of FMISO stay reactive, bind to intra-
cellular proteins covalently, and accumulate (Bourgeois et al. 2011). An accumu-
lation of FMISO or rather its metabolites occurs only in vital cells, while this is not
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possible in necrotic cells because active enzymes are needed for this process. The
overall biochemical properties of FMISO are highly comparable to MISO. Both
have similar body clearance and are mainly excreted via the urine. In contrast to
MISO, there is less significant metabolization of FMISO in the liver. Furthermore,
the LD50 for a 70 kg person differs with 12.5 g for MISO and 6.5 g for FMISO.
Although the normal dose administered for imaging purposes can be as high as
1 mg/Kg, there are no known side effects of either MISO or FMISO in this dose
range.

Studies show that the selective retention of FMISO in hypoxic cells can be
measured starting 1 up to 2.5 h after injection with an optimum tumor/plasma ratio
after approximately 2 h (Padhani 2005; Koh et al. 1992). An objective and gen-
erally applicable quantification method of tumor/plasma ratio and uptake of FMISO
is not yet acknowledged. Depending on variables like cancer entity and its original
tissue, a threshold separating hypoxic from normal oxygenated cells can vary.
Nevertheless, a ratio of 21.4 showed to be a significant indicator of hypoxia in
recent studies (Koh et al. 1992). Although FMISO is a reliable and well-tested
tracer, this relatively low threshold separating the signal from tumor tissue from a
background signal is a drawback for its clinical use (Lapi et al. 2009; Lee et al.
2008). A higher uptake in tumor tissue can be only achieved in tumors with distinct
hypoxia, compared to tumors with mild reduction of the oxygen level. Studies
showed that 10 mm HG is the lower limit for a reasonable uptake of FMISO, any
pO2 above that level prevents a significant tracer accumulation and, thus, a reliable
detection of FIMSO uptake.

Besides a mild liver uptake, there is physiological uptake in the bowel. Because
of a free diffusion across the blood/brain barrier, there is also a noticeable uptake in
the brain. The highest uptake and highest organ dose can be found in the urinary
bladder, depending on the applied voiding protocol.

The accumulation of FMISO in hypoxic tumor tissue has been shown by various
studies in a wide variety of solid tumors, e.g., brain tumors, head and neck cancer,
breast cancer, and NSCLC. To prove that accumulation actually correlates with a
low level of oxygen in situ, it has been compared with direct and invasive pO2
measurements using the Eppendorf hypoximeter (Stone et al. 1993). In several
studies, this comparison was made and a correlation between a high FMISO uptake
and a low pO2 has been reported, even exceeding FDG as a suitable tracer for
detecting hypoxia (Lawrentschuk et al. 2005; Gagel et al. 2004; Zimny et al. 2006).
Another fundamental requirement for clinical use is the reproducibility of imaging
results. A recent study by Okamoto et al. demonstrated a good reproducibility of
PET imaging parameters such as SUVmax within a 48-h time frame in a group of
11 patients with untreated head and neck cancer (Okamoto et al. 2013). In addition
to such “basic” qualities, FMISO uptake proved to be an independent prognostic
factor in pretherapy scans with respect to overall survival in patients with head and
neck cancer (Rajendran et al. 2006). Similar results have been shown by studies
concerning malignant glioma, breast cancer, NSCLC, and renal carcinoma (Law-
rentschuk et al. 2005; Spence et al. 2008; Gagel et al. 2006; Cheng et al. 2013).
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3.2 F-18-Fluoroazomycin Arabinoside

FAZA is a close chemical relative of FMISO. It shares a lot of its characteristic
features with FMISO. Both tracers are compounds of nitroimidazole. But in con-
trast to FMISO, FAZA is sugar-coupled. Both follow the same intracellular accu-
mulation pattern. Without sufficient oxygenation, the tracer is reduced to
metabolites, which bind covalently to intracellular macromolecules. This reduction
requires active enzymes, so a distinction between necrotic and vital but
hypo-oxygenated tissue is possible as well.

One of the goals of synthesizing FAZA was to produce a less lipophilic alter-
native to FMISO. Theoretically, this would lead to a faster uptake in the hypoxic
tumor tissue and a better target-to-reference tissue ratio. Since the first reported
synthesis by Kumar et al., a number of studies tried to confirm these theoretical
advantages in vivo and in vitro (Kumar et al. 1999). The disadvantage of FMISO—
a low hypoxic tumor-to-background ratio—is a strength of FAZA: Due to its fast
renal elimination, a fast and comparably high contrast can be achieved. An in vivo
animal study by Piert et al. proved this theoretical superiority of a less lipophilic
tracer by achieving improved tumor-to-blood and tumor-to-muscle ratios (Piert
et al. 2005). As an obstacle, many approaches of synthesizing FAZA struggled with
a relatively low overall radiochemical yield of only approximately 20 % (Reischl
et al. 2005). Newer approaches could improve the yield significantly, and an
improved method of a sufficient synthesis following the EU regulations for good
clinical practice was published by Ervagi-Vernat et al. (Hayashi et al. 2011;
Servagi-Vernat et al. 2014).

However, the quality of FAZA as a tracer for measuring hypoxia is not only
determined by its synthesis yield but rather by its ability to reflect the situation in
the tumor with reproducible results. Several studies have investigated the biological
characteristics of FAZA in vitro and in vivo. Naturally, such studies have to
compare a new tracer with more established tracers—in this case with FDG and/or
FMISO—and well-established invasive and local methods like an Eppendorf
hypoximeter. In one of the first studies on this subject, Busk et al. (2008) examined
various carcinoma cell lines with FAZA and found superior uptake characteristics
compared to FDG and FMISO. This research group also showed a very good
agreement of hypoxia measured by Eppendorf electrodes and uptake of FAZA in an
experimental study using xenografted tumors in mice (Busk et al. 2008). Recent
studies suggested that FAZA can be of prognostic value concerning response to
therapy and survival, although variables like the type of cancer can lessen this
prognostic potential (Garcia-Parra et al. 2011). Head and neck cancer comprises a
group of tumors which present itself rather inhomogeneous not only varying in
tumor location and tumor histology. The tumors often have a high level of
heterogeneous structures with varying segments of vital, hypoxic, and necrotic
tumor tissue side by side. Mortensen et al. (Mortensen et al. 2012) included 40
patients with this type of cancer and conducted FAZA PET scans prior to and
during radiotherapy. After a median follow-up of 19 months, a significantly lower
disease-free survival was found in patients with hypoxic tumors. Another recent
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study by Trinkhaus et al. (Trinkaus et al. 2013), based on a very limited number of
patients, investigated FAZA in NSCLC and could not find a prognostic value of
FAZA PET scans at all but concluded that more and larger studies are needed to
evaluate this matter properly.

The combination of radiotherapy and chemotherapy in a wide variety of pro-
tocols—either simultaneously or staggered—is for many kinds of cancers the
current gold standard of treatment, e.g., head and neck cancer, anal cancer, and
advanced stages of colorectal cancer. The vigorous effect of radiotherapy depends
on a sufficient level of oxygenation. Imaging tumor hypoxia, therefore, will remain
a major goal for metabolic imaging in the future.

3.3 Tumor Perfusion

As much as the therapeutic effect of radiotherapy depends on oxygenation,
chemotherapy depends on a sufficient perfusion of the tumor tissue (Vaupel et al.
1989; Hamilton and Rath 2014). Chemoresistance as a major cause for poor
prognosis can be the result of aberrant angiogenesis in many rapidly and hetero-
geneously growing tumors. In order to depict and quantify this aspect of cancer
metabolism, tumor perfusion has to be made visible by functional imaging.

3.4 O-15 Water

The quantification of perfusion with oxygen-15-labeled water and its use as a PET
tracer is a well-established approach. But most applications so far are limited to
cardiology and neurology (Ter-Pogossian and Herscovitch 1985; Oda and Kondo
1994). Although O-15 water is established as a reliable perfusion tracer in these
medical specialities, oncological studies are rare on this topic (Lodge et al. 2008).

A reason for this might be the complicated synthesis and handling of O-15. This
radioactive isotope of oxygen is produced by accelerating a deuteron in a cyclotron
and let it collide with N-14. The resulting O-15 has a very short half-life of only
122 s, too short to produce it outside the imaging facility or integrate it in a daily
clinical routine (Wadsak and Mitterhauser 2010). On the other hand, this extraor-
dinary short half-life opens up the opportunity for very short delays between two
imaging sessions. If multiple scans are needed, O-15 water can be reapplied within
a few minutes without moving the patient. After intravenous injection, the tracer is
freely diffusible, which means the linear relation of signal intensity and concen-
tration of O-15 water in the examined tissue allows the absolute quantification of
the tumor perfusion (de Langen et al. 2008).

For every tracer, the reproducibility is a major quality criterion. An established
way of measuring reproducibility is the within-subject coefficient of variation
(Bland and Altman 1999). In studies on brain and myocardium, O-15 water showed
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within-subject coefficients of variation in the range of 9—14 % (de Langen et al.
2008). Two often-cited studies of breast cancer patients and intraabdominal tumors
by Wilson et al. and Wells et al., respectively, showed that O-15 water PET reaches
similar coefficients of variation in tumors as compared to the perfusion of myo-
cardium and brain (de Langen et al. 2008; Wilson et al. 1992; Wells et al. 2003).
Wilson et al. calculated a within-subject coefficient of variation of 10 % for breast
cancer and Wells et al. 10 % for intra-abdominal tumors.

Whereas in most normal tissues blood flow and metabolism are tightly coupled,
in tumors these parameters are often not well matched resulting in an aberrantly
high glucose metabolism relative to the blood flow, i.e., a flow—metabolism mis-
match (Mankoff et al. 2009). Several studies using combined molecular imaging
techniques for measuring regional tumor perfusion and metabolism have recognized
the mismatch between blood flow and metabolism as an adverse prognostic marker
particularly in terms of prediction of outcome or response to therapy. The combi-
nation of FDG and O-15 water PET is a well-studied technique for this task
allowing delineation of regional variations in the metabolism—flow ratio on a
voxel-by-voxel basis (Apostolova et al. 2014). Due to the short half-life of O-15,
both measurements can be performed in a single imaging session without moving
the patient Fig. 4. Komar et al. examined 26 patients suspected of suffering from
pancreatic cancer by using FDG and O-15 water PET. They found a reduced
perfusion in both benign and malignant lesions compared to healthy test subjects
and a significantly increased glucose metabolism and decreased blood flow in
malignant lesions compared to benign lesions and healthy pancreas. In this study,
the combination of both values had a stronger prognostic value than either one
parameter (Komar et al. 2009). A combined measurement of glucose metabolism
and blood flow was also the concept of a study on 53 patients with advanced breast
cancer by Dunnwald et al. (Dunnwald et al. 2008). In this cohort, both a missing
decrease and an increase of tumor blood flow between the start of neoadjuvant
chemotherapy and the midpoint of therapy was a significant independent risk factor
for shorter disease-free survival and overall survival. In patients with advanced
cervical carcinoma, a flow—metabolism mismatch as measured by PET with O-15
water and FDG could be detected to a highly variable extent showing a clear
association with the histological grading of the tumors (Fig. 4) (Apostolova et al.
2014). So far, the existing data seem to indicate that perfusion imaging with O-15
water in combination with metabolic imaging could be a promising imaging tool for
the measurement of flow—metabolism mismatches as a sign of metabolic stress in
tumor tissue associated with poor outcome. More studies are needed to evaluate the
role of the combination of these two tracers for in vivo selection of patients most
likely to benefit from chemotherapy and antivascular therapies and also to measure
the effect of various treatment regimens on tumor perfusion and metabolism after
treatment.
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Fig. 4 Regional mismatch (arrows) between blood flow measured with O-15 water PET (upper
row) and glucose metabolism measured with FDG PET (second row) in a patient with advanced
cervical carcinoma. Third row Transversal CT images of the primary tumor

4 Conclusion

Recently, the interest in metabolic imaging has markedly grown, since accumu-
lating evidence supports the clinical value of the methodology for tumor pheno-
typing as an essential tool for guiding individual patient care. Molecular imaging
using metabolic tracers and PET/CT also constitutes a major opportunity in
translational research bringing fundamental molecular insights to the clinical area.
Correlation between in vivo and in vitro tumor profiling facilitates further under-
standing of tumor characteristics which plays an essential role in ensuring appro-
priate monitoring of targeted therapies.
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Abstract

Metabolic reprogramming is a required step during oncogenesis and essential for
cellular proliferation. It is triggered by activation of oncogenes and loss of tumor
suppressor genes. Beside the combinatorial events leading to cancer, common
changes within the central metabolism are reported. Increase of glycolysis and
subsequent lactic acid formation has been a focus of cancer metabolism research
for almost a century. With the improvements of bioanalytical techniques within
the last decades, a more detailed analysis of metabolism is possible and recent
studies demonstrate a wide range of metabolic rearrangements in various cancer
types. However, a systematic and mechanistic understanding is missing thus far.
Therefore, analytical and computational tools have to be developed allowing for
a dynamic and quantitative analysis of cancer metabolism. In this chapter, we
outline the application of pulsed stable isotope resolved metabolomics (pSIRM)
and describe the interface toward computational analysis of metabolism.
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FBA Flux balance analysis

FBP Fructose-1,6-bisphosphate

FGFR1 Fibroblast growth factor receptor 1

GC-MS Gas-chromatography—mass spectrometry

Glc Glucose

HIF-1 Hypoxia-inducible factor 1

ICAT Isotopic-coded affinity tag

ID-MS Isotope dilution mass spectrometry

INST-MFA Nonstationary metabolic flux analysis

iTRAQ Isobaric tags for relative and absolute quantification
Lac Lactic acid

LC-MS Liquid chromatography—mass spectrometry
MFA Metabolic flux analysis

MID Mass isotopomer distribution

MS Mass spectrometry

N Stoichiometric matrix

NMR Nuclear magnetic resonance

Oct-4 Octamer-binding transcription factor 4

PEP Phosphoenolpyruvic acid

PK Pyruvate kinase

PKM1/PKM2  Pyruvate kinase isoform M1/isoform M2

PPP Pentose phosphate pathway

pSIRM Pulsed stable isotope resolved metabolomics
Pyr Pyruvic acid

ROS Reactive oxygen species

SILAC Stable isotope labeling of amino acids in cell culture
STAT3 Signal transducers and activators of transcription
TCA cycle Tricarboxylic acid cycle

TIS Therapy-induced senescence

TMFA Thermodynamics-based metabolic flux analysis

1 Introduction

The central carbon metabolism (CCM) is a super-pathway consisting of glycolysis,
the pentose phosphate pathway (PPP), the tricarboxylic acid cycle (TCA) cycle, and
amino acid metabolism and provides all energy and redox equivalents for cell
growth, survival, and function. The requirements for dividing cells are different
from differentiated tissues, e.g., muscle or neurons. Generally, the same pathways
provide energy to meet the demands but there are clear differences of the usage of
central metabolic pathways. Beside energy, dividing cells also need building blocks
for cell growth. Therefore, the metabolic system is tuned to generate energy and
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precursors for biosynthesis in the same pathway at the same time. During the
transition from quiescence to proliferation, the metabolic enzymes change their
‘identity’ as isoenzymes with different biochemical properties are expressed
(Cho-Chung and Nesterova 2005; Yeung et al. 2008). Although not much is known
about the kinetic parameters of the majority of CCM isoenzymes, some examples
demonstrate the impact of altered biochemical properties.

Already more than 100 years ago it became evident that malignant transfor-
mation is closely linked to metabolic reprogramming. And since then it is under
debate if the metabolic reprogramming during oncogenesis is partially retrograde to
the metabolic shift during stem cell differentiation. Stem cells vastly reprogram
their metabolism during differentiation (Prigione et al. 2011; Panopoulos et al.
2012). As mitochondria are immature in pluripotent stem cells, mitochondrial
ripening starts early in differentiation and a shift toward mitochondrial metabolism
was observed in a number of studies (Cho et al. 2006; Prigione et al. 2010). Due to
this tight connection between mitochondrial integrity and differentiation processes,
it becomes clear that mitochondrial defects are able to cause developmental
impairments. Although it is not finally approved that the metabolic program of stem
cells is similar to that of cancer cells at the molecular level, the high level of lactate
production is shared between both (Ito and Suda 2014). This effect has been
described already at the beginning of the twentieth century by Otto Warburg and is
now termed Warburg Effect (Warburg et al. 1927). In the recent literature, many
links between the Warburg Effect and cellular proliferation can be found (Hsu and
Sabatini 2008; DeBerardinis et al. 2008). However, this link is not definitive as
Dorr et al. (2013), for example, demonstrated a high degree of lactate production in
senescent lymphoma cells.

Within the glycolytic pathway, several enzymes are changing their identity
during oncogenic metabolic reprogramming (Fig. 1). Until now there is no clear
map of these events, even more it is expected that different tumor entities also vary
in their isoenzyme arsenal. In addition, it must be expected that there is hetero-
geneity within the same tumor subtype. This may or may not directly depend on the
alterations of oncogenes and tumor suppressor genes. Finally, the question must be
asked how many different ways exist to upregulate glycolysis during metabolic
reprogramming.

One of the commonly modulated enzymes in stem and cancer cells is the central
glycolytic enzyme pyruvate kinase (PK). It catalyzes the ATP-producing reaction of
glycolysis—the conversion of phosphoenolpyruvic acid (PEP) to pyruvic acid. The
enzyme belongs to a family of four tissue-dependently expressed homo-tetrameric
isoenzymes—L, R, M1, and M2 (Noguchi et al. 1987; Harada et al. 1978). The latter
ones are splice variants derived from the same mRNA. Whereas PKM2, expressed in
embryonic cells and dividing cells, contains exon 10, the constitutively expressed
PKM1 possesses exon 9 (Fig. 1, dotted box) (Noguchi et al. 1987). The exchange of
56 amino acids modifies dramatically the kinetic properties by creating a binding
pocket for fructose-1,6-bisphosphate (FBP), an allosteric activator of PKM2 and
intermediate of glycolysis (Ashizawa et al. 1991; Mazurek et al. 2005). Diminished
level of FBP induces the dissociation of the PKM2 tetramer into the dimeric form
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Fig. 1 Activation of oncogenes or inactivation of tumor suppressor genes leads to an adjustment of
the CCM. Enzymes such as HK2, LDHA, or PKM are regulated by transcription factors that are
known key players of tumorigenesis. The adaption of carbon routing is a central element to meet the
cellular requirements for maintenance and biosynthesis. Compartment-specific isoenzymes facilitate
the same reaction at different places in the cell with specific secondary functions such as the
gain-of-function mutation of IDH1 producing the onco-metabolite 2HG. Level of CCM interme-
diates itself also regulate protein activity in addition to transcriptional activation, e.g., conformational
change of PKM2. On the one hand, the active, tetrameric form of PKM2, induced by high level of
FPB, drives the production of ATP, and on the other, the dimeric counterpart owns nuclear function
and supports the generation of precursors for biosynthesis by blocking the conversion of PEP to Pyr.
2HG 2-hydroxyglutarate; 3PGA 3-phosphoglycerate; aKG alpha-ketoglutarate; FBP fructose-
1,6-bisphosphate; GLS glutaminase; HIF-I hypoxia-inducible factor 1; HK hexokinase; IDH
isocitrate dehydrogenase; LDH lactate dehydrogenase; MDH malate dehydrogenase; PC pyruvate
carboxylase; PDH pyruvate dehydrogenase; PEP phosphoenolpyruvate; PK pyruvate kinase

with low affinity to PEP. Activation of the FGF receptor promotes PKM?2 phos-
phorylation at tyrosine Y105 and induces the release of FBP from the pocket,
inactivating the enzyme (Mazurek 2007; Christofk et al. 2008). The presence of an
inactive PKM?2 variant seems to be counterintuitive to the metabolic phenotype of
tumor cells, but this metabolic mode enables a sufficient fueling of biosynthetic
pathways or precursors for the reduction of ROS. A similar allosteric regulation of
PKM?2 was observed for amino acids, e.g., serine. Serine binds to PKM2 and
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promotes aerobic glycolysis until the serine pool reaches a certain threshold. The
binding of serine drops and carbons derived from glucose are redirected from gly-
colysis into serine synthesis by ‘drossling” dimerization of PKM2. Beside its cata-
bolic task, PKM2 interacts with several members of signaling cascades after
translocation into the nucleus. Nuclear PKM2 supports cell survival and prolifera-
tion by the interaction with transcription factors such as Oct4, signal transducer and
activator of transcription (STAT3) and global players beta-catenin and
hypoxia-inducible factor 1 (HIF-1) (Lee et al. 2008; Luo et al. 2011; Gao et al. 2012;
Yang et al. 2011). Interestingly, also the less active, dimeric PKM2 variant acts as a
protein kinase and activates STAT3 using PEP for phosphorylation (Gao et al.
2012).

Increased conversion of glucose into lactic acid is not necessarily linked with
enhanced proliferation. Therapy-induced senescence (TIS) of B lymphoma cells
(Ep—myc, Bcl2 positive) showed a hypermetabolic state—enhanced pathway
activity of glycolysis, fatty acid synthesis, and oxidative phosphorylation—after
treatment with the topoisomerase inhibitor adriamycin (ADR) (Dorr et al. 2013). The
transition from PKM2 to PKM1 is in agreement with the block in cell growth. At the
same time, Dorr et al. observed an elevated glycolytic flux, demonstrating that
PKM2 is not a positive regulator of the glycolytic flux on its own.

2 Quantifying (Cancer) Metabolism
2.1 Quantitative Omics-Methodologies

In order to understand these processes at the molecular level, it is necessary to
analyze the metabolic program of cancer cells and stem cells quantitatively and in
high resolution. The flexibility of cellular metabolism in terms of turnover and
pathway usage requires studying cellular metabolism dynamically and in absolute
quantities. In addition, the molecular composition of the biochemical network of
enzymes has to be determined by quantitative proteomics approaches. This is
challenging from both the analytical and the computational perspectives.
Remarkably, already in the 1960s, scientists applied labeled substrates in rat
experiments to understand metabolic regulation of the liver (Hoberman and
D’Adamo 1960; Bailey et al. 1968; Heath and Threlfall 1968). In the absence of
high performance computers typical for today, only by using basic biochemistry
methods different research groups reported metabolic flux analyses. The develop-
ment of mass spectrometry marks a milestone in omics-technologies, especially
proteomics and metabolomics. Within ten years, a high number of methods were
established for the analysis and quantification of the proteome. Looking at the
publication numbers, one could anticipate the same effect in the field of metabo-
lomics only a few steps ahead. Decoding the molecular mechanisms of metabolic
regulation in cancer will require the determination of both, proteins (the players)
and metabolites (the balls).
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2.1.1 Proteomics Methods

The way we look at the proteome, the ‘processors’ of the cell, changed a lot since
Beadle and Tatum proposed the ‘one gene, one polypeptide’ hypothesis in the 1940s
(Beadle and Tatum 1941). Within the last 75 years, scientists discovered
post-translational regulatory events, e.g., alternative splicing and post-translational
modification of proteins. Even a single modification transforms the mode of action of
the protein and therefore its role within the cellular context. Different proteomic
approaches provide the identification of high and middle abundant proteins in a
complex mixture by liquid chromatography coupled with mass spectrometry
(LC-MS). Three approaches are distinguished regarding their technical properties of
protein identification and quantification: direct, targeted and shotgun proteomics, the
latter two being the most frequently applied methods (Domon and Aebersold 2010).
The targeted method requires prior knowledge about the physico-chemical proper-
ties of the proteins of interest. The shotgun or discovery approach surveys all present
and detectable ions (data-dependent analysis (DDA)) and is widely applied in
large-scale studies or generation of protein inventories (Beausoleil et al. 2006; De
Godoy et al. 2008; Denny et al. 2008). Identification of proteins is based on the
comparison of in silico and experimentally derived proteolytic peptides. None of
these methods are able to provide a complete measurement of the proteome with all
modifications, because the expression and processing of proteins remains dependent
on the status of the cell or tissue. Nevertheless, the continuously developing
equipment resulted in possible identification of around 3.500 proteins in one shotgun
LC-MS run. A huge fraction of those proteins belongs to the GOBP-class ‘metabolic
processes’ and cover CCM-associated proteins.

A broad variety of methods were developed for quantification of the proteome.
Commonly used for relative quantification are methods such as stable isotope
labeling of amino acids in cell culture (SILAC) and isotope-coded affinity tag
(ICAT). Both methods rely on the introduction of isotopic labels via metabolic
labeling (Ong et al. 2002; Gygi et al. 1999). The quantification is carried out by the
comparison of coeluting light and heavy peptides at the MS/MS-level. The absolute
quantification of proteins requires either the application of isobaric tags for relative
and absolute quantification (iTRAQ) or internal isotopic-labeled standards (Wiese
et al. 2007; Ross 2004). The latter approach results in the highest accuracy, but is
limited to a selected number of peptides that are spiked in prior the LC-MS anal-
ysis. Least accurate but worthwhile are label-free quantification approaches:
‘Spectral counting’ and ‘XICs’ (Ono et al. 2006; Old et al. 2005; Ishihama et al.
2005).

2.1.2 Quantifying the Metabolome

In order to address the beforehand-raised questions, reliable and quantitative
methods have to be applied in a panel of in vitro and in vivo analyses and metabolic
settings have to be measured. During the last years, we have developed methods to
decode the dynamics of metabolism in both scenarios in a qualitative and quanti-
tative manner. One challenge of metabolomics is the huge variety of the molecules
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such as hexoses, phosphates, amino acids, and lipids with different physico-
chemical properties.

Mass spectrometry (MS) and nuclear magnetic resonance (NMR) spectroscopy
display complimentary advantages and disadvantages when applied for metabo-
lomics analyses. MS coupled with chromatographic methods strikes with high sen-
sitivity, and the huge number and variety of detected compounds and well-maintained
databases for a reliable identification. The MS disadvantage—Iless accurate quan-
tification—is the major argument supporting NMR. NMR approaches facilitate the
metabolite analysis in liquid state and can be performed even in intact tissue samples
(Pan and Raftery 2007). Nevertheless, the NMR approach suffers from a lack of
sensitivity in comparison with MS. The chemical modification of the sample prior to
the measurement and the optimization of technical parameter lead to a high coverage
of CCM intermediates in a single MS measurement (Pietzke et al. 2014).

Indeed, the majority of metabolic studies rely on the relative analysis of peak
areas or intensities in the chromatogram of two biological conditions, e.g., wild type
versus knockout of a given gene. Dang and colleagues observed a gain-of-function
mutation of the cytosolic enzyme isocitrate dehydrogenase IDH1 while comparing
tumor with untransformed control samples. In glioma cells, the enzyme facilitates—
beside the catalyzation of citrate to alpha-ketoglutarate («KG)—also the conversion
of aKG to the onco-metabolite 2-hydroxyglutarate (2HG) (Dang et al. 2009). The
qualitative evaluation of chromatograms may be sufficient in the case of a global
shutdown of a specific pathway, but probably does not reliably reflect minor
quantitative changes of metabolism.

The application of stable isotopes is a possibility to improve quantification in
LC- or GC-MS measurements. Supplementing samples with known amounts of
labeled substances, an approach termed isotope dilution mass spectrometry (IDMS),
provides direct quantification (Heumann 1992; Fassett and Paul 1989). Quantitative
analysis by IDMS is limited to the availability of labeled substances. However,
external measured standards in dilution series undergo this limitation and, if well
implemented, cover the complete dynamic range within an experiment. A global
snapshot of the metabolic state, especially when comparing healthy versus disease,
helps to gain insights into metabolic regulation. However, the picture remains rather
static. A more dynamic examination is mandatory in regard understanding how
oncogene activation and nutrient availability adjust metabolism to meet their
requirements (Fan et al. 2013).

2.1.3 Quantifying Metabolic Dynamics in Cancer Cells

Glycolysis, TCA cycle, and pentose phosphate pathway link the uptake of nutrients
with neighboring parts of metabolism, resulting in facilitation of lipid, amino acid,
and nucleotide synthesis. In the late 1960s, first studies were carried out with
radioactive isotopes to track routing within the CCM (Wenzel et al. 1966).
Nowadays, application of stable isotope-labeled substrates provides a more robust
monitoring of nutrient utilization. Labeled substrates are applied as tracers, either
supplemented in cell culture media or directly injected into tissues (Fan et al. 2009).
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Dependent on the substrate (e.g., glucose, glutamine, and essential amino acids) and
the kind of label (e.g., carbon-13, nitrogen-15), the turnover changes the atomic
composition of the intermediates and allows to monitor the routing of single atoms
along the pathway within the CCM (Pietzke and Kempa 2014). Beside the robust
evaluation of isotopic incorporation by GC-MS, such measurements provide also
the quantification of the intermediates within the same analysis. Even structurally
similar components (glucose and fructose, hexose phosphates) are distinguishable
and quantifiable in a separate manner (Kempa et al. 2009).

Metabolism is the fastest responder to environmental perturbations. Therefore, it
is necessary to maintain a constant supplementation of the major nutrients during a
metabolomics experiment. We developed a workflow minimizing external stress
factors and sampling time for cell culture experiments (Pietzke et al. 2014). After
isotope incorporation, the use of a washing buffer containing major carbon-sources
and salts for just a few seconds, maintains osmolarity and major nutrient supply,
reduces the carryover of extracellular metabolites of the media and supports a
robust determination of intracellular metabolites. Adding ice-cold, 50 % methanol
quenches subsequently all cellular processes and initiates the extraction process.
This procedure allows a fast handling of the cell harvest and short incubation
times of isotope-labeled substrates in a range of one minute. This is a prerequisite to
cover/identify the distinct dynamics within CCM.

The evaluation of isotope incorporation in specific branching points highlights
differences in CCM pathway activity and reveals distinct modes how carbons are
incorporated in glycolytic and TCA cycle intermediates (Fig. 2). Whereas all
transformed (HEK?293 cells) or tumorigenic cell lines (HeLa, HCT116) route
glucose-derived carbons into lactic acid (the Warburg Effect), T98G cells only
marginally use aerobic glycolysis. Out of this panel of four cell lines, HeLa cells
exclusively facilitate '*C-incorporation into fructose metabolism. HEK293 cells
prefer to route carbon backbones into alanine and serine and toward glycerol
metabolism (Fig. 2).

2.2 Computational Modeling Approaches in Metabolic Flux
Analysis

The analysis of metabolic fluxes requires the application of computational tools.
Cyclic pathway structures such as the TCA cycle and reversible reactions make a
direct quantitative evaluation of the metabolic flux based on stable isotope incor-
poration impossible. A qualitative analysis at defined branching points in the CCM
may be feasible, but a reliable evaluation of cofactor status requires the integration
of quantitative data in a computational framework. A number of methods were
established during the last decade. Those methods differ widely with regard to their
requirements. Genome-scale kinetic models, mirroring the enzyme kinetics, are
rare. Parameters describing the catalytic activity of an enzyme are often context
dependent, e.g., on temperature and pH. Due to the lack of knowledge of kinetic
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Fig. 2 Quantitative metabolomics analysis in combination with the application of '*C-substrates
revealed distinct routing of carbons through the CCM in four different cell lines (data are taken
from Pietzke et al. 2014). HeLa cells show an elevated shuttling of '*C-glucose into fructose
metabolism, whereas HEK293 cells route carbons toward amino and fatty acid synthesis.
Opposing to T98G cells, all other cell lines show a higher conversion of glucose into lactate and
citrate. Ratios represent '*C-glucose-labeled quantities per 1 x 10° cells in relation to T98G cell
levels

parameters, kinetic models often cover subnetworks of the metabolism (Niedenfiihr
et al. 2015). The development of flux balance (FBA) (Varma and Palsson 1994) and
13C-metabolic flux analysis (MFA) (Wiechert 2001) was mainly driven by the
optimization of prokaryotic-based product synthesis. Nowadays, it is the challenge
to adapt existing modules to the complex, compartment-separated nature of
eukaryotic cells (Buescher et al. 2015). Independent from cell type and complexity
or computational approaches, all models are based on translation of the biochemical
network in a stoichiometric matrix N (m X r). Educts and products (m) are assigned
according to their molar ratios for each reaction (r). The composition of this matrix
is well known, due to the broad biochemical knowledge, and invariant regarding
time, kinetics and concentration of compounds (Niedenfiihr et al. 2015). The sto-
ichiometric matrix allows the topological analysis and reflects the structural



216 C. Zasada and S. Kempa

relationship of all components independently from all possible variants in the
biochemical network.

The FBA approach determines feasible metabolic flux distributions based on the
stoichiometric matrix and the requirements for cell growth by linear optimization
(Varma and Palsson 1994). The stoichiometric matrix represents the constraints of
metabolic flux map: (i) balancing of input and output, (ii) inequalities (Orth et al.
2010). Further constraints are exchange rates such as glucose uptake. The appli-
cation of an optimization function, like assuming maximum proliferation, reduces
the space of metabolic flux solution. Nevertheless, FBA does not provide the
evaluation of intracellular forward and backward or even parallel or cyclic fluxes.
This approach is also not able to predict metabolite pool sizes or to account for
regulatory effects.

Therefore, classical '*C-metabolic flux analysis (MFA) combines the FBA
approach with stable isotope tracing to overcome those limitations. The application
of isotopic tracers for more than several hours allows the assumption of an isotopic
steady state (Wiechert et al. 2001). The retrobiosynthetic approach uses the analysis
of isotopic incorporation from the measurement of macromolecular compounds,
such as DNA, RNA, and proteins, to draw conclusions about the intracellular fluxes
(Szyperski 1995; Eisenreich et al. 1993). The iterative fitting of experiment-derived
and network-based simulation-derived isotopomer distribution results ideally in one,
in reality in several possible flux maps. The implementation of further constraints
reduces the solution space of metabolic fluxes, such as the consideration of reaction
directionality. In 2007, Henry and colleagues introduced thermodynamics-based
metabolic flux analysis (TMFA). This approach calculates—based on the concen-
tration level of metabolites and the change of free Gibbs energy—the feasibility of
metabolic flux directions. Reversibility of reactions becomes restricted with regard
to their likeliness and reduces the number of possible flux maps (Henry et al. 2007).

However, stationary '*C-MFA has two major disadvantages: the duration of the
labeling experiment and—with that—high experimental costs. Recent develop-
ments in intracellular metabolite quantification and mathematical approaches pave
the way for a nonstationary MFA approach (INST-MFA) (Noh and Wiechert 2011;
Young et al. 2007). Still, this approach relies on the metabolic steady-state
assumption of the system. The only time-variable component is the routing of stable
isotopes that has to be monitored in a time series study (No6h et al. 2007).
Prerequisites are the determination of intracellular pool sizes and uptake/production
rates. The network has to fulfill the carbon balance and atom transitions have to be
defined for each reaction of the network, similar to the stationary approach. Benefits
of this approach are the determination of backward and forward fluxes and an
estimate of pool sizes of intermediates that are not measurable (Wahl et al. 2008).
Still, a few challenges remain, e.g., the implementation of subcellular compart-
ments, the complex formula of the media, and (eventually) slow labeling times in
the INST-MFA framework (Zamboni 2011).
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3 Conclusion

Driven by the improvements of bioanalytical techniques and computational methods
to analyze the dynamics of metabolism, detailed analyses of cellular metabolism
became possible. Today’s challenge is to develop tools that are affordable, simple to
apply, and rapid. At the same time these tools have to provide a detailed picture of
cancer metabolism to broaden our understanding of oncogenic transformations at a
mechanistic level. For example, the combination of pulsed stable isotope resolved
metabolomics and mathematical approaches, as instationary metabolic flux analysis
may present a possibility to streamline dynamic and quantitative metabolomics
analyses of cancer, both in vitro and in vivo. By combining such complex approa-
ches, we hope to find key-regulated steps in cancer metabolism that are oncogene
dependent and predictive for therapy responses.
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Abstract

Cellular metabolism basically consists of the conversion of chemical compounds
taken up from the extracellular environment into energy (conserved in
energy-rich bonds of organic phosphates) and a wide array of organic molecules
serving as catalysts (enzymes), information carriers (nucleic acids), and building
blocks for cellular structures such as membranes or ribosomes. Metabolic
modeling aims at the construction of mathematical representations of the cellular
metabolism that can be used to calculate the concentration of cellular molecules
and the rates of their mutual chemical interconversion in response to varying
external conditions as, for example, hormonal stimuli or supply of essential
nutrients. Based on such calculations, it is possible to quantify complex cellular
functions as cellular growth, detoxification of drugs and xenobiotic compounds
or synthesis of exported molecules. Depending on the specific questions to
metabolism addressed, the methodological expertise of the researcher, and
available experimental information, different conceptual frameworks have been
established, allowing the usage of computational methods to condense
experimental information from various layers of organization into (self-)
consistent models. Here, we briefly outline the main conceptual frameworks
that are currently exploited in metabolism research.
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1 Metabolic Modeling

Cells are highly heterogeneous structures whose functionality depends on the
spatial and temporal organization of its constituents. Cellular metabolism describes
the chemical conversion of small molecules (metabolites) by intracellular catalysts
(enzymes) to provide the ingredients necessary for self-maintenance, growth, and
reproduction.

Organization principles of metabolic systems are manifold. In principle, the
enzymatic activities depend on local metabolite and enzyme concentrations, but
myriads of environmental and structural factors influencing enzymatic activities
exist. Spatial segregation of metabolic activity between compartments allows the
creation of specific microenvironments through the controlled exchange of
metabolites and ions to facilitate and enable special metabolic functions. For
example, mitochondria generate an electrical field and a pH gradient across their
inner mitochondrial membrane enabling the generation of ATP (Mitchell 1966).
Metabolites can also be directly handed over between metabolic enzymes forming
metabolons to avoid dilution and direct metabolic fluxes. In Arabidopsis thaliana, it
was shown that glycolytic enzymes dynamically associate with mitochondria to
directly channel substrate into mitochondrial respiration (Graham et al. 2007). This
complex formation can be so advanced that multienzyme complexes can be
regarded as single enzymes (like complex I of the respiratory chain, the pyruvate
dehydrogenase complex, or the o-ketoglutarate dehydrogenase complex). Also
within cellular compartments, concentration gradients of important metabolites
exist and are being used for targeted transport within the cell. ATP generated by the
mitochondria has to be transferred to the main energy utilization sites in the cell,
e.g., the ion pumps at the plasma membrane. ATP transport is accomplished by
diffusion along the concentration gradient between the mitochondrial and the
plasma membrane. This mechanism is reinforced by the use of creatine phosphate.
The creatine kinase, reversibly catalyzing the transfer of the high-energy phosphate
from ATP to creatine, is located at the mitochondrial membrane and at the place of
ATP utilization. Due to its phosphorylation potential, its higher cytosolic concen-
tration, and its higher diffusion rate, it greatly facilitates energy transduction with
the cell (Wallimann et al. 1992). Stochastic variations in different constituents
might also influence the systemic behavior, but the extent and importance remain
controversial. In general, it is unfeasible to try to take every regulatory property into
account, but a main challenge is the identification of the regulatory aspects needed
in understanding/modeling the specific system at hand.

The goals of metabolic modeling are to construct simplified representations of
the real world that allow to sort existing knowledge, unravel basic principles, and
predict cellular responses or to identify metabolic targets for intervention.
Depending on available information and the specific question at hand, various
mathematical representations have been established, allowing usage of computa-
tional methods for condensing experimental information from various layers of
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molecular organization (mRNA and protein profiles, metabolite patterns, and
enzyme-kinetic data) into consistent network models of cellular metabolism.

1.1 Statistical Models

The simplest approach in metabolic modeling consists in the correlation of different
trades with the aim to unravel possible interdependencies. The big advantage of this
method lies in the fact that it does not rely on prior knowledge and is not limited to
any kind of specific information. It is often used by correlating large datasets such
as transcriptome, proteome, or metabolome data of tissue or blood with clinical
parameters (e.g., cancer versus healthy) through multivariate statistical analyses
with the goal of biomarker identification (see, e.g., Dhanasekaran et al. 2001;
Bartels and Tsongalis 2009). The disadvantage is that correlations do not provide
insight into the regulation of metabolic networks leaving it to more sophisticated
methods to translate them into causal relationships.

1.2 Stoichiometric Models

Stoichiometric models represent basically whole-cell reaction graphs encompassing
all currently known metabolites and biochemical reactions in a given cell type that
can be inferred from genomic and biochemical information sources. Constraint-
based modeling (CBM)/flux balance analysis (FBA) relies on a description of a
metabolic network connecting metabolites M; with reactions v;. The metabolic
network is represented by a stoichiometric matrix S; composed of the stoichio-
metric coefficients with which metabolites (i) are produced or consumed in reac-
tions (j). An important additional assumption is stationarity; i.e., the time-dependent
variation of metabolite concentrations is assumed to be zero. Since the stoichio-
metric matrix is assumed to be constant as well, fluxes are also constant. These
model inputs and assumptions can be conveniently phrased as

d[M] <
T ; Sijvj =0

d S;
dt

=0

dv;

dt

With the additional assumption that fluxes are independent of metabolite con-
centrations, the flux space completely decouples from the metabolite concentrations
which are then often completely neglected. To arrive at nonzero flux distribution,
uptake and release fluxes have to be assigned. The most often used assignment is a
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stoichiometric combination of target fluxes, so-called objective function, as well as
possible uptake and waste fluxes. To restrict the possible flux distributions relating
input with output fluxes, optimality criteria are applied which can be interpreted as
design principles. Often used optimality criteria are the maximization of yield per
substrate, the maximization of growth rate or biomass production, or the mini-
mization of fluxes (see, e.g., Edwards and Palsson 1998; Holzhutter 2004). This can
be interpreted as an optimal usage of limited resources or a minimization of effort
by the cell. To take observed protein abundances/gene expression profiles into
account, additional constraints limiting the maximal capacity of a reaction can be
assigned

—lbj S Vj S llbj

A further important constraint arising from basic thermodynamics (but often
disregarded in CBM applications) is the condition that the direction of fluxes has to
be in concordance with the sign of the change of the Gibbs free energy (i.e., v; > 0
if AG < 0) (Hoppe et al. 2007). This is achieved by assigning a range of feasible
concentration ranges to each metabolite and a AG value to each reaction to exclude
all flux distributions where it is impossible to find a set of metabolite concentrations
that render all reactions thermodynamically feasible.

In short, FBA modeling needs a stoichiometric network defining all possible
reactions, an objective function defining the metabolic output, and optimality cri-
teria defining design principles and predicts flux distributions that can be compared
to experimental data.

1.2.1 Applications
The commonly asked question to be answered by FBA and constraint-based
modeling can be phrased as follows:

Is a given metabolic network able to fulfill a chosen objective function and what
is the resulting flux distribution?

A first application of FBA models was the identification of gaps in our current
knowledge by testing whether a given substrate can be converted into a given
product (see, e.g., Gille et al. 2010). If the conversion is not possible, one or more
reaction steps in the network are missing. This is often used to predict phenotype
(= metabolic output) from genotype (= protein profiles/gene expression data) (see,
e.g., Price et al. 2004). Secondly, one wishes to identify essential reactions for a
given objective function which upon elimination from the network (= synthetic
knockout) renders at least one physiologically relevant biochemical reaction
impossible. Essential reactions are regarded as convenient targets for the devel-
opment of drugs impairing the metabolism of pathogens (see, e.g., Bazzani et al.
2012;Huthmacher et al. 2010). Interestingly, it was shown that defects of enzymes
catalyzing essential reactions are frequently associated with the occurrence of
metabolic disorders (Gille et al. 2010).

Experimental validation for flux distributions comes from labeling experiments.
By feeding labeled substrates (such as '*C-glucose or '°N-amino acids) in a
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metabolic system, the time-resolved label distributed can be used to trace the fluxes
within the network if the label fate maps of the underlying reaction networks are
known. If a stationary metabolic state can be assumed, FBA models can be used to
simulate the time-dependent label distribution under the assumptions that enzymatic
activity is independent of the label. When trying to model label distributions in a
metabolic network, a major problem arises from incomplete information since not
all metabolites are measured simultaneously, as well as the restriction of the
metabolic network if it is not genome-scale. Usually, this is handled by the intro-
duction of suitable effluxes from the label that are regarded as free parameters and
fitted to the measured label distributions. In general, label experiments are powerful
tools for the investigation of metabolic systems, but their interpretation has to be
performed with care as incomplete information and non-stationarity spoil the
applicability of CBM/FBA models.

1.2.2 Challenges
Network reconstruction: Starting point for CBM/FBA is the reconstruction of the
network under consideration which is identical to the stoichiometric matrix. There
is no general method for the network reconstruction. Often subnetworks of
genome-scale ‘master networks,” encompassing all known enzymatically catalyzed
reactions inferred from genomic information, are used. Based on gene expression
profiles of the cells or the tissue under consideration, active subnetworks are
defined. This method is an all or nothing assignment—a reaction/enzyme is present
or it is absent. This means that cutoff values for the expression values have to be
assigned, which is far from straightforward and unbiased. Another problem arises
from the fact that non-enzymatic reactions, as, for example, the proton leak in the
respiratory chain for heat production, are not considered. In general, it is not
obvious that this method yields a functional network. First, the correctness of the
‘master network’ is rarely checked so that unconnected metabolites or disconnected
parts might exist. Second, so-called housekeeping enzymes, that are enzymes
considered to be constitutively expressed and inevitable necessary for proper cel-
lular function, often show very low expression levels and might be omitted using
such an approach. Therefore, function tests and manual curation have to be evoked
to ensure a proper network topology. A further restriction is that only stoichio-
metrically fixed reactions can be modeled, and if no fixed stoichiometry exists, it
has to be postulated. For example, the P/O quotient connecting NADH utilization
with ATP production is usually fixed to a ratio of 1:2.5. However, this is most
certainly not true as the efficiency and the relative share of ATP production from
protons (not considered explicitly) strongly depend on the metabolic state.
Choosing the appropriate objective function and optimality criteria: As meta-
bolism enables a large number of diverse cellular functions at the same time, the
assumption of a single flux objective does not seem realistic. For example, hepa-
tocytes show many equally important functions reported for the human liver (dis-
regarding the uttermost complex self-maintaining functions) that, in principal, have
to be included into a reliable CSB model (Gille et al. 2010). Furthermore, metabolic
objectives are highly variable and depend on the external conditions. While
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economically favorable minimization of fluxes is an often employed optimality
criteria, other selection criteria such as stability, variability, robustness, and
adaptability are neglected. For example, hepatocytes have glucose homeostasis as
an objective, which is realized as glucose production or utilization depending on
external conditions. Here, the ability to respond to external changes has to be
optimized a concept that can hardly be put in an FBA model. Likewise, microor-
ganisms may strive for optimal usage of resources during shortcoming times, but
focus on fast growth regardless of efficiency in times of ample substrate supply
(Schuetz et al. 2007). In general, the objective function and the optimality criteria
used dictate a rational that has to be justified by experimental data. As an illustrative
example, the study by Schuetz et al. can be considered (Schuetz et al. 2012).
Comparing 44 experimentally determined in vivo MFA datasets for E. coli to
predicted flux distributions based on a large number of putative flux objectives and
linear combinations of these objectives, the best concordance was achieved by a
combination of three flux objectives: maximizing biomass production, maximizing
ATP generation, and minimizing reaction fluxes across the network. But still the
relative proportions among these three objectives varied between different cells
putting the predictive value of such multi-objective function into question.

Conclusion: The striking advantage of CBM is its simplicity: It requires only
knowledge of the stoichiometry of the network and thus can be immediately applied
to whole-cell network reconstructions without caring for the kinetic and regulatory
properties of enzymes and transporters. A common view is that considering very
large networks enables to study ‘systemic’ behavior. It is noteworthy that his
argument contradicts the basic idea of modularity, stating that a complex system
can be broken down to simpler components like pathways or single reactions.
Interestingly, often enough only small parts of a metabolic network are used for
fulfillment of a specific objective function/metabolic task, which are close or
identical to the classical metabolic pathways. Furthermore, mathematical concepts
like minimal flux modes reintroduce modularity through the definition of minimal
subsets that build a basis for the solution space.

On the downside, metabolite levels, regulatory properties, and time dependen-
cies are completely neglected. The predicted flux distributions are hypothetical and
have to be considered with great care, because they are essentially dictated by the
subjective choice of the flux objectives and presumed optimality principles.
However, through the teleological nature of the objective functions and the opti-
mality principles used, CBM/FBA allows an interpretation in terms of cellular aims
and evolutionary development.

2 Kinetic Models

Importantly, regulation of enzymatic activity does not only proceed through
changes in enzyme abundance, but by substrate availability, allosteric regulation, or
hormonal control as well. Furthermore, not all enzymes in a given pathway are
equally important in the regulation of the flux through the pathway; rather, key
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regulatory enzymes control the metabolic activity and many key regulatory
enzymes do not exhibit significant changes in their abundance despite large flux
changes (ter Kuile and Westerhoff 2001; Vogt et al. 2002). This strongly contradicts
the structure of CNB/FBA models, where all regulatory aspects are neglected and
the enzymes differ only through their position in the network. Thus, to understand
metabolic regulation in detail, the concept of kinetic modeling needs to be
employed.

Kinetic models also start with a metabolic network represented by a stoichio-
metric matrix Sj; connecting metabolites M; and reactions v;. The time-dependent
changes in metabolite concentrations are given by

diMi]
dt :;S’jvj

In contrast to CBM/FBA, the reaction rates v;, representing enzymatically cat-
alyzed reactions, are not constant but depend on external and internal conditions.
Regulatory principles might comprise kinetic regulation through substrate avail-
ability and allosteric regulation, enzyme modifications (e.g., through interconver-
sion), changes in enzyme abundance, or other regulatory mechanisms such as
complex formation, spatial confinement, and activation by ions. In general, local
enzyme and metabolite concentrations are replaced by mean concentrations in a
given cellular compartment, and the assumption is made that the concentrations are
high enough so that stochastic variations can be neglected. Once the rate equations
for the v; are fixed, the only additional information needed is the external medium
compositions (e.g., metabolite, ion, or hormone concentrations). Compared to
CBM/FBA, no objective function or optimality criteria have to be chosen, as any
functional output and internal state are deterministically dictated by the properties
of the constituents and the external conditions.

2.1 Applications

Kinetic models can predict the metabolic state of a cell in dependence of external
and internal conditions. The metabolic state consists of intracellular metabolite
concentrations, the internal flux state, and exchange fluxes in dependence of
external parameters (like substrate supply) and internal state (enzyme abundance,
phosphorylation state, metabolite concentrations). As they allow time-dependent
simulations, interpretation of label experiments with kinetic models does not rely on
the assumption of a metabolic steady state vastly expanding the scope of applica-
tion. A kinetic model should be regarded as an in silico representation of a cell that
can be used analogous to cells by experimentalists.

An important function of kinetic models lies in the explanation of experimental
data based on the functional properties of the enzymes constituting the model (see,
e.g., Berndt et al. 2015). They allow to test whether our understanding of the
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molecular basis is sufficient to quantitatively and qualitatively explain systemic
behavior or whether we are missing important regulatory mechanism.

In addition, kinetic models can be used to extrapolate from the regime in which
they were built to predict the behavior of the model system under different con-
ditions (see, e.g., Berndt et al. 2012). Similar to CBM/FBA models, kinetic models
can be used to predict phenotype from genotype albeit in a quantitative
time-dependent manner without evoking the underlying optimization principles.

2.2 Challenges

Network reconstruction: Metabolic networks underlying kinetic models are con-
structed from pathways with known input—output relation. Since the enzymes
constituting the pathway have to be characterized in great detail, the problem of
disconnected pathways does not exist.

Choosing the rate equations: Kinetic rate equations rely on detailed biochemical
information of the reaction kinetics and enzyme regulatory properties for the
individual reactions and transport processes, while conceptually easy and
straightforward kinetic modeling is only applicable for systems that are very well
characterized. The main difficulty consists in the selection of the regulatory prop-
erties considered. In general, kinetic models focus on a small number of reactions
pertinent to the metabolic function of interest embedded in central metabolism by
keeping essential cofactors constant. The main (and sole) challenge in kinetic
modeling lies in choosing the appropriate rat laws. In principle, the rate equations
depend on (local) metabolite and enzyme concentration, but myriads of environ-
mental factors such the ionic surrounding (pH value, calcium, magnesium, phos-
phate, potassium, sodium, chloride, etc., concentration), protein modifications (such
as phosphorylation state, complex formation), or phospholipid environment (for
membranous proteins) influence enzymatic activities. It is unfeasible to try to take
every regulatory property into account. It is the main task to identify and consider
the regulatory aspects needed in understanding/modeling the specific system at
hand. Therefor, kinetic models are often tailored to answer specific questions within
a limited application range: To investigate the glycolytic capacity of a cell, it is
usually unnecessary to consider changes in the ionic strength, while models of the
respiratory chain rely on this information. Besides the problem of limiting the
regulatory principles considered, another problem arises from either a lack of
detailed information or (seemingly) contradictory experimental findings. If one was
to set up a kinetic model without the assumption of homogeneity in enzyme and
metabolite concentrations, experimental data need to be present. Similarly, only the
regulatory properties that are known and characterized (such as allosteric regulator
with their Ki-values) can be considered. If it is only known that a specific drug
inhibits a certain metabolic function but not which enzyme is inhibited in which
way, it is not possible to model the effect (although one might identify possible
mechanisms that would result in the observed systemic effect, thereby giving hints
what should be validated experimentally).
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Conclusion: Kinetic models are the highest standard in metabolic modeling as
they in principle allow the incorporation and prediction of any experimental data
obtained. They rely on detailed information regarding the regulatory properties of
the enzymes and require a very high effort to set them up. To understand metabolic
regulation in a detail that enables a targeted intervention into metabolic processes
with the aim to prevent or cure diseases, it appears to be indispensable to expand the
concept of kinetic models to larger parts of the cellular metabolic network including
different pathways resident in different organelles (Fig. 1).

Statistical models: Input and output are correlated. The molecular basis for the
dependence remains elusive. An internal state does not exist (Fig. 1a).

Stoichiometric models: Stationary input and output fluxes are related via a
metabolic network. With prescribed input, metabolic output is calculated via
optimization criteria and prescription of an objective function. The internal state is
given by stationary fluxes lying on the edges of a flux cone spanning the solution
space. Metabolite concentrations are not considered (Fig. 1b).

Kinetic models: Input and output are dynamically linked by a metabolic net-
work. Input and output are the result of the activity of metabolic enzymes and
transporters that are regulated by metabolite concentrations, phosphorylation state,
and allosteric regulation such as feedback inhibition or feed-forward activation. The
internal state is given by dynamic metabolite concentrations and time-dependent
metabolic fluxes (Fig. 1c).

3 Current Trends and Future Perspectives

Due to the difficulties and limitations faced in CBM and kinetic modeling, it is not
surprising that there are many variations, extensions, and hybridization of the
previously explained concepts. FBA models try to include metabolite concentra-
tions through thermodynamics (see above) or through the identification of impor-
tant ‘reporter metabolites’ (Patil and Nielsen 2005) that are defined as metabolites
being either substrate or product of reactions that are highly regulated on the
transcription/expression/protein level, and time dependence is introduced through
the approximation of a dynamic metabolic state by a series of quasi-stationary states
(Mahadevan et al. 2002).

Similar kinetic modelers are trying to establish concepts that reduce the com-
plexity of kinetic parameters needed. If kinetic properties are unknown, shortcuts
are evoked which consist in the prescription of a certain type of kinetic rate law and
the guessing of appropriate kinetic parameters (Smallbone et al. 2010). While this
gives kinetic models in the sense of differential equations for the metabolite con-
centrations and flux distributions, it is very doubtful that the results are meaningful.
More promising simplifications arise from the observation that not all enzymes are
equally important for the regulation of a metabolic function. If the regulatory
enzymes can be identified, it is feasible to model these regulatory enzymes in
greater detail, while the rest of the enzymes can be treated via simplified kinetics.
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Indeed, it was shown (Bulik et al. 2009) that this gives fairly good approximations
compared to a fully kinetic model.

Hybrid models try to combine aspects of both modeling approaches. Structural
kinetic modeling tries to extract kinetic parameters from stability considerations
(Grimbs et al. 2007), while other approaches try to combine CBM with kinetic
models by replacing parts of a large metabolic network by kinetic models, which
then define the exchange fluxes used in the larger FBA parts.

Expanding the scope: Through the availability of omics data sets a whole uni-
verse of regulatory layers comprising signaling nodes, transcription factors, mRNA
and miRNA has been opened. Not surprisingly all these layers are extensively
studied. Gene regulatory networks try to unravel the principles underlying the
interaction between transcription factors, gene products, and effectors (miRNA),
signaling networks try to understand the activation of transcription factors in
response to different stimuli, and ontology-based models try to translate changes
occurring on the mRNA level into changes in the cellular metabolism. While in
metabolic modeling the topology of the metabolic network is worked out, a major
challenge for these approaches lies in the construction of the network topology
itself.

Closing remarks: Currently, we are witnessing a renewed scientific interest in
the study of the cellular metabolism especially with respect to medical application.
Two complementary strategies are pursuit to unravel the principles underlying
metabolic regulation. CBM/FBA models try to include more and more information
through omics datasets, trying to combine gene regulation, signaling, and meta-
bolism neglecting non-topological aspects of the underlying regulation, while
kinetic models try to include much more of the regulatory principles but are limited
to rather small systems.

An important aspect of future modeling approaches will be the progression from
the cellular to the tissue and organ level. Coupling of heterogeneous cells by blood
perfusion taking heterogeneous substrate supply and mutual interaction between
cells into account will lead to multi-scale models appropriate for the understanding
of clinical relevant phenomena such as in fatty liver disease, neurodegenerative
diseases, or progressive tissue damage after an acute infarction (heart and brain).
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Christopher Smyl

Abstract

Research of the last two decades showed that chronic low-grade inflammation,
elevated blood glucose and insulin levels may play role in the onset of a number
of non-communicable diseases such as type 2 diabetes and some forms of
cancer. Regular exercise and fasting can ameliorate high blood glucose and
insulin levels as well as increase the concentration of plasma ketone bodies.
These, in consequence, may lead to reduction of inflammation. Exercise or
severe restriction of caloric intake is not always advisable for patients, in
particular those suffering from cancer. The ketogenic diet (KD), characterized by
high fat, moderate protein and very low carbohydrate composition can evoke a
physiological state similar to that triggered by exercise or fasting. These
attributes of KD prompted its possible use in treatment of a number of metabolic
diseases, including several types of malignancies. Although results from clinical
studies employing KD in the treatment of cancer are still limited, the results
obtained from animal models are encouraging and show that KD presents a
viable option as an adjunct therapy for cancer.

Keywords
Ketogenic diet - Cancer therapy - Cancer - Ketone bodies - Metabolism

Research of the last two decades justifies to assert that low-grade inflammation,
chronically elevated levels of glucose and insulin are outward manifestations of
metabolic deregulations associated with a number of noncommunicable diseases,
some of which reached epidemic proportions, e.g., diabetes and cancer (Onodera
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et al. 2014; Ferroni et al. 2015; Hojlund 2014; Chettouh et al. 2015). It is argued
that diets rich in highly processed foods, in particular hydrogenated trans-fatty acids
and refined carbohydrates, which are now consumed by the vast majority of the
worlds population, significantly contribute to hyperglycemia, hyperinsulinemia, and
chronic inflammation (Raiten et al. 2015; Bhattacharyya et al. 2015; Deer et al.
2015). It is widely accepted that health benefits associated with fasting—as dis-
cussed in this textbook by Brandhorst and Longo—and regular exercise can be, to a
significant degree, attributed to the reduction of blood plasma glucose and insulin
levels as well as elevation of ketone body production, which—in consequence—
leads to reduced inflammation (Johnson et al. 2007; McGettrick and O’Neill 2013;
Metsios et al. 2015; Lee et al. 2015). These physiological changes are regarded as
key factors in reversing the decline in health associated with metabolic deregulation
as well as providing a physiological milieu conducive in the treatment of metabolic
diseases including cancer (Leitzmann et al. 2015; Sehdev and O’Neil 2015; Beu-
lertz et al. 2015; Winters-Stone 2015). However, frequent fasting and/or exercise
are not always applicable as an adjunct therapy for cancer as they can be too
demanding or incompatible with the state of the patients. Against this background,
it is interesting to note that the metabolic state evoked by fasting or exercise can
also be induced by the ketogenic diet.

The ketogenic diet (KD) is a high-fat (65-90 % of total energy), adequate
protein, low-carbohydrate (less than 10 % of total energy) diet, which originally
was used to treat epilepsy (Nei et al. 2014; Li et al. 2013; Selter et al. 2015; Dressler
et al. 2015). Ingestion of KD results in a switch from using glucose to fatty acids as
the main energy source. As a consequence of the high fat content, in addition to
lowering blood glucose, insulin, and insulin-like growth factor levels, KD results in
significant increase of ketone body production and modulates concentration of
hormones, neurotransmitters, and neuropeptides (Dang et al. 2015; Abdelwahab
et al. 2012). KD has also been shown to have anti-inflammatory (Dupuis et al.
2015), anti-oxidative, and mitochondrial biogenesis-stimulating effects (Rhyu et al.
2014; Nazarewicz et al. 2007). These attributes of KD prompted for its application
as a clinical dietary intervention in a number of disorders, e.g., obesity (Moreno
et al. 2014; Yancy et al. 2004; Ruano et al. 2006), inborn disorders of glucose
transport (Klepper et al. 2004; Lukyanova et al. 2015; Appavu et al. 2015),
mitochondrial complex I deficiency syndrome (Veech 2004), amyotrophic lateral
sclerosis (Zhao et al. 2006), diabetic nephropathy (Friedman et al. 2013), polycystic
ovary syndrome (Mavropoulos et al. 2005), atherogenic dyslipidemia (Westman
et al. 2006), type 2 diabetes mellitus (Westman et al. 2008), Alzheimer’s and
Parkinson’s diseases (Baranano and Hartman 2008; Hertz et al. 2015; Newport
et al. 2015), migraine (Di Lorenzo et al. 2015), depression (Murphy et al. 2004),
and autism (Evangeliou et al. 2003). The effects of the KD on cancer have been
investigated in animal models as well as in patients. Studies employing rodent
models of colon (Tisdale et al. 1987; Beck and Tisdale 1989), prostate (Freedland
et al. 2008; Mavropoulos et al. 2009), brain (Maurer et al. 2011; Stafford et al.
2010; Seyfried et al. 2014; Varshneya et al. 2015), skin (Magee et al. 1979), breast
(Gluschnaider et al. 2014), lung (Allen et al. 2013), gastric (Otto et al. 2008),
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nonsmall cell lung and metastatic cancer (Poff et al. 2015) showed that KD is able
to result in decreased tumor weight and improved overall survival.

To date, the investigations of clinical application of KD in treating cancer are
sporadic and in essence limited to tumors of the brain. The reported trials show that
the regime of KD is well tolerated by patients, without any adverse effects on their
health or physiology improving overall patient’s mood and fatigue (Schmidt et al.
2011). In addition to substantial reduction in blood glucose and elevation of ketone
bodies, KD allows patients to maintain their body weight and appears to diminish
physiological stress associated with chemotherapy treatment (Schmidt et al. 2011).
KD intervention applied to two patients with malignant astrocytoma resulted in
significant clinical improvement and arrested the progression of the disease in one
patient (Nebeling et al. 1995). The study conducted by Seyfried and colleagues
showed that two months of therapy with calorie-restricted KD led to a significant
reduction of glioblastoma multiforme progression; however, tumor recurrence was
found after 10 weeks of suspension of the dietary intervention (Zuccoli et al. 2010).
Recently, trials in the Steinbach laboratory involving 20 glioblastoma patients led
the authors to conclude that although KD can be safely applied as adjuvant agent to
the glioblastoma patients, when used as a sole agent KD had no significant activity
against cancer (Rieger et al. 2014). Clinical trials employing KD in the treatment of
brain tumors are reviewed by Bozzetti and Zupec-Kania (2015) and Varshneya
et al. ( 2015).

Although the clinical data as of today do not confirm KD as a valid, sole tool in the
treatment of malignancies, the physiological state evoked by following the KD regime
compels for in-depth research into KD impact on the onset and progression of pro-
liferative cell growth. Research of recent years showed that ketone bodies, in par-
ticular B-hydroxybutyrate, play significant regulatory roles in inflammation.
Preclinical studies showed that KD inhibited activity of the mammalian target of
rapamycin (mMTOR) pathway (McDaniel et al. 2011). mTOR inhibition is associated
with diminished inflammatory responses and cancer growth (Thiem et al. 2013;
Gomez-Pinillos and Ferrari 2012; Deng et al. 2010). NOD-like receptor (NLR) pro-
teins are important mediators of inflammation, which control the release of a number
of proinflammatory cytokines from macrophages (Martinon et al. 2007; Wen et al.
2013). Using in vitro and murine in vivo studies, Youm and coworkers showed that
B-hydroxybutyrate suppressed activation of the NLRP3 complex, resulting in inhi-
bition of inflammatory cytokine release and reduced severity of inflammation (Youm
etal. 2015). Ketone bodies have also been shown to display protective effects against
oxidative stress, most likely through the decrease of reactive oxygen species pro-
duction by mitochondria (Kim et al. 2007). The high fat content of KD allows for
manipulation of its fatty acids composition. The inclusion of highly ketogenic
medium-chain fatty acids increases the circulating plasma B-hydrohybutyrate,
whereas addition of monounsaturated (MUFA) and omega-3 polyunsaturated fatty
acids (n-3 PUFA) augments anti-inflammatory properties of KD. Itis well established
that MUFA and n-3 PUFA suppress inflammatory responses (Mocellin et al. 2015;
Sijben and Calder 2007; Thies et al. 2001; Harbige 2003; Roy et al. 2015; Sacchi et al.
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2014) and proliferation of some cancers (Mansara et al. 2015; Rose et al. 1995; Calder
2015; Hu et al. 2015; Halder et al. 2015).

In conclusion, a thoughtfully designed and regularly controlled ketogenic
combined with conventional medical care and physical exercise may present a
useful addition to cancer treatment. More clinical trials are urgently needed to test
safety, tolerability, and antiproliferative efficacy of the KD and other dietary
modifications, e.g., intermittent fasting.
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Abstract

Cancer is the second leading cause of death in the USA and among the leading
major diseases in the world. It is anticipated to continue to increase because of
the growth of the aging population and prevalence of risk factors such as obesity,
smoking, and/or poor dietary habits. Cancer treatment has remained relatively
similar during the past 30 years with chemotherapy and/or radiotherapy in
combination with surgery remaining the standard therapies although novel
therapies are slowly replacing or complementing the standard ones. According to
the American Cancer Society, the dietary recommendation for cancer patients
receiving chemotherapy is to increase calorie and protein intake. In addition,
there are no clear guidelines on the type of nutrition that could have a major
impact on cancer incidence. Yet, various forms of reduced caloric intake such as
calorie restriction (CR) or fasting demonstrate a wide range of beneficial effects
able to help prevent malignancies and increase the efficacy of cancer therapies.
Whereas chronic CR provides both beneficial and detrimental effects as well as
major compliance challenges, periodic fasting (PF), fasting-mimicking diets
(FMDs), and dietary restriction (DR) without a reduction in calories are
emerging as interventions with the potential to be widely used to prevent and
treat cancer. Here, we review preclinical and preliminary clinical studies on
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dietary restriction and fasting and their role in inducing cellular protection and
chemotherapy resistance.

Keywords
Cancer - Caloric restriction - Dietary restriction - Fasting - Chemotherapy -
Stress resistance - Sensitization

1 Introduction

In 2012, an estimated 14.1 million new cases of cancer occurred and approximately
8.2 million people died of cancer worldwide (Torre et al. 2015), although the exact
number can only be estimated because incidence rates and treatment modalities for
some parts of the world are not fully established. In the USA, one out of every four
deaths was estimated to be due to cancer in 2012 (Siegel et al. 2012). The
worldwide number of deaths is projected to increase to 13.2 million by 2030 due
to the expected increase in the elderly population, as well as the adoption to
cancer-causing behaviors (e.g., cigarette smoking) (Brawley 2011). Notably up to
35 % of all cancer deaths worldwide have been reported to be avoidable through
adjustments to lifestyle and environmental factors, such as physical activity and
dietary habits (Danaei et al. 2005). However, this estimate does not take into
account the more recent advances in dietary interventions to affect aging and
age-related diseases, which are likely to cause a major increase in the percentage of
preventable cancers (Levine et al. 2014).

Compared to the improvements in the prevention and treatment of heart disease,
cancer treatment and mortality have remained relatively unchanged over the past
30 years (Jemal et al. 2008). Chemotherapy and/or radiotherapy in combination
with surgical removal of the tumor mass remain the standard therapies. Che-
motherapy improves the survival rates of cancer patients but causes damage to
normal tissues and leads to significant side effects such as emotional distress,
myelo-suppression, fatigue, vomiting, diarrhea, and even death (Love et al. 1989;
Partridge et al. 2001). Despite newly designed drugs that target specific cancer
markers, cytotoxic drugs will have accompanying side effects unless novel and
complimentary interventions or strategies are adopted. In the following sections, we
discuss preclinical and preliminary clinical results on how specific forms of dietary
restriction (DR) and periodic fasting (PF; 24 h or more) can have significant impact
on the prevention and treatment of cancer while minimizing the adverse effects and
limitations associated with chronic calorie restriction (CR).

The effects of CR on cancer prevention were first described more than 100 years
ago (Moreschi 1909) and was followed by a large body of work demonstrating its
tumor preventive effects in various animal models. However, recent studies in both
mice and monkeys indicate that the effects of CR on longevity are either limited or
absent and, in mice, CR can even reduce longevity (Colman et al. 2009; Mattison
et al. 2012; Goodrick et al. 1990; Liao et al. 2010). The role of CR in cancer
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treatment is even more problematic considering that it would be extremely difficult
to chronically restrict calorie intake in cancer patients. PF instead has been
demonstrated to be effective in reducing pre-neoplastic lesions (Grasl-Kraupp et al.
1994) and in both cancer prevention and treatment, particularly in combination with
cytotoxic drugs (Grasl-Kraupp et al. 1994; Brandhorst et al. 2015; Lee et al. 2012).
PF protects normal cells/tissues from chemotherapy-induced toxicity (Lee et al.
2010; Raffaghello et al. 2008) while simultaneously increasing its therapeutic
efficacy on a wide variety of malignant cells (Lee et al. 2012; Safdie et al. 2012).
Newly designed dietary compositions aimed at inducing fasting-like effects that
allow nourishment are slowly emerging as potential therapies to delay
aging-associated diseases such as cancer (Brandhorst et al. 2015). These
fasting-mimicking diets (FMD) and PF also promote multisystem regeneration and
rejuvenation by promoting the self-renewal of stem cells and the generation of
white blood cells (Brandhorst et al. 2015; Cheng et al. 2014). Thus, novel and
periodic forms of extreme DR as well as targeted reductions in specific macronu-
trients, and a combination of both, are likely to replace the original balanced and
chronic restriction of all calorie sources.

2 Conserved Role of Nutrient-Sensing Signaling Pathways
in Life span and Stress Resistance

Fluctuations in food availability force most organisms into periods of drastically
reduced caloric intake or even starvation. Whereas a sufficient nutrient supply
enables growth and proliferation, periods of very low food availability, or the lack
of specific macromolecules, activate alternative metabolic modes allowing organ-
isms to remain protected against damage that could negatively affect fitness (Madia
et al. 2009; Harrison and Archer 1989). High cellular growth rates and high stress
protection rarely coexist, indicating that cells invest energy in either one or the
other. In fact, when nutrients are abundant, the activation of nutrient-sensing sig-
naling cascades promotes cellular growth while when they are scarce the
down-regulation of these signaling pathways blocks cellular proliferation and
activates stress resistance transcription factors which negatively regulate these
pro-aging pathways (Fontana et al. 2010; Longo 1999; Guarente and Kenyon 2000;
Kenyon 2001; Longo and Finch 2003). Over the last 20 years, diet-based
approaches have been combined with genetic approaches to identify the genes and
pathways that mediate nutrient-dependent effects on longevity and health span.
The most studied form of diet-based antiaging interventions is CR, which
commonly describes a 20-40 % reduction in calorie intake. DR instead can also
refer to restrictions of particular macromolecular components of the diet, without
affecting daily calorie intake (e.g., low protein compensated with high fat).
Alternate-day fasting (ADF), also often described as intermittent fasting (IF), is
another well-studied and beneficial form of DR discussed in detail elsewhere.
Finally, PF is distinct from ADF/IF as meal frequency is interrupted and caloric
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intake drastically reduced for periods generally ranging from 48 h to 3 weeks. In
addition to CR, some forms of IF and PF have been shown to promote stress
resistance and longevity in model organisms ranging from unicellular yeast to
mammals, indicating that the molecular mechanisms responsible for the protective
effects of CR have likely evolved billions of years ago and are partially conserved
in many species (Fontana et al. 2010; Longo and Mattson 2014).

In the prokaryote E. coli, lack of glucose or nitrogen (comparable to protein
restriction in mammals) increases the resistance to high levels of hydrogen peroxide
(Jenkins et al. 1988). The complete lack of nutrients also extends the longevity of
bacteria, which can be reversed by adding to the medium various nutrients except
for acetate, a carbon source associated with starvation conditions (Gonidakis et al.
2010). In the yeast S. cerevisiae, cells switched from standard growth medium to
water display a twofold increase in chronological life span and a major increase in
resistance against oxidative insults and heat stress (Lee et al. 2012; Fabrizio and
Longo 2003). Reducing the concentration of glucose from 2 to 0.5 % in the growth
media can have similar, although less efficient effects on stress resistance (Longo
et al. 1997; Wei et al. 2008). PF in yeast, which is implemented by switching yeast
cells back and forth from nutrient-rich medium to water every 48 h, extends both
medium and maximum longevity and increases the number of yeast cells surviving
hydrogen peroxide treatment by more than 100-fold (Brandhorst et al. 2015).
Although the precise mechanisms of DR-dependent life span extension in yeast are
not yet fully understood, they include the down-regulation of the amino acid
response Tor-S6K (Sch9) pathway and of the glucose-responsive Ras/adenylate
cyclase(AC)/PKA pathway, and the activation of the serine threonine kinase Rim15
which increases stress resistance against oxidants, genotoxins, and heat shock
through genes including superoxide dismutases and heat-shock proteins controlled
by the transcription factors Msn2, Msn4, and Gisl (Madia et al. 2009; Longo and
Finch 2003; Fabrizio et al. 2003; Fabrizio et al. 2001). Deletion of these tran-
scription factors reverses the protective effects of glucose restriction, demonstrating
their requirement for maximum protection (Wei et al. 2008). Surprisingly, the
deletion of Riml5, or of its downstream stress response transcription factors
Msn2/4 and Gisl, does not prevent the life span effects of PF (Brandhorst et al.
2015). These results indicate that PF can protect simple organisms from toxins and
aging by mechanisms that are in part independent of conserved pro-longevity
transcription factors.

The protective effects of food restriction/starvation on the unicellular E. coli and
S. cerevisiae are also observed in multicellular organisms. In the fruit fly D. mel-
anogaster, dilution or reduction of food have been shown to extend life span,
although intermittent food deprivation does not (Grandison et al. 2009; Piper and
Partridge 2007). The fasting-induced protection against oxidative stress in flies is
mediated by the repression of translation (consistent with energy diversion from
cellular growth to protection) through increased expression of d4E-BP downstream
of the PI3K/Akt/dFOXO3 pathway (Tettweiler et al. 2005; Villa-Cuesta et al.
2010). Of note is that moderate DR does not protect flies against the oxidative
damage caused by re-oxygenation injury whereas a more stringent DR does (Vigne
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and Frelin 2007). Mutations in the insulin receptor substrate chico extend life span
in D. melanogaster although its role in stress resistance remains unclear (Clancy
et al. 2001; Giannakou and Partridge 2007). In the nematode C. elegans, CR and
fasting, achieved by feeding either reduced amounts or no bacteria, also increase
life span (Smith et al. 2008). Life span extension in C. elegans requires AMPK, a
regulator of cellular glucose uptake and B-oxidation of fatty acids, as well as the
stress resistance transcription factor DAF-16, analogous to Msn2/4 and Gisl in
yeast and FOXOs in D. melanogaster and mammals (Greer et al. 2007). Fasting
every other day also increases oxidative stress resistance in C. elegans and increases
life span by up to 56 % via modulation of the RHEB-1 and TOR signaling path-
way, which are linked to DAF-16 (Weinkove et al. 2006; Honjoh et al. 2009).
Conversely, excessive glucose shortens the life span of C. elegans, in part by
decreasing DAF-16 activity (Lee et al. 2009). In adult C. elegans, mutations in
age-1 (PI3K homolog) and daf-2 (insulin/IGF-1 receptor homolog) result in a 65—
100 % life span extension by decreasing AKT-1/AKT-2 signaling, and by acti-
vating DAF-16, which is also associated with resistance to oxidative and ER stress
(Johnson 1990; Paradis et al. 1999; Hsu et al. 2003; Henis-Korenblit et al. 2010).

Orthologues of the genes regulating life span and stress resistance in S. cere-
visiae and C. elegans downstream of the growth hormone (GH)/insulin-like growth
factor 1 (IGF-1) axis regulate stress resistance and/or life span in mice (Coschigano
et al. 2003; Holzenberger et al. 2003; Bonkowski et al. 2009; Selman et al. 2009;
Brown-Borg 2009). In laboratory mice, mutations in the insulin-GH/IGF-1 axis
increase life span by up to 150 % and conversely, mice that overexpress GH have a
shortened life span (Brown-Borg et al. 1996; Murakami 2006; Bartke et al. 2002).
In agreement with the findings in lower eukaryotes, cultured cells derived from
long-lived mice with deficiencies in the GH/IGF-1 axis have higher resistance
against H,O;-induced oxidative stress, UV, genotoxins, as well as heat- and
cadmium-induced stress (Murakami 2006; Salmon et al. 2005). Vice versa, activ-
ities of the antioxidant enzymes superoxide dismutases and catalase decrease in
murine hepatocytes exposed to GH or IGF-1 and in transgenic mice overexpressing
GH (Brown-Borg and Rakoczy 2000; Brown-Borg et al. 2002). IGF-1 sensitizes
primary neurons to oxidative stress through Ras/Erk-dependent mechanisms (Li
et al. 2008), and experiments in rat primary glia and mouse fibroblasts suggest that
IGF-1 exposure sensitizes these cell types against oxidative damage and
chemotherapeutic drugs (Lee et al. 2010). In addition, IGF-1 attenuates the cellular
stress response and the expression of stress response proteins HSP72 and
heme-oxygenase in rats (Sharma et al. 2000).

In mammals, various forms of partial or complete food deprivation have been
investigated that range from daily 20-40 % CR, intermittent fasting (IF, including
alternate-day fasting, ADF), and PF. The multisystemic benefits of CR on rodent
life span have been extensively studied and are beyond the scope of this review.
Generally, CR increases rodent life span by up to 60 % and delays the occurrence
of many chronic diseases including cancer and improves stress resistance (Koubova
and Guarente 2003; Mattson 2005; Mattson and Wan 2005). However, there is
variability in the effects of CR and some genetic backgrounds do not experience a
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life span extension and can even display reduced longevity (Liao et al. 2010; Sohal
and Forster 2014), likely because of trade-offs between effects on aging and effects
on systems which may benefit from a higher calorie intake and/or fat level (Rikke
et al. 2010). In mice, the longevity effects of CR involve reduced activity of the
GHR/IGF-1 pathways since CR does not further extend the life span of GH
signaling-deficient mice (Bonkowski et al. 2009; Arum et al. 2009). CR is asso-
ciated with reduced oxidative stress and cellular proliferation (Youngman 1993;
Sohal and Weindruch 1996) while enhancing DNA repair processes and autophagy
(Weraarchakul et al. 1989; Cuervo et al. 2005; Wohlgemuth et al. 2007). CR
effectively reduces the levels of plasma insulin, cholesterol, triglycerides, growth
factors such as IGF-1, and inflammatory cytokines (Mahoney et al. 2006;
Matsuzaki et al. 2001). CR also elevates plasma high-density lipoprotein levels,
resulting in a reduced risk for atherosclerosis, diabetes, and obesity (Paoletti et al.
2006; Larson-Meyer et al. 2008). In a mouse model of DR-induced stress resis-
tance, restriction of sulfur amino acids increased hydrogen sulfide production and
the protection from oxidative damage induced by hepatic reperfusion injury (Hine
et al. 2015). Of note, a severe restriction of dietary protein can extend the life span
of rodents by up to 20 %, independently of the caloric intake (Pamplona and Barja
2006). Reduced levels of serum IGF-1 in rats and mice fed with protein-restricted
diets might explain the beneficial effects on longevity (Sonntag et al. 1999;
Brandhorst et al. 2013). Reducing protein intake and IGF-1 signaling also signifi-
cantly reduces the incidence and progression of breast cancer and melanoma in
murine models of tumor progression (Levine et al. 2014).

In rodents, the most studied fasting method has been IF which promotes pro-
tection against multiple diseases and causes a major reduction in the incidence of
lymphomas (Goodrick et al. 1990; Mattson and Wan 2005; Descamps et al. 2005;
Mattson 2012). The effects of alternate-day fasting on longevity in rodents depend
on the species and age at diet initiation and can range from negative effects to as
much as an 80 % life span extension (Goodrick et al. 1990; Arum et al. 2009;
Goodrick et al. 1982). Similar to CR, IF increases the survivorship and improves
insulin sensitivity of male wild-type mice, but fails to affect either parameter in
GHR-KO mice (Arum et al. 2009). The major differences between IF and PF in
mice are the duration and frequency of the fast. IF cycles usually last 24 h and are
separated by one day of normal food intake (alternate-day fasting), whereas PF
cycles last 2 or more days and are at least 1 week apart to allow for regaining of
normal weight (Longo and Mattson 2014). Additional differences include the
molecular changes caused by these fasting regimes on a variety of growth factors
and metabolic markers, since IF causes more frequent but less pronounced changes
than PF. Although less studied than IF, PF has been shown to have potent effects on
cellular protection. PF for 48—60 h prior to etoposide induced lethal oxidative stress
causes a significant increase in survival in three different mouse strains (Raffaghello
et al. 2008). Similarly, 72 h of food deprivation before exposure to lethal doses of
the chemotherapeutic drug doxorubicin, which causes oxidative stress-induced
cardiotoxicity, protects CD-1 mice (Lee et al. 2010). Following ischemic reperfu-
sion, which is associated with the production of reactive oxygen species in the
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affected tissue, fasting demonstrates protective effects in the mouse kidney and
liver, rat brain as well as human liver against reperfusion injury (Mitchell et al.
2009; van Ginhoven et al. 2009; Verweij et al. 2011). Traumatic brain injury
followed by fasting has neuroprotective effects, reduces oxidative damage, and
improves cognitive function (Davis et al. 2008).

Despite its advantages, the extreme nature of prolonged water-only fasting could
cause adverse effects, such as the exacerbation of previous malnourishments and
dysfunctions. These concerns are now being addressed through the implementation
of newly designed dietary interventions aimed to induce PF-like effects while min-
imizing the risk of adverse effects and the burden of complete food restriction. In
C57Bl/6 mice, a 4-day-long diet that mimics the effects of fasting (fasting-mimicking
diet, FMD) has been shown to lower blood glucose levels by 40 % and IGF-1 by
45 %, while increasing ketone bodies ninefold and IGFBP-1, which inhibits IGF-1,
eightfold by the end of the FMD. The FMD extends health span and longevity,
promotes hippocampal neurogenesis, lowers visceral fat, reduces skin lesions,
rejuvenates the immune system, and retards bone mineral density loss in old
mice (Brandhorst et al. 2015). The FMD started at middle age reduces tumor
incidence, delays cancer onset, and causes a major reduction in the number of
lesions, which may reflect a general switch from malignant to benign tumors.

Together, results from the range of studies and organisms described above
indicate that enhanced stress resistance is a highly conserved phenotype of starved
and long-lived organisms, which is in part mediated by reduced signaling through
the GH and IGF-1 axis.

3 The Physiological Response to Fasting in Mammals

Mammals undergo distinct metabolic changes when deprived of food that are dif-
ferent from that of CR (Wang et al. 2006; Lee and Longo 2011). The
post-absorptive phase, lasting for 10 or more hours after food ingestion involves the
utilization of glycogen as the main stored energy source. Following the depletion of
the hepatic glycogen storage, amino acids serve as gluconeogenic substrates while
the brain consumes most of the remaining glucose. After about 72 h of fasting,
serum glucose levels can reach 50-60 mg/dL in a healthy person, but return to
normal levels within 30 min after oral administration of 100 g glucose (Unger et al.
1963). Glycerol and fatty acids are released from the adipose tissue and as a result,
acetoacetate, B-hydroxybutyrate and acetone become the main carbon sources
within a few days of fasting. During the last phase of prolonged food deprivation,
the fat storage is eventually exhausted and muscles are being degraded to allow
gluconeogenesis. In rats, this occurs after 4-5 days but does not result in a major
increase in glucose levels (Wang et al. 2006). For humans, it is estimated that a
70-kg person can obtain basal caloric requirements from fat reserves for up to 2—
3 months of fasting (Cahill and Owen 1968; Cahill et al. 1968), leading to an
initially rapid weight loss that subsequently tapers off. During the first week of
fasting, an average of 0.9 kg/day is lost, followed by a 0.3-kg/day weight loss by
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the third week of fasting, resulting in an approximately 20 % body weight loss after
30-35 days of fasting (Kerndt et al. 1982). Thus, PF is generally feasible and
tolerable, but may be accompanied by side effects, such as headaches,
light-headedness, nausea, weakness, edema, anemia, and amenorrhea (Bloom 1959;
Runcie and Thomson 1970; Drenick and Smith 1964).

In accordance with the systemic effects of fasting, a plethora of extrinsic and
intrinsic growth factors is affected, including mediators of evolutionarily conserved
pathways that promote stress sensitivity and aging, such as IGF-1 (Fontana et al.
2010; Longo and Mattson 2014). IGF-1 levels decrease by up to 65 % following
120 h of PF in humans despite increased GH secretion (Ketelslegers et al. 1995;
Underwood et al. 1994; Moller and Jorgensen 2009; Maccario et al. 2001) due to
the increase in IGFBP-1, which decreases IGF-1 bioavailability and prevents the
feedback inhibition of GH secretion by IGF-1 (Zapf et al. 1995). In humans, GH
levels eventually decrease after 3—10 days of fasting and level off (Merimee and
Fineberg 1974; Palmblad et al. 1977). In mice, PF (24-72 h) decreases IGF-1 level
by 70 % and is associated with a 11-fold increase in IGFBP-1 (Lee et al. 2010;
Tannenbaum et al. 1979; Frystyk et al. 1999), reduced protein synthesis, reduced
AKT activity, reduced mTOR/S6K, increased 4E-BP1 activity, and increased
FOXO-1, FOXO-3, and FOXO-4 (Sans et al. 2004; Imae et al. 2003).

Starving mice or mammalian cells triggers autophagy in various tissues, which is
regulated by several genes that also regulate aging and stress resistance, such as
AMPK, mTOR, and sirtuins (Kroemer et al. 2010; Marino et al. 2010; Morselli
et al. 2009). Oncogenic signaling, e.g., through PI3K and Akt, has been shown to
inhibit autophagy, whereas tumor suppressors such as PTEN and TSC2 can trigger
autophagy (Morselli et al. 2009). Autophagy is elevated in many cancer cells and
increases the resistance of cancer cells to chemotherapy (Morselli et al. 2009).
Increased autophagy has been hypothesized to be mediated by ammonia as a
by-product of glutaminolysis occurring in the mitochondria of malignant cells
undergoing the Warburg effect to supply biosynthetic precursors required for their
high proliferation rate (Vander Heiden et al. 2009). Therefore, autophagy triggered
by fasting may be beneficial to normal cells but detrimental to malignant cells.

4 DR, Fasting and Cancer Treatment

Tumors arise over time from the combination of DNA damage and mutations
associated with changes in the environmental niche surrounding precancerous cells
(Hanahan and Weinberg 2011). Not surprisingly, aging is the major risk factor for
the development of many cancer types (DePinho 2000; Campisi et al. 2011).
Studies on caloric intake that delay organismal aging emphasize the preventive role
of CR in cancer establishment. Over a century ago, the first direct relationship
between chronic CR and the prevention of tumor transplantation in mice was
demonstrated (Moreschi 1909). Subsequently, a multitude of studies has established
that CR reduces the progression of spontaneous or induced tumors in various
animal models (Tannenbaum 1996; Tannenbaum 1940; Berrigan et al. 2002;
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Hursting et al. 1994). Further, CR has also been shown to reduce the cancer
incidence in rodents. Roy Walford and Richard Weindruch reported that CR
beginning either at the time of weaning or at 12 months of age increased life span,
delayed immunologic aging in laboratory mice, and reduced spontaneous cancer
incidence by more than 50 % (Weindruch and Walford 1982; Weindruch et al.
1986). In a multitude of auto- and xenograft tumor models, CR causes potent
antigrowth effects, although some cell lines remain resistant. Resistance to CR has
been associated with mutations that cause the constitutive activation of the
phosphatidylinositol-3-kinase (PI3K) pathway; substitution of the mutant allele of
PI3K with wild-type PI3K reestablishes a DR-sensitive cancer cell (Kalaany and
Sabatini 2009).

Support for the potential application of CR in humans arose from a 20-year
longitudinal adult-onset 30 % CR study in rhesus monkeys which decreased cancer
incidence by 50 % and reduced mortality (Colman et al. 2009). These findings,
however, have to be analyzed carefully as a CR regimen implemented in young and
older age rhesus monkeys at the National Institute on Aging (NIA) has not
improved survival outcomes (Mattison et al. 2012). Whether or not CR has the
potential to reduce cancer incidence in humans remains largely unclear, although
CR can reduce clinical markers associated with cancer if it also involves protein
restriction (Longo and Fontana 2010). Despite data indicating benefits in cancer
prevention at least in certain mouse genetic backgrounds, the use of CR in therapy
is problematic in part because it would be extremely difficult to chronically restrict
cancer patients even if a benefit was demonstrated. Further, chronic CR merely
delays the progression of the disease (Mukherjee et al. 2004; Bonorden et al. 2009),
and its effectiveness might be reduced to a subset of CR-responsive cancers
(Kalaany and Sabatini 2009). In addition, in mice chronic CR is associated with
weight loss, delayed wound healing, and impaired immune function, all of which
may impose a significant risk to cancer patients receiving chemotherapy, surgery or
immunity-based treatments, or who are at risk for losing weight and becoming frail
and cachectic (Fontana et al. 2010; Kristan 2008; Reed et al. 1996; Kim and
Demetri 1996).

Data suggest that PF (mice for 48—72 h, humans 4-5 days) may induce meta-
bolic changes which delay the growth of damaged cells, without the negative side
effects and limitations associated with chronic CR. In rats, fasting for 8 days or
40 % CR for 3 months, reduces pre-neoplastic liver masses by 20-30 %. Putative
pre-neoplastic liver foci have significantly lowered DNA replications but increased
apoptosis during PF, resulting in the reduced number and volume of putative
pre-neoplastic liver foci by 85 % throughout the following 17 months
(Grasl-Kraupp et al. 1994). However, in contrast to the protective effect of chronic
CR on carcinogenesis (Tagliaferro et al. 1996), fasting followed by refeeding
sustained tumor initiation in the rat liver enhances the growth of aberrant crypt foci
in the colorectal mucosa and mammary tumors even by otherwise non-initiating
carcinogen doses (Premoselli et al. 1998; Sesca et al. 1998; Tessitore et al. 1999).
Given that the refeeding phase is associated with increased cellular proliferation in
the liver and colorectal epithelium (Brandhorst et al. 2015; Cuervo et al. 2005),
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exposure to carcinogens during this period might explain these effects. Therefore, it
is of importance to consider that normal food intake following PF should be ini-
tiated once the half-life of potential carcinogens indicates its expiration. Despite
these caveats, PF has been shown to have potent protective effects in cancer
treatment, in part due its impact on host metabolism. PF decreases blood glucose in
mice by up to 75 % whereas long-term CR or IF cause a 15 % reduction (Longo
and Mattson 2014; Lee and Longo 2011); this seems of particular importance given
the glucose dependent phenotype of many cancer cells (Vander Heiden et al. 2009;
Warburg 1956). PF reduces the pro-proliferative growth factor IGF-1 by up to 75 %
(Lee et al. 2010; Underwood et al. 1994), while chronic CR causes a 25 % IGF-1
reduction in mice (Barger et al. 2008) and has no impact on IGF-1 levels in humans
unless combined with protein restriction (Fontana et al. 2008). Furthermore, chronic
DR with protein restriction only causes a 30 % reduction in IGF-1 for humans
(Fontana et al. 2008).

5 Differential Stress Resistance by Fasting

As described above, PF inactivates partially conserved pro-proliferative pathways
and increases resistance to oxidative and other stresses in lower eukaryotes,
whereas the constitutive activation of analogous pathways play central roles in
promoting cancer. Ras and Akt function in signal transduction pathways that are
frequently found in a constitutively activated form in cancer cells (Kinzler and
Vogelstein 1996; Hanahan and Weinberg 2000; Medema and Bos 1993). The
connection between (de-regulated) cellular proliferation and stress resistance pro-
vides the theoretical foundation for a fasting-induced differential protection of
normal cells from chemotoxicity (differential stress resistance, DSR). DSR is based
on the hypothesis that in response to fasting, normal cells enter a stress-resistant
state (Raffaghello et al. 2008; Longo et al. 1997) characterized by reduced/lack of
cell divisions and the utilization of metabolites generated from the breakdown of
fats, proteins and organelles. Self-sufficiency in growth signals enabled by
gain-of-function mutations in oncogenes (e.g., Ras, Akt, mMTOR) grants constitutive
activation of proliferation pathways and together with loss-of-function mutations in
tumor-suppressor genes (e.g., Rb, p53, PTEN) allows cancer cells to disregard
antiproliferative signals such as those occurring during fasting, thereby prohibiting
malignant cells to enter a nondividing and protected state (Hanahan and Weinberg
2000). The inability of cancer cells to respond to antigrowth signals or to grow in
the absence of growth factors, a well-established hallmark of cancer, prevents the
protective effect of fasting regardless of the type of cancer or oncogene mutations
(Lee and Longo 2011). DSR therefore presents a method to preferentially target
malignant cells with chemotherapy and other drugs (Raffaghello et al. 2008) while
increasing the resistance against cytotoxic stressors through cell detoxification
systems in normal dividing and/or nondividing cells. In fact, fasting induces the
protection against lethal doses of the chemotherapeutic drug etoposide in A/J,
CD-1, and athymic nude mice (Raffaghello et al. 2008). In a different set of
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experiments, CD-1 mice were protected from high-dose doxorubicin, known to
cause cardiotoxicity (Lee et al. 2010). Analogously, transgenic mice with a con-
ditional liver-specific IGF-1 gene deletion (LID), which results in a 70-80 %
reduction in circulating IGF-1 levels, show enhanced protection to cytotoxic
chemotherapy drugs including cyclophosphamide, doxorubicin, and 5-FU, although
they are not protected against the topoisomerase inhibitor etoposide (Lee et al.
2010). Studies in mice demonstrate that restoring IGF-1 to normal levels during
fasting reverses the protection against lethal doses of doxorubicin (Lee et al. 2010).
Similarly, three days of fasting protects FabplCre;Apc''* mice, which sponta-
neously develop intestinal tumors, against the side effects of a high dose of
irinotecan whereas ad libitum-fed mice experience weight loss, reduced activity,
ruffled coat, hunched-back posture, diarrhea, and leukopenia (Huisman et al. 2015).
Fasting reduces the delayed-type chemotherapy-induced nausea and vomiting in
cancer-bearing dogs receiving doxorubicin (Withers et al. 2014). The protective
effect of fasting can promote potent changes even to the stem cell population: PF
represses the immunosuppression and mortality caused by cyclophosphamide
through signal transduction changes in long-term hematopoietic stem cells and
niche cells that promote stress resistance, self-renewal, and lineage-balanced
regeneration (Cheng et al. 2014), in agreement with preliminary data on the pro-
tection of lymphocytes from chemotoxicity in fasting patients (Safdie et al. 2009).
Fasting has been shown to also promote regenerative effects in both the blood and
other systems including the nervous system, muscle and liver indicating that, in
addition to protecting against the toxicity of cancer drugs, it can stimulate the
generation of healthy cells and tissue damaged by the therapy (Brandhorst et al.
2015; Cheng et al. 2014).

6 Differential Stress Sensitization of Cancer Cells
by Fasting

Malignant cells are generated in a high nourishment environment and, therefore,
thrive in environments resembling those in which they have evolved. Cancer cells
generally prefer high levels of glucose to rely on glycolysis more than on oxidative
phosphorylation (Warburg effect), which provides energy and biosynthetic pre-
cursors essential for proliferation (Vander Heiden et al. 2009). Glycolysis allows
the metabolism of glucose-6-phosphate in the pentose shunt pathway, which pro-
vides substrates essential for nucleotide synthesis and NADPH production. The
Warburg effect may restrict cytochrome c-mediated apoptosis, thereby favoring
tumor cell survival and apoptosis evasion through decreased respiration (Vaughn
and Deshmukh 2008; Ruckenstuhl et al. 2009). However, glucose alone does not
supply all the building blocks required for cellular proliferation and cancer cells
therefore depend on amino acids, particularly glutamine, as a nitrogen source
(Vander Heiden et al. 2009). Glutamine, the circulating amino acid with the highest
concentration in humans, plays a crucial part in the uptake of essential amino acids
and can support NADPH production, making it necessary for lipid and nucleotide
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biosynthesis (Nicklin et al. 2009). Similarly to the effects of CR, protein/amino acid
restriction have been demonstrated to increase longevity and to delay the onset of
many aging-related diseases, including cancer (Mirzaei et al. 2014). The major
reduction in circulating glucose and amino acids during fasting is a significant
disadvantage to tumor cells that usually experience an almost unlimited supply
through the bloodstream.

The same mutations that cause tumor cells to remain locked in a pro-growth
mode render them also sensitive to alterations in the cellular environment. In
evolutionary biology, it is well established that most acquired mutations become
disadvantageous. The mutations generated in cancer cells are also mostly delete-
rious although such negative effects may not be observable until the cancer cells are
in an environment that exposes that detrimental effect. For example, a mutation that
requires high levels of glutamine would not be problematic to cancer cells until the
concentration of glutamine becomes limited. In S. cerevisiae, expression of the
oncogene-like RAS2vall9 not only reverses the (water-) starvation induced pro-
tection against hydrogen peroxide and menadione, the constitutive activation of Ras
sensitizes yeast cells compared to wild-type cells, a phenomenon called differential
stress sensitization (DSS) (Lee et al. 2012).

In vitro models of fasting (by reducing glucose and/or serum availability in the
growth medium) sensitize murine, rat and human glioblastoma multiforme cells, but
not primary mixed glia, to temozolomide chemotherapy (Safdie et al. 2012).
Similarly, fasting sensitizes 15 of 17 human and rodent cancer cell lines to the
chemotherapeutic agents’ doxorubicin and/or cyclophosphamide (Lee et al. 2012),
while serum starvation alone is sufficient to induce sensitization to cisplatin in
human mesothelioma and lung carcinoma cells (Shi et al. 2012). In a metastatic
mouse neuroblastoma model, fasting for 48 h followed by a single administration
of high-dose chemotherapy, but not either treatment alone, successfully improves
survival limited by both drug toxicity and metastases and results in long-term
cancer-free survival (Lee et al. 2012). In subcutaneous mouse models of melanoma
and breast cancer, fasting cycles are as effective as chemotherapy alone while the
combination of both treatment modalities significantly improves treatment efficacy
(Lee et al. 2012). Similarly, fasting prior to gemcitabine injection significant
decreases the progression of pancreatic cancer tumors by more than 40 %, in part
through increased gemcitabine uptake of malignant cells (D’Aronzo et al. 2015). PF
in combination with cisplatin for three weeks reduces the progression of
mesothelioma by more than 60 % compared to the untreated control and a complete
remission was observed in 60 % of the combination-treated mice (Shi et al. 2012).
48 h of PF also sensitizes both subcutaneous and intracranial glioma models to
radio- and chemotherapy (Safdie et al. 2012), an effect not mimicked by dietary
protein restriction alone (Brandhorst et al. 2013). 48 h of starvation, with or without
oxaliplatin, reduces the progression of CT26 colorectal tumors through the
down-regulation of aerobic glycolysis and glutaminolysis, while increasing
oxidative phosphorylation in complex I and II of the mitochondrial electron
transport chain, thereby resulting in reduced ATP production, increased oxidative
stress, and apoptosis (Bianchi et al. 2015). In murine 4T1 breast cancer cells, PF
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increases the phosphorylation of the stress-sensitizing Akt and S6 kinases and is
associated with increased oxidative stress, caspase-3 cleavage, DNA damage, and
subsequent apoptosis (Lee et al. 2012), whereas the PF-induced activation of the
ATM/Chk2/p53 signaling cascade is AMPK dependent and sensitizes mesothe-
lioma cells to cisplatin (Shi et al. 2012). In breast cancer and melanoma cells fasting
causes the sumoylation of the specialized DNA polymerase REV1 by SUMO2/3,
resulting in the relief of REV1’s inhibition of p53 and enhancing p53’s effects on
pro-apoptotic gene expression and apoptosis (Shim et al. 2015).

Many oncogenes are tyrosine kinases and thus provide a target for cancer
treatment. PF potentiates the growth inhibiting efficacy of commonly administered
tyrosine kinase inhibitors, such as erlotinib, gefitinib, lapatinib, crizotinib, and
regorafenib, in in vitro and xenograft models by inhibiting the MAPK signaling and
E2F-dependent inhibition of transcription (Caffa et al. 2015). In a non-small cell
lung cancer xenograft model, subcutaneous tumor growth was effectively reduced
by crizotinib or fasting whereas the combination of fasting with crizotinib was the
most efficient treatment option. Similar results have been demonstrated in a col-
orectal cancer xenograft model for the combination of fasting with regorafenib
(Caffa et al. 2015). These results demonstrate the dependence of malignant cells on
steady levels of glucose, amino acids, and growth factors and indicate that reducing
these factors may protect the organism while reducing tumor progression, partic-
ularly in combination with chemotherapy, by generating a challenging environment
for the survival of the cancer cell.

Different molecule classes, including antisense RNA, monoclonal antibodies,
and dominant negative IGF-1R gene variants have been employed toward this aim
(Bahr and Groner 2004), and at least 12 different IGF-1R targeting compounds,
including small antagonistic molecules and antibodies, have entered clinical trials
(Gualberto and Pollak 2009). These agents have been able to reverse the trans-
formed phenotype in several rodent and human cancer cell lines and, in analogy to
fasting, sensitized cancer cells to conventional chemotherapeutic treatment and
irradiation (Bahr and Groner 2004). However, IGF-1R blockade did not yield
positive results in human trials, possibly because it also interferes with the positive
function of IGF-1 in the proliferation of normal cells including stem and immune
cells. In contrast, fasting promotes reduced levels of glucose and IGF-1 which
return to the normal range after refeeding therefore generating an ideal environment
to negatively affect the growth and survival of cancer cells but not that of normal
cells.

7 (dlinical Efficacy of Fasting

Several studies indicate that fasting has the potential to prevent and treat diseases
and promote health in humans. For example, a water-only fast lasting 10-14 days
followed by a low-fat, low-sodium vegan-based refeeding period (approximately 6—
7 days on average) reduces systolic blood pressure points more than twofold
compared to a combined vegan low-fat, low-salt diet and exercise (Goldhamer et al.
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2001; Goldhamer 2002). Consuming a very-low-calorie diet of 350 kcal/day (an
almost fasting-like approach) has been considered safe in a large cohort with over
2000 participants with chronic diseases, providing evidence that the
very-low-calorie diet may protect against several diseases (Michalsen et al. 2005).
Additionally, in a randomized clinical trial to evaluate the effects of 2 days of IF
(500 kcal/day) a week on weight loss and metabolic disease risk markers in young
overweight women found that both chronic CR and IF are equally efficient in
reducing biomarkers associated with disease risk (Harvie et al. 2011). Fasting has
also been proposed to protect patients from ischemic reperfusion damage following
surgery, in which oxidative stress is largely responsible for the damage (Mitchell
et al. 2009; van Ginhoven et al. 2009).

Although no randomized clinical trials are (yet) available to evaluate the effect of
CR, IF or PF in cancer prevention, preclinical and clinical research supports the
potential application in prevention and treatment of human cancers. PF, or
fasting-like dietary regimen, can have pronounced effects on IGF-1, insulin, glu-
cose, IGFBP1, and ketone body levels, thereby generating a protective environment
for normal cells while creating a metabolic environment that does not favor pre-
cancerous and/or cancer cells (Barger et al. 2008; Mercken et al. 2013). In a pilot
clinical trial, three monthly FMD cycles decreased risk factors/biomarkers for
aging, diabetes, cardiovascular disease, and cancer without major adverse effects,
providing support for the use of FMDs to promote health span (Brandhorst et al.
2015). Although not significant, the percentage of mesenchymal stem and pro-
genitor cells in the peripheral blood mono-nucleated cell population showed a trend
to increase at the end of FMD, in line with the results obtained in mice (Brandhorst
et al. 2015). In these study participants, fasting blood glucose and IGF-1 levels were
significantly reduced and remained lower than baseline levels even after resuming
their normal diet following the final FMD cycle. Elevated circulating IGF-1 is
associated with increased risk of developing certain malignancies (Giovannucci
et al. 2003; Smith et al. 2000). In a population-based study of over 6000 American
adults, respondents of 50-65 years that reported high protein intake had the highest
circulating IGF-1 levels and experienced a 75 % increase in overall mortality and a
fourfold increase in cancer death risk during the following 18 years compared to the
low-protein/low-IGF-1 cohort (Levine et al. 2014). However, it is important to note
that high protein intake was associated with reduced cancer and overall mortality in
respondents over 65, indicating that high protein intake may be beneficial in older
adults or at least that older adults reporting a low-protein diet are malnourished,
frail, and sick (Levine et al. 2014; Dickinson et al. 2014). Although severe IGF-1
deficiency caused by growth hormone receptor deficiency (GHRD) known as
Laron’s syndrome leads to growth defects in humans, individuals with GHRD
rarely develop cancer (Guevara-Aguirre et al. 2011; Steuerman et al. 2011).

In cancer treatment, preliminary studies of 10 patients with a variety of malig-
nancies that voluntarily fasted for up to 180 h in combination with their prescribed
chemotherapy indicate a reduction in common chemotherapy-associated side effects
such as vomiting, diarrhea, fatigue and weakness, and in the cases where cancer
progression could be followed, there was no evidence that fasting protected tumors
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or interfered with chemotherapy efficacy (Safdie et al. 2009). Analogous to the
effects of fasting on the immune system in mice, the results from a phase I clinical
trial indicate that 72 but not 24 h of PF in combination with chemotherapy were
associated with normal lymphocyte counts and maintenance of a normal lineage
balance in white blood cells (Cheng et al. 2014; Safdie et al. 2009). In a pilot study, 7
out of 13 women diagnosed with HER2-negative stage II/IIl breast cancer were
randomized to fast 24 h before and 24 h after receiving neo-adjuvant
(docetaxel/doxorubicin/cyclophosphamide) chemotherapy (de Groot et al. 2015).
Fasting was well tolerated and protected from the chemotherapy-dependent reduc-
tion in erythrocyte and thrombocyte counts and possibly DNA damage in healthy
cells compared to the non-fasted group. The study observed no changes in leukocyte
or neutrophil counts which may be associated with a pegfilgrastim-induced pro-
duction of white blood cells. Notably, the use of the antiemetic drug dexamethasone
may explain the observed glucose increase despite 24 h of starvation and likely
attenuated some metabolic benefits of starvation, e.g., a more prominent reduction in
IGF-1 (de Groot et al. 2015). However, 48 h of fasting may not be sufficient to
optimize the differential stress resistance or sensitization of normal and malignant
cells. A number of clinical trials are now addressing the effects of fasting or
fasting-mimicking diets on humans and the diet-induced protection of patients from
the side effects of chemotherapy while sensitizing cancer cells to the treatment
(Table 1).

8 Conclusions

CR has been known to have major health benefits in the vast majority of laboratory
animal models. However, chronic CR is not feasible for the great majority of
subjects and it often causes detrimental effects, possibly by negatively affecting the
immune system, wound healing, and other important functions. PF but particularly
higher calorie fasting-mimicking diets have the potential to promote the beneficial
effects of CR, while reducing or eliminating adverse effects, and minimizing the
burden of chronic restriction or of diets requiring drastic changes several times a
week or every other day. The constitutive activation of nutrient signaling pathways
which promotes the growth of cancerous cells might also be their Achilles’ heel
since they allow the use of fasting to promote the protection of normal cells and
organs and sensitization of cancer cells, thus generating a wide-acting, consistent,
and inexpensive strategy to increase therapeutic index.

Taken together, these results indicate that PF and FMD have the potential to play
an important complementary role in medicine by promoting disease prevention,
enhancing disease treatment, delaying the aging process, and stimulating stem
cell-based regeneration.
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