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Abstract

Apoptosis is a cellular suicide program that plays a critical role in development and human
diseases, including cancer. Cancer cells evade apoptosis, thereby enabling excessive proliferation,
survival under hypoxic conditions, and acquired resistance to therapeutic agents. Among various
mechanisms that contribute to the evasion of apoptosis in cancer, metabolism is emerging as one
of the key factors. Cellular metabolites can regulate functions of pro- and antiapoptotic proteins. In
turn, p53, a regulator of apoptosis, also controls metabolism by limiting glycolysis and facilitating
mitochondrial respiration. Consequently, with dysregulated metabolism and p53 inactivation,
cancer cells are well-equipped to disable the apoptotic machinery. In this article, we review how
cellular apoptosis is regulated and how metabolism can influence the signaling pathways leading
to apoptosis, especially focusing on how glucose and lipid metabolism are altered in cancer cells
and how these alterations can impact the apoptotic pathways.

1. INTRODUCTION

Apoptosis is a form of programmed cell death. Dysregulation of apoptosis is often
associated with human diseases. Excessive apoptosis can cause degenerative disorders,
whereas insufficient apoptosis can result in neoplastic diseases. In this regard, cancer cells
avoid apoptosis by disabling the cell death machinery through various mechanisms, thereby
gaining an excessive survival advantage (for review, see Fernald and Kurokawa, 2013).
Cancer cells often evade apoptosis by overexpressing or stabilizing antiapoptotic BCL-2
family proteins while transcriptionally or posttranscriptionally inhibiting proapoptotic
BCL-2 family members. Additionally, another common mechanism that contributes to
cancer cell survival is the inactivation of transcription factors that trigger apoptosis, such as
the tumor suppressor p53.

In addition to the marked resistance to apoptosis, cancer cells are also characterized by
altered metabolic profiles (Dang, 2012a; DeBerardinis et al., 2008; Pavlova and Thompson,
2016; vander Heiden et al., 2009). Accumulating evidence strongly suggests that this
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metabolic shift plays a significant role in cancer cell survival, invasion, and metastasis
(Buchakjian and Kornbluth, 2010; Fernald and Kurokawa, 2013; Hannun and Obeid, 2008;
Semenza, 2007). However, it remains to be fully elucidated how cellular metabolism is
reprogrammed and how these modifications benefit cancer cells.

Metabolism can directly or indirectly regulate the apoptotic machinery, and cancer cells
harness altered metabolism to evade apoptosis. In this review, we will discuss how cancer
metabolism affects the apoptosis pathway. We will first look at the general overview of how
apoptosis takes place. Then, we will focus on how the glycolytic metabolism pathway,
which is often upregulated in cancer cells, can influence cell death signaling. Importantly,
p53 suppresses the glycolytic pathway. Thus, the loss of p53 function, which is seen in many
cancers, might promote glycolytic flux. Finally, we will illustrate the role of lipid
metabolism in the inhibition of apoptosis in cancer cells.

2. OVERVIEW OF APOPTOSIS PATHWAYS

Apoptosis is a form of programmed cell death, which is morphologically characterized by
membrane-blebbing, chromatin condensation, and DNA fragmentation. Cysteine proteases,
called caspases (Cysteine ASPartate proteASESs), mediate this process by cleaving substrate
proteins at specific aspartate residues. The targets of caspases include hundreds of vital
proteins, such as cytoskeletal proteins, kinases, and transcription factors (Fischer et al.,
2002; Lathi and Martin, 2007). The apoptotic pathway is the intermediary process that
connects various stress signals with execution of caspase-mediated cell death. The
mechanism of how caspases are activated differs depending on cell death stimuli and cell

type.

2.1 Caspases

Caspases are categorized into two groups: initiator caspases and effector caspases (Fig. 1).
Both initiator and effector caspases contain a catalytic site comprised of a small and a large
subunit. Initiator apoptotic caspases (e.g., caspases-2, -8, and -9) have a large N-terminal
prodomain that interacts with a specific adaptor protein required for dimerization-induced
activation (see later). The dimerization of the initiator caspases takes place within a specific
protein complex (e.g., PIDDosome for caspase-2, DISC for caspase-8, and apoptosome for
caspase-9; see later). Once activated, the initiator caspases cleave effector caspases. Without
a large prodomain, effector caspases (e.g., caspases-3, -6, and -7) do not need an adaptor
protein for dimerization-induced activation. Rather, effector caspases spontaneously
dimerize but are only activated upon cleavage between the small and large subunits by an
active initiator caspase. Activated effector caspases then cleave a number of protein
substrates to initiate apoptosis, leading to subsequent dismantling of cellular components
(Fischer et al., 2002; Kurokawa and Kornbluth, 2009; Lithi and Martin, 2007; Taylor et al.,
2008).

2.2 Intrinsic and Extrinsic Pathways

Depending on cellular stress, apoptosis can be initiated via two pathways, intrinsic or
extrinsic (Fig. 2). The intrinsic apoptosis pathway is activated in response to intracellular
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stress, such as DNA damage and metabolic stress. Extrinsic apoptosis pathway is initiated
by binding of death ligands (e.g., TNF and TRAIL) to their cognate death receptors (e.g.,
TNF-R1 and TRAIL-R1/R2) on the plasma membrane. Notably, while the intrinsic and
extrinsic pathways are induced in response to different cellular stimuli, both pathways
eventually culminate in the activation of effector caspases, especially caspase-3.

2.3 Activation of Initiator Caspases

The intrinsic apoptosis pathway involves mitochondria outer membrane permeabilization
(MOMP; see later the section for MOMP). Upon MOMP, proapoptotic proteins are released
from the mitochondrial intermembrane space into the cytoplasm. Among the key proteins in
the intermembrane space of mitochondria is cytochrome ¢, a component of the electron
transport chain (ETC). Once cytoplasmic, cytochrome cinitiates the intrinsic pathway of
apoptosis by binding to the adaptor protein APAF-1 as it triggers its oligomerization (Li et
al., 1997). APAF-1 heptomer, together with cytochrome cand the cofactor dATP, forms the
caspase-activating apoptosome platform (Figure 2). The apoptosome then activates
caspase-9 by facilitating the dimerization of this initiator caspase (Acehan et al., 2002; Shi,
2002; Shiozaki et al., 2002).

The extrinsic pathway is initiated by the activation of caspase-8 or -10. Caspases-8 and -10
are activated through another caspase-activating platform: DISC (Death Inducing Signaling
Complex) consisting of the death receptor, the adaptor protein FADD, and caspase-8 (or -10)
(Fig. 2). Upon ligand binding, oligomerization of the death receptor is induced, leading to
recruitment of FADD which, in turn, recruits and activates caspase-8 (or -10). Although the
activation of caspase-8 (or -10) takes place near the plasma membrane, self-cleavage
between the prodomain and the small subunit allows active caspases-8 and 10 (composed of
the small and large subunits) to be freely released from the DISC.

The mechanism of caspase-2 activation is somewhat complicated and sometimes
controversial. Canonically, caspase-2 is oligomerized and activated in the PIDDosome,
which consists of the two adaptor proteins RAIDD (also known as CRADD) and PIDD
(Park et al., 2007; Tinel et al., 2007; Tinel and Tschopp, 2004) (Fig. 2). Although the
structure and assembly of the PIDDosome have been resolved (Park et al., 2007), it remains
unclear how PIDDosome formation is regulated as opposed to cytochrome ¢- and a death
ligand-induced apoptosome and DISC formation, respectively. Interestingly, PIDD can be
induced by the tumor suppressor p53 (see later). However, caspase-2 activation can take
place in the absence of wild type p53 (Castedo et al., 2004; Sidi et al., 2008). Moreover,
recent studies show that activation of caspase-2 does not always require RAIDD and PIDD
(Manzl et al., 2009, 2012; Ribe et al., 2012). It has also been shown that caspase-2 can be
activated through the DISC consisting of a CD95, FADD, and caspase-8 (Lavrik et al., 2006;
Olsson et al., 2009). Therefore, activation of caspase-2 may be regulated by multiple
pathways and, most likely, in a context-dependent manner.

2.4 Mitochondria Outer Membrane Permeabilization (MOMP)

MOMP is regulated by a delicate balance between pro- and antiapoptotic B cell lymphoma 2
(BCL-2) family proteins and is often considered as a point of no return in the apoptosis
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pathway (Fig. 2). BCL-2 family proteins are characterized by the presence of BCL-2
homology domains (BH1-4) (Youle and Strasser, 2008) (Fig. 3A). Interacting through the
BH domains, proapoptotic BCL-2 proteins promote MOMP, while antiapoptotic BCL-2
proteins antagonize this effect by direct interaction with their proapoptotic family members
(Chen et al., 2005; Czabotar et al., 2014; Letai et al., 2002; Tait and Green, 2010). Among
the BCL-2 family proteins, BAX and BAK play the most critical and direct role for MOMP
induction as it is these two proteins that oligomerize to create “pores” on the mitochondrial
outer membrane in response to apoptotic stimuli (Grol3e et al., 2016; Salvador-Gallego et al.,
2016). Other members of BCL-2 family proteins are required to directly or indirectly
regulate BAX/BAK activation. Mice lacking both Bax and Bak are prenatally lethal because
of defects in neuronal development owing to the absence of apoptosis (Lindsten et al., 2000).
Moreover, mouse embryonic fibroblasts (MEFs) derived from the Bax/Bak double knockout
mice are extremely resistant to various apoptotic stimuli (Lindsten et al., 2000; Wei et al.,
2001).

Other proapoptotic BCL-2 family proteins include BID, BIM, BAD, NOXA, and PUMA
(Fig. 3). These pro-apoptotic proteins contain only one BH domain, namely BH3 domain,
and are called BH3-only proteins (Fig. 3). There are two models proposed to explain how
activation of BAX and BAK is regulated by BCL-2 family proteins (Chen et al., 2005;
Czabotar et al., 2014; Letai et al., 2002; Tait and Green, 2010): the indirect activator model
and the direct activator-derepressor model (Fig. 4). In the indirect activator model,
antiapoptotic BCL-2 family proteins constitutively bind and suppress BAX and BAK to
inhibit MOMP, while competitive interaction between pro- and antiapoptotic BCL-2 proteins
promotes BAX/BAK activation by disrupting the binding between BAX/BAK and the
antiapoptotic BCL-2 proteins (Fig. 4). In the direct activator-derepressor model,
proapoptotic BCL-2 family proteins could be divided to direct activators and derepressors
(sensitizers). Direct activators, such as BIM, release BAX/BAK from anti-apoptotic BCL-2
family proteins for activation, while derepressors, such as BAD, suppress the function of
antiapoptotic BCL-2 family proteins, circuitously contributing to BAX/BAK activation (Fig.
4). Notably, there is certain binding specificity between pro- and antiapoptotic BCL-2 family
proteins, which add layers of complexity to the regulation of BAX/BAK activation (Fig. 5).

It should be noted that the proapoptotic BID is unique in that it is cleaved into its active
tBID form only after cleavage by caspases-2 and -8/10, but not caspase-9. BID is considered
to be the only BCL-2 family protein that can mediate the cell death signaling from
PIDDosome and DISC to MOMP (Fig. 2).

3. REGULATION OF APOPTOSIS THROUGH GLYCOLYTIC PATHWAY

Enhanced glucose uptake is one of the hallmarks of cancer. Since Otto Warburg initially
described that cancer cells exhibit increased conversion of glucose to lactate (Warburg,
1956), a number of studies have shown that enhanced anaerobic glycolysis is a unique
characteristic of cancer cells. Furthermore, it is widely accepted that the “Warburg effect” is
part of the fundamental metabolic changes cancer cells undergo in order to develop the
propensity to grow and proliferate uncontrollably as well as to inhibit apoptosis.
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Glucose uptake is regulated by the growth factor signaling pathway that stimulates
expression of the glucose transporter (GLUT). Once transported into a cell, glucose is
phosphorylated by hexokinases and is converted to glucose-6-phosphate (G6P) (Fig. 6). G6P
then enters either the glycolysis pathway or the pentose phosphate pathway. The glycolysis
pathway ultimately produces a net of two molecules of pyruvate and ATP per glucose
molecule. In mitochondria, pyruvate is converted to acetyl-CoA and can then enter into the
Krebs cycle. NADH generated through the Krebs cycle and glycolysis is used in the
mitochondrial ETC, producing 32 ATPs per glucose molecule (oxidative phosphorylation)

(Fig. 6).

The pentose phosphate pathway produces NADPH and fatty acids. NADPH is a source of
the ROS scavenger glutathione (GSH), whereas fatty acids are critical for generation of lipid
membranes. The pentose phosphate pathway also generates ribose-5-phosphate, a precursor
of nucleotides. Therefore, this pathway is crucial for biomass production. It is considered
that highly proliferative cells, such as cancer cells, require large amounts of lipid
membranes, nucleotides, in addition to amino acids and, therefore, upregulate the pentose
phosphate pathway to compensate such demands.

3.1 Hypoxia-Inducible Factor-1

Altered glucose metabolism in cancer is, at least in part, linked to cancer microenvironment.
As a solid tumor develops, cell density increases, which creates an environment with low
oxygen levels (hypoxia) in the tumor (Dang, 2012b; Semenza, 2002). In a hypoxic
condition, tumor cells switch their energy-producing metabolism from mitochondrial
oxidative phosphorylation to the glycolytic pathway involving the pentose phosphate
pathway (Fig. 6). Hypoxia-Inducible Factor-1 (HIF-1) is a key transcription factor that
regulates gene expression under hypoxic conditions (Semenza, 2012, 2010a). HIF-1 consists
of two subunits, HIF-1a and HIF-18. While HIF-1p protein is constitutively expressed and
present in excess, HIF-1a protein has a short half-life (Huang et al., 1998; Salceda and Caro,
1997). Therefore, the regulation of HIF-1 activity is considered to occur at the level of
HIF-1a protein availability. In the presence of oxygen, HIF-1a is hydroxylated at a specific
proline residue by prolyl hydroxylase PHD, using O, as a substrate. This modification
creates a binding site for von Hippel-Lindau (VHL) protein, and VHL recruits components
of a ubiquitin E3 ligase complex for proteasomal degradation of HIF-1a. (Epstein et al.,
2001; Iwai et al., 1999; Kamura et al., 2000; Lisztwan et al., 1999). Therefore, in a hypoxic
condition, VHL-mediated degradation of HIF-1a is prevented and HIF-1a accumulates,
which leads to upregulation of HIF-1 target genes (Lu et al., 2002; Mole et al., 2009) (Fig.
7). Glucose transporters GLUT1 and GLUT3, and hexokinases HK1 and HK2 are the direct
transcriptional targets of HIF-1 (lyer et al., 1998). Other target genes of HIF-1 include
PDK1 [pyruvate dehydrogenase (PDH) kinase] that inhibits conversion of pyruvate to
acetyl-CoA (Kim et al., 2006; Papandreou et al., 2006), LDHA (lactate dehydrogenase A)
that promotes conversion of pyruvate to lactate (Semenza et al., 1996), in addition to BNIP3
and BNIP3L that mediate clearance of damaged mitochondria (Bellot et al., 2009; Zhang et
al., 2008). Many of these HIF-1 target gene products function to suppress mitochondrial
biogenesis but promote glycolysis (Semenza, 2012).
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In a hypoxic environment, the tumor suppressor p53 is induced, which could lead to cell
cycle arrest and apoptosis (Chandel et al., 2000; Kilic et al., 2007). Nevertheless, solid
tumors often exhibit marked resistance to various therapeutic treatments. Accumulating
evidence indicates that HIF-1 plays a critical role in apoptosis resistance under hypoxia by
upregulation of glucose uptake and glycolysis (Dong and Wang, 2004; Fulda and Debatin,
2007; Kilic et al., 2007; Malhotra and Brosius, 1999). In addition, HIF-1 directly suppresses
expression of B/D through promoter binding (Erler et al., 2004).

Overexpression of HIF-1 is observed in many different types of cancers (Semenza, 2010b).
Using xenograft mouse models, it has been shown that HIF-1 activity is correlated with
tumor formation (Ryan et al., 1998, 2000; Unruh et al., 2003). Interestingly, HIF-1
expression is also upregulated by the PISBK/AKT pathway (Elstrom et al., 2004; Zhong et al.,
2000). Moreover, some oncogenes augment HIF-1-mediated upregulation of glycolysis. Ras
oncoprotein promotes glycolysis through upregulation of MY C and HIF-1 activity (Lim et
al., 2004; Sears et al., 1999). In turn, MYC corporately works with HIF-1 to induce
expression of PDK and hexokinases (Kim et al., 2007). Tumors derived from H-RAS-
transformed HIF-1a-deficient MEFs lead to reduction of tumor growth in vivo (Ryan et al.,
2000, 1998). Importantly, such HIF-1a-deficient tumors exhibit better response to
chemotherapeutics because of enhanced apoptosis, which underscores the antiapoptotic
function of HIF-1a in cancer cells (Unruh et al., 2003). Several anticancer agents have been
shown to inhibit HIF-1 activity by decreasing HIF-1a at mRNA or protein level (Semenza,
2013).

Although HIF-1 is critical for hypoxia-induced apoptosis resistance, it should be noted that
HIF-1-independent mechanisms also exist. For instance, HIF-1-independent upregulation of
antiapoptotic BCL-2, BCL-xL, and clAP-2 as well as HIF-1-independent downregulation of
proapoptotic BAX and BAD have been reported under hypoxic conditions (Dong et al.,
2001; Erler et al., 2004; Kilic et al., 2007). These changes take place even after RNAi
knockdown of HIF-1a (Erler et al., 2004; Kilic et al., 2007) or in HIF-1a-deficient MEFs
(Dong et al., 2001). The HIF-1-independent mechanism of hypoxia-induced apoptosis
resistance remains elusive.

The serine/threonine kinase AKT promotes cell survival and is often activated in cancer cells
(Altomare and Testa, 2005; Bellacosa et al., 2005). Positively regulated by growth factors
through phosphoinositide 3-kinase (P13K), AKT increases glycolysis and lactate production
(Edinger and Thompson, 2002; Elstrom et al., 2004; Rathmell et al., 2003; Wieman et al.,
2007). Thus, AKT plays an important role in cellular survival mediated by growth factor
signaling (Rathmell et al., 2003; Yamaguchi and Wang, 2001) (Fig. 8). The role of AKT in
the regulation of antiapoptotic machinery by growth factors has been extensively studied in
interleukin-3 (IL3)-dependent murine lymphocyte lines. In these cells, IL3 activates
glycolysis (vander Heiden et al., 2001) and upregulates glucose transporter expression in an
AKT-dependent manner (Plas et al., 2001; Rathmell et al., 2003; Wieman et al., 2007).
Intriguingly, AKT promotes the localization of GLUT1 to the plasma membrane and
increase cell survival (Wieman et al., 2007). In addition, AKT activates glycolysis through
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mitochondrial localization of hexokinase (Gottlob et al., 2001; Majewski et al., 2004a). In
the presence of glucose, AKT increases the association of hexokinase with the outer
mitochondrial membrane and prevents mitochondrial cytochrome crelease (Majewski et al.,
2004a,b).

AKT also mediates metabolic protection of apoptosis through regulation of BCL-2 family
proteins, especially MCL-1 and PUMA (Fig. 8). MCL-1 is characterized by rapid protein
turnover. Among the mechanisms that regulate the stability of MCL-1 protein is
phosphorylation by the serine/threonine kinase GSK3. GSK3 phosphorylates MCL-1 at
multiple sites, which triggers ubiquitination and proteasomal degradation (Maurer et al.,
2006). AKT downregulates this process by phosphorylating and inactivating GSK3. Upon
growth factor stimulation, AKT becomes active, which results in suppression of GSK3-
mediated degradation of MCL-1 (Zhao et al., 2007). In the presence of glucose, AKT also
promotes MCL-1 protein synthesis by stimulating mTOR-mediated protein translation
(Coloff et al., 2011a).

PUMA is a BH3-only protein that can be induced by the tumor suppressor p53 in response
to various cellular stresses (Jeffers et al., 2003). Interestingly, glucose metabolism also
suppresses p53-mediated PUMA induction and apoptosis (Zhao et al., 2008). Active AKT
suppresses PUMA induction in the presence of glucose and is critical for AKT-mediated cell
survival (Coloff et al., 2011b). Since PUMA is one of the most critical mediators of p53-
dependent apoptosis (Jeffers et al., 2003), these studies suggest that AKT could
metabolically suppress the tumor suppressor function of p53 in cancer cells.

The BH3-only protein BAD inhibits antiapoptotic BCL-2 and BCL-xL, and facilitates
BAX/BAK activation in response to apoptotic stimuli (Chen et al., 2005; Youle and Strasser,
2008) (Figs. 3 and 5). BAD is a substrate of various kinases, such as AKT, protein kinase A
(PKA), and c-Jun NH2-terminal kinase (JNK), which are regulated by the growth factor
signaling pathway and the glycolysis pathway (Datta et al., 1997; del Peso et al., 1997) (Fig.
9). On the other hand, BAD is dephosphorylated by PP2A in response to growth factor
withdrawal (Chiang et al., 2003). The primary phosphorylation sites of BAD are at Ser112,
Ser136, and Ser155. Phosphorylation of these sites is inhibitory for BAD’s proapoptotic
function, as it creates a docking site for the adaptor protein 14-3-3. Once bound, 14-3-3
sequesters BAD from its interaction with BCL-xL (Zha et al., 1996). The critical role of
BAD phosphorylation was shown by a knock-in mouse model in which the three serine
residues were mutated to nonphosphorylatable alanine residues (S112A, S136A, and
S155A). The knock-in mice and cells isolated from the mice exhibited enhanced sensitivity
to various apoptotic stimuli, including DNA damage (Datta et al., 2002). Interestingly,
14-3-3 itself can also be directly phosphorylated by JNK following cellular stress, which
results in dissociation from BAD and subsequent translocation of BAD to mitochondria
(Sunayama et al., 2005). As JNK also protects cells by phosphorylation of BAD Thr201 (Yu
et al., 2004), the role of INK in the regulation of BAD activity may depend on cell type or
cellular stimuli.
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In addition to inducing MOMP, the proapoptotic BH3-only protein BAD also regulates
glycolysis (Danial et al., 2003, 2008) (Fig. 9). By forming a large complex with PKA, PP1,
WAVE-1, and glucokinase (hexokinase 1) on the outer mitochondrial membrane, BAD
activates glucokinase and, therefore, promotes glycolysis (Danial et al., 2003). Insulin
secretion from pancreatic p-cells is dependent on phosphorylation at Ser155 in the BAD
BH3 domain and is impaired in BAD-deficient mice (Danial et al., 2008). A
phosphomimetic BH3-peptide of BAD can restore glucokinase activity and protect
pancreatic p-cells in a mouse model of diabetes (Gimenez-Cassina et al., 2014; Ljubicic et
al., 2015; Szlyk et al., 2014). BAD was also shown to regulate glycolysis via activation of
phosphofructokinase-1 (PFK1), a rate-limiting glycolytic enzyme, upon JNK1-mediated
phosphorylation at Thr201 (Deng et al., 2008). Genetic ablation or pharmacological
inhibition of INK1 suppresses glycolysis induced by growth factor stimulation (Deng et al.,
2008). These studies clearly indicate that BAD has an additional role in regulating glucose
metabolism apart from its established proapoptotic activity. It remains to be investigated
whether we could exploit the dual functions of BAD to kill cancer cells by modulating
metabolism.

The BH3-only protein NOXA (also known as its gene name PMA/PI) interacts with MCL-1
and promotes its proteasomal degradation (Chen et al., 2005; Czabotar et al., 2007) (Figs. 3
and 5). It has been shown that NOXA is regulated by glucose metabolism (Lowman et al.,
2010) (Fig. 9). Lowman et al. showed in hematological cancer cells that the atypical cyclin-
dependent kinase CDKS5 is activated in a glucose-dependent manner and phosphorylates
NOXA at Serl3, which leads to sequestration of NOXA in a stable multiprotein complex
within the cytosol and suppression of proapoptotic activity of NOXA. Conversely, glucose
deprivation results in hypophosphorylation of this residue, which leads to activation of
NOXA. In support of this notion, glucose-deprivation or treatment with 2-deoxyglucose (2-
DG), which inhibits hexokinase, induces NOXA-dependent apoptosis (Alves et al., 2006;
Ramirez-Peinado et al., 2011). However, it was also shown in T-cell lymphoma that 2-DG-
induced cell death was not completely blocked by pan-caspase inhibitor g-VD-OPH,
suggesting that nonapoptotic cell death may also play a role upon glucose deprivation
(Zagorodna et al., 2012).

3.5 Caspase-2

Caspase-2 is the most evolutionarily conserved caspase, sharing significant structural
homology with the initiator caspase of Drosophila, Dronc. However, the critical role of
caspase-2 was initially questioned by the very minor phenotype of caspase-2-deficient mice
(Bergeron et al., 1998). Unlike transgenic mice lacking other caspases (e.g., caspase-8,
caspase-9), which exhibit severe developmental anomalies (Bergeron et al., 1998; Hakem et
al., 1998; Kuida et al., 1998; O’Reilly et al., 2002; Varfolomeev et al., 1998), caspase-2
knockout mice develop normally without notable defect except an increase in the number of
oocytes in the ovary (Bergeron et al., 1998). Interestingly, the critical role of caspase-2 as an
initiator caspase and its regulation by glucose metabolism were discovered by a series of
biochemical studies utilizing frog egg extracts (Fig. 10). Caspase-2 activation is
metabolically suppressed by phosphorylation of the prodomain at Ser135 (Ser164 in human
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and mouse) by calcium-calmodulin-dependent kinase 11 (CaMKII) (Nutt et al., 2005).
CaMKII phosphorylation of caspase-2 takes place in the presence of G6P or NADPH, and
can be inhibited by the G6P dehydrogenase inhibitor, dehydroisoandrosterone (DHEA),
indicating that phosphorylation is positively regulated by the pentose phosphate pathway
(Nutt et al., 2005). Subsequent studies showed that 14-3-3C binds the phosphorylated form
of caspase-2 and prevents caspase-2 activation resulting from dephosphorylation by protein
phosphatase 1 (PP1) (Nutt et al., 2009). 14-3-3( itself is also metabolically regulated by
acetylation, a process which promotes release of 14-3-3C from caspase-2 (Andersen et al.,
2011). However, in the presence of G6P, Sirtuinl removes this acetyl group from 14-3-3C,
keeping 14-3-3C bound to capsase-2 (Andersen et al., 2011). Additionally, the activity of
CaMKI|I is also regulated by the pentose phosphate pathway. Two phosphatases, PP1 and
PP2A/B55, can inactivate CaMKII by direct dephosphorylation, which is suppressed in the
presence of G6P (Huang et al., 2014; McCoy et al., 2013a). More recently, it was found that
free coenzyme A (CoA), a product derived from enhanced acetyl-CoA synthesis in the
presence of G6P, directly activates CaMKII (McCoy et al., 2013b). Activation of caspase-2
is also regulated by the mTOR pathway, which is discussed later (see Section 5.4).

3.6 Cytochrome ¢

Cytochrome cis a key protein that initiates the intrinsic apoptosis pathway (Fig. 2).
Interestingly, cytochrome c itself undergoes antiapoptotic modification by glucose
metabolism (Vaughn and Deshmukh, 2008) (Fig. 9). As described earlier, the pentose
phosphate pathway generates NADPH, which controls redox state of cells through
production of glutathione. Vaughn and Deshmukh (2008) showed that NADPH derived from
the pentose phosphate pathway controls redox state of cytochrome ¢. In the reduced form,
cytochrome cis not capable of inducing efficient apoptosome formation. Conversely, in the
oxidized form, which can be created by ROS, cytochrome ¢ can readily trigger apoptosome
assembly. These results indicate that glucose metabolism negatively regulates apoptosis even
downstream of MOMP through the production of NADPH. In this regard, it is noteworthy
that nucleotides can directly bind to cytochrome cand prevents its interaction with APAF-1
(Chandra et al., 2006). Thus, it is possible that NADPH derived from the pentose phosphate
pathway also directly contributes to the metabolic inhibition of cytochrome c.

4. P53 AND GLUCOSE METABOLISM

The tumor suppressor p53 is a transcription factor that induces cell cycle arrest, cell death,
and senescence in response to various cellular stresses (Vousden and Prives, 2009). p53-
inducible apoptosis genes include BAX, APAF-1, NOXA (PMAIPI), PUMA (BBC3), and
PIDD (PIDDI), (for review, see Bourdon et al., 2003; Moll, 2007). Among various cellular
stresses, DNA damage is the most extensively studied p53-inducing stimulus. However,
recent studies indicate that changes in glucose metabolism can also modulate p53 induction.
Responding to low glucose, for example, AMP-activated protein kinase (AMPK)
phosphorylates and activates p53, which triggers cell cycle arrest (Jones et al., 2005). In
turn, p53 also regulates glucose metabolism by suppressing glycolysis, while promoting
mitochondrial respiration (Fig. 11). As p53 is genetically mutated or functionally inactivated
in the majority of cancers, it is therefore expected for these cells to become highly glycolytic
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following loss of normal p53 activity (Muller and Vousden, 2013; Soussi and Wiman, 2015).
Moreover, some of the tumor-associated p53 mutations are known as gain-of-function
mutations, conferring new oncogenic properties to p53 protein (Lang et al., 2004; Olive et
al., 2004; Oren and Rotter, 2010). Therefore, p53-mediated glucose metabolism is likely
dysregulated in most cancers, thereby contributing toward the manifestation of the Warburg
effect. Here, we will review the role p53 plays to regulate glucose metabolism and how
critical it is for tumor suppression.

4.1 GLUT1/GLUT4 and HK2

Glucose uptake mediated by GLUTSs is the first step of glucose metabolism. p53 limits this
first step by directly binding to the GLUTI1 and GLUT4 promoters, consequently attenuating
their gene expression levels (Schwartzenberg-Bar-Yoseph et al., 2004). p53 that has a tumor-
associated mutation in the DNA-binding domain fails to suppress the promoter activity of
GLUTI1and GLUT4 (Schwartzenberg-Bar-Yoseph et al., 2004), thereby increasing cellular
glucose levels. Mutant p53, but not wild-type p53, also promotes GLUT1 translocation to
the plasma membrane and enhances glucose uptake (Zhang et al., 2013).

p53 also downregulates the gene expression of hexokinase-2 (HK2), an enzyme that converts
glucose to G6P. The loss of the p53 gene results in an increase in HK2mRNA levels by
transcript stabilization (Wang et al., 2014). Moreover, tumor-associated mutant p53
enhances HKZ gene expression through two p53 response elements of the HK2 promoter
region (Mathupala et al., 1997).

4.2 TIGAR (TP53-Induced Glycolysis and Apoptosis Regulator)

TIGAR (TP53-Induced Glycolysis and Apoptosis Regulator) was identified by microarray
analysis as a novel p53-target gene inducible by DNA damage and ribosomal stress
(Bensaad et al., 2006). Through a domain similar to fructose-2,6-bisphosphatase (FBPase-2),
TIGAR converts fructose-2,6-bisphosphate to fructose-6-bisphosphate (Fig. 6).
Fructose-2,6-bispho-sphate functions as a potent allosteric activator of PFK1, a rate-limiting
enzyme of glycolysis. Therefore, TIGAR inhibits glycolysis, thereby redirecting cellular
glucose metabolism to the pentose phosphate pathway shunt. As a result, TIGAR promotes
generation of NADPH and ribose-5-phosphate (Bensaad et al., 2006).

The role of TIGAR in cancer is complex. As a p53-inducible gene, it is presumably a tumor
suppressor. Indeed, via the production of the antioxidant NADPH, TIGAR reduces the
cellular level of ROS that can cause genome instability (Bensaad et al., 2006). Interestingly,
a more recent study showed that TIGAR knockout mice develop normally, but exhibit a
defect in intestinal regeneration mainly due to ROS accumulation and the lack of ribose
phosphate production (Cheung et al., 2013). In contrast, a mouse intestinal adenoma model
showed that TIGAR is critical for tumor development—TIGAR knockout tumors were
smaller than TIGAR wild type tumors, and mice with TIGAR knockout tumors exhibited
enhanced survival (Cheung et al., 2013), indicating that TIGAR can facilitate tumorigenesis.
Supporting the oncogenic function, TIGAR is often overexpressed in various cancer cell
lines and tumor tissues (Bensaad et al., 2006; Cheung et al., 2013; Wanka et al., 2012b).
Likewise, high expression levels of TIGAR protect glioma cells from cell death induced by
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hypoxia or ROS (Wanka et al., 2012b). Taken together, it is suggested that although TIGAR
suppresses glycolysis and reduces ROS levels, activation of the pentose phosphate pathway
by TIGAR could also benefit cancer cells for survival and proliferation by providing
NADPH and nucleotides. Given that p53 is genetically or functionally inactivated in the
majority of cancers, it is possible that the oncogenic dysregulation of TIGAR may be
controlled by a p53-independent mechanism.

4.3 Apoptosis-Inducing Factor and Synthesis of Cytochrome ¢ Oxidase 2

p53 promotes mitochondrial oxidative phosphorylation by inducing expression of at least
two gene products which are essential for the mitochondrial ETC complexes: AlF and
SCO2. AIF was initially found as a protein involved in caspase-independent apoptosis. Like
cytochrome ¢, AlF resides in the mitochondrial intermembrane space. Upon MOMP, AlF
translocates to the nucleus and induces DNA fragmentation independently of caspases (Joza
et al., 2001; Susin et al., 1999). In addition to its procell death function, AlF contributes to
maintaining ETC integrity. The loss of A/Fcompromises the mitochondrial respiratory
chain, particularly complexes I and 11, resulting in defective oxidative phosphorylation
(Brown et al., 2006; Hangen et al., 2015; Vahsen et al., 2004). A recent study showed that
the role of AIF in mitochondrial respiration is mediated by CHCHDA4, a protein required for
ETC biogenesis (Hangen et al., 2015). Interestingly, unlike other p53-targeted proapoptotic
genes, such as PUMA or NOXA, AIF is induced at the basal level of p53 and its expression
is not further enhanced upon cellular stress (Stambolsky et al., 2006). A/~deficient cells
exhibit increased lactate production while showing reduced oxidative phosphorylation,
indicating enhanced glucose-dependency for energy production (Vahsen et al., 2004). Thus,
it appears that AIF mediates the balance between glycolysis and oxidative phosphorylation
controlled by p53.

SCO2 is required for the assembly of cytochrome ¢ oxidase complex in the ETC complex IV
(Matoba et al., 2006). In p53-deficient cells, SCO2 expression is downregulated and
mitochondrial respiration is impaired (Matoba et al., 2006; Wanka et al., 2012a). Moreover,
depletion of SCO?2 is sufficient to promote glycolysis even in the presence of wild type p53
(Matoba et al., 2006), suggesting that SCO?2 is a key regulator for oxidative phosphorylation.
Taken together, these results further strengthen a link between the loss of p53 functions and
enhanced glycolysis in cancer cells.

4.4 Glucose-6-Phosphate Dehydrogenase

Besides its roles as a transcription factor, p53 also functions in a transcription-independent
manner (Green and Chipuk, 2006; Green and Kroemer, 2009). Surprisingly, p53 directly
binds and inhibits Glucose-6-Phosphate Dehydrogenase (G6PD), an enzyme that catalyzes
oxidation of G6P in the pentose phosphate pathway (Jiang et al., 2011) (Fig. 6). Compared
to p53-proficient cells, p53-deficient MEFs or p53-depleted cells by RNAI exhibit higher
glucose consumption and NADPH production (Jiang et al., 2011), suggesting the
upregulation of the pentose phosphate pathway. Importantly, tumor-associated p53 mutants
fail to inhibit G6PD (Jiang et al., 2011). Therefore, these results indicate that p53 functions
as a tumor suppressor not only by regulating gene expression but also by directly inhibiting
the pentose phosphate pathway.
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5. REGULATION OF APOPTOSIS BY LIPID METABOLISM

Apoptosis induction is not solely dependent on protein—protein interaction, as lipids also
play important roles. Accumulating evidence reveals the implication of lipids in a number of
physiological settings which affect tumorigenesis. Several types of lipids including
cholesterol (Cafforio et al., 2005; Lucken-Ardjomande et al., 2008), cardiolipin (Kuwana et
al., 2002; Lutter et al., 2000; Montero et al., 2010; Ott et al., 2002), and prostaglandins
(Huang et al., 2011; Lalier et al., 2011; Li et al., 2010), are known to affect apoptosis
machinery. We will evaluate the recent evidence of how cancer cells manipulate this
pathway to evade apoptosis, with particular emphasis on ceramide and fatty acids.

5.1 Introduction of Sphingolipid Pathway

Implication of sphingolipid metabolism in apoptosis has been discussed in depth for over a
decade (Hannun and Obeid, 2008; Stancevic and Kolesnick, 2010). Sphingolipids are a
complex class of lipids involved in a range of cellular processes associated with several
disease states. While providing structural integrity to membranes, sphingolipid metabolism
regulates major cellular processes such as apoptosis, proliferation, and senescence. Cancer
associated modification of enzyme expression, activity, and subcellular localization in
sphingolipid metabolism promotes suppression of apoptosis and decreased sensitivity to
chemotherapeutic agents.

The sphingolipid pathway generates the bioactive lipid metabolite ceramide, which consists
of a sphingosine backbone forming an amide bond with the carboxyl group of a fatty acid.
Ceramide acts as the key metabolic intermediate of the sphingolipid pathway, and can be
produced or utilized through several other pathways (Fig. 12). Ceramide metabolism is
dynamic, with flux of ceramide into any of the described pathways being reversible at the
level of at least the first metabolite with the exception of de novo synthesis where ceramide
cannot be saturated back to dihydroceramide (Fig. 12). However, it is important to note that
tissue specificity and responses to particular stimuli will alter the flux through the pathway.

5.2 Pro-apoptotic Functions of Ceramide

Pro-apoptotic functions of ceramide have long been studied among the lipid metabolites
(Fig. 13). One of the earliest studies that directly showed the involvement of ceramide in
apoptosis was by Obeid et al. (1993); a synthetic cell membrane-permeable analog of
ceramide induced chromatin fragmentation, a characteristic of apoptosis, in leukemic cells.
Thereafter, a number of studies have described the molecular mechanisms of ceramide-
induced apoptosis. For example, overexpression of BCL-2 or BCL-xL suppresses ceramide-
induced apoptosis (El-Assaad et al., 1998; Zhang et al., 1996), whereas ceramide can inhibit
BCL-2 by PP2A-mediated dephosphorylation at S70 (Ruvolo et al., 1999). Overexpression
of BAX sensitizes cancer cells to ceramide (Haefen et al., 2002), whereas BAX-deficient
HCT116 cells showed reduced sensitivity to ceramide-induced apoptosis (Haefen et al.,
2002). Interestingly, BAX and caspase activation induced by ceramide are significantly
suppressed following p53 knockdown (Kim et al., 2002). More recent studies showed that
ceramide enhances BAX-induced MOMP through direct interaction with BAX and
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formation of a platform for BAX activation to take place on the outer mitochondrial
membrane (Ganesan et al., 2010; Lee et al., 2011).

In addition to regulating BCL-2 family proteins, ceramide is also known to impact the
induction of apoptosis through the regulation of the kinase signaling pathways. Ceramide
suppresses the activity of the multifunctional kinase, protein kinase C (PKC), while
ceramide-induced apoptosis is suppressed by PKC activator, phorbol 12-myristate 13-acetate
(Lee et al., 1996; Obeid et al., 1993). It has also been shown that ceramide promotes
apoptosis through inhibition of AKT activity (Zhou et al., 1998). Conversely, the expression
of constitutively active AKT could override ceramide-induced apoptosis (Zhou et al., 1998).
Ceramide was also shown to activate the protein phosphatase PP2A, although the molecular
mechanism still remains elusive (Lin et al., 2007).

5.3 Role of Pathways That Regulate Ceramide Production

Several apoptotic stimuli, such as tumor necrosis factor (TNF), Fas ligand, growth factor
withdrawal, and DNA-damaging reagents, can increase ceramide production (Ogretmen and
Hannun, 2004), suggesting that ceramide might mediate both the intrinsic and the extrinsic
pathways of apoptosis induced by various stresses. Ceramide can be produced through
several different enzymatic reactions (Fig. 12). Hereafter, we will review the proapoptotic
function of ceramide, focusing on each of the ceramide production pathways.

5.3.1 Sphingomyelinase (SMase) Pathway—Sphingomyelinase (SMase)-mediated
ceramide production has long been linked to apoptosis. In this pathway, direct hydrolysis of
sphingomyelin (SM) by SMase produces ceramide, which is reversible by the action of SM
synthase (Fig. 12). It has been shown that ultraviolet, ionizing radiation, TNF stimulation,
and chemotherapeutics activate SMase (Hannun and Obeid, 2008). Moreover, SMase
activity is required for BAX activation and MOMP induced by ultraviolet or BCL-2
inhibitors (e.g., ABT263) (Beverly et al., 2013; Kashkar et al., 2005). In addition, targeted
overexpression of SMase on mitochondria is sufficient to induce BAX activation (Birbes et
al., 2005). Likewise, in vitro incubation of SMase and isolated mitochondria induces BAX
activation on mitochondria fraction (Birbes et al., 2005). The critical role of the SMase-
mediated ceramide synthesis pathway in the induction of apoptosis was further strengthened
by in vivo studies. Lymphoblast lines derived from patients with Niemann—Pick disease, a
genetic disorder characterized with extremely low SMase activity, generated little ceramide
and failed to induce apoptosis in response to ionizing radiation; exogenous expression of
SMase could rescue this phenotype (Santana et al., 1996). Supporting this observation,
SMase knockout mice displayed a defect in inducing ceramide production and apoptosis in
thymus and lung following ionizing radiation or in liver after intravenous injection of anti-
Fas antibody (Lin et al., 2000; Santana et al., 1996). Furthermore, a mouse xenograft study
demonstrated that tumors grow much more rapidly in the absence of SMase (Garcia-Barros
et al., 2003). Interestingly, when tumor cells that express SMase were implanted in SMase
knockout mice, the xenograft tumors still exhibited resistance to ionizing radiation (Garcia-
Barros et al., 2003), indicating that the SMase pathway may impact tumor survival not only
by directly affecting ceramide production within tumor cells but also in someway regulating
tumor microenvironment. Nevertheless, thymocytes and splenocytes derived from SMase

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2018 February 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Matsuura et al.

Page 14

knockout mice and wild type mice showed equal sensitivity to Fas ligand-induced apoptosis
(Lin et al., 2000). Thus, it is suggested that the apoptotic role of SMase may operate in a cell
type-specific or context-dependent manner. Of note, SMase-generated ceramide can also
lead to activation of the endolysosomal protease cathepsin D, which may play a role in TNF-
induced apoptosis (Heinrich et al., 2004).

5.3.2 De Novo Synthesis—De novo synthesis of ceramide begins with the production 3-
ketosphinganine through the enzymatic condensation of serine and palmitoyl-CoA by serine
palmitoyltransferase (SPT) (Hannun and Obeid, 2002) (Fig. 12). Subsequent reduction by 3-
ketosphinganine reductase produces sphinganine, which reacts with (dihydro)ceramide
synthase (CerS; six mammalian CerS isoforms have been identified) to produce the saturated
ceramide precursor dihydroceramide (Pewzner-Jung et al., 2006). The final step in the de
novo synthesis pathway involves the introduction of a 4, 5-trans double bond catalyzed by
dihydroceramide desaturase, forming ceramide (Causeret et al., 2000).

The de novo ceramide synthesis pathway can be activated in response to various cellular
stresses. An earlier study demonstrated that daunorubicin, a topoisomerase 11 inhibitor which
elicits a DNA damage response, induces apoptosis following ceramide generation, which
can be inhibited by fumonisin B1, a potent and specific inhibitor of CerS (Bose et al., 1995).
Likewise, activation of the B-cell receptor, which is known to trigger activation-induced cell
death, also leads to an elevation of ceramide levels in B-cells through the de novo synthesis
pathway (Kroesen et al., 2001). The molecular mechanism of how the de novo pathway is
activated following such cellular stimuli remains unclear. However, at least one of the CerS
isoforms, CerS6, is induced by p53 (Hoeferlin et al., 2013), which may explain why DNA
damage often activates ceramide production. Interestingly, activation of SPT has also been
reported upon DNA damage and hypoxia in leukemia cells and neuroblastoma cells,
respectively (Kang et al., 2010; Perry et al., 2000).

Interestingly, while BAK and BAX are critical for MOMP, BAK activation is required for
promoting the activity of CerS (Siskind et al., 2010), indicating that a “feed-forward model”
is in effect. Ceramide production is abrogated in BAK-deficient cells, but not in BAX-
deficient cells (Siskind et al., 2010), illustrating a MOMP-independent role of BAK.

5.3.3 Salvage Pathway—Salvage of free sphingosine by CerS isoforms procures
ceramide via a reaction which can also be reversed by the action of ceramidase; free
sphingosine can further be metabolized by two sphingosine kinases (SphK1 and SphK2) to
sphingosine-1-phosphate (S1P) (Fig. 12). S1P can either re-enter the sphingolipid metabolic
pool by dephosphorylation by sphingosine-1-phosphate phosphatase (S1PP) or leave the
pool through irreversible breakdown to phosphoethanolamine and hexadecenal by S1P lyase
(S1PL).

The role of S1P is somewhat “enigmatic,” as its pro- and anti-apoptotic functions have been
documented. An anti-apoptotic function of S1P was first reported in a study showing that
S1P inhibits apoptosis induced by serum deprivation, TNF, or Fas stimulation (Cuvillier et
al., 1996). The study also showed that PKC, directly or indirectly, activates SphK, resulting
in upregulation of cellular S1P levels (Cuvillier et al., 1996). In support with this notion,
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apoptosis induced by PKC inhibitors can be suppressed in the presence of S1P (Cuvillier et
al., 1996). Moreover, overexpression of SphK confers cells resistance to apoptosis induced
by serum deprivation, ceramide, or Fas ligand through upregulation of cellular S1P levels
(Olivera et al., 1999). In fact, overexpression of SphK1 is noted in several types of cancer
(Datta et al., 2014; Li et al., 2009; Liu et al., 2010, 2013; Meng et al., 2014; Ruckhaberle et
al., 2008; Zhang et al., 2014).

In addition to apoptosis, S1P also mediates activation of the NF-xB pathway regulating cell
survival, inflammatory, and immune responses. It was demonstrated earlier that TNFa
triggers activation of SphK and generation of S1P, while TNFa-induced NF-xB activation
can be suppressed by the SphK inhibitor N, A-dimethylsphingosine (Xia et al., 1998). TNF
receptor-associated factor 2 (TRAF2), a key ubiquitin E3 ligase for the activation of the
canonical NF-xB pathway, directly interacts with SphK, which is required for TNF-induced
NF-xB activation (Xia et al., 2002). Interestingly, a more recent study has shown that S1P is
a critical cofactor for the catalytic activity of TRAF2 (Alvarez et al., 2010). As S1P is
produced by SphK on the plasma membrane, the activation of TRAF2 by S1P directly links
sphingolipid metabolism to the NF-xB pathway.

Surprisingly, S1P also crosses the plasma membrane through S1P transporters and functions
as a receptor ligand (Lee et al., 1998; Maceyka et al., 2012). To date, five isoforms of S1P
receptors (SIPR1-S1PR5) have been identified (Nagahashi et al., 2014; Rosen et al., 2013).
Acting on the G-protein-coupled transmembrane receptors, S1P can activate various cellular
signaling pathways (Spiegel and Milstien, 2003). Recently, it was shown that through
S1PR1, S1P activates the ERK and the PI3K pathways, suppressing B/M expression and
enhancing the accumulation of MCL-1 protein, respectively (Rutherford et al., 2013).
Importantly, a significant correlation between S1PR1 expression levels and hyper-activation
of the ERK pathway, and an association between high S1IPR1 levels and resistance to
apoptosis were documented in ER-positive breast tumors (Rutherford et al., 2013).

As opposed to the pro-survival functions of S1P, a recent in vitro reconstitution study
demonstrated that S1P and hexadecenal can directly activate BAK and BAX, respectively, to
promote MOMP (Chipuk et al., 2012). When considered alongside evidence of how the
sphingolipid pathway is dysregulated in cancer cells, this work has dramatic implications for
the field of cancer biology. Decreased activity of the SMase enzymes that catalyze this
process has been observed in several types of cancer (Cheng et al., 2007; Hertervig et al.,
1997; Wu et al., 2004). In colon and liver cancer cells, alternative splicing of SMase
produces an isoform greatly reduced in its enzymatic activity, dramatically decreasing the
amount of ceramide produced (Cheng et al., 2007; Rhein et al., 2012). Expression of S1PL,
which catalyzes degradation of S1P to produce hexadecenal, is also significantly reduced in
colon cancer (Oskouian et al., 2006). Moreover, the loss of S1IPL confers cells resistance to
DNA damage-induced apoptosis (Colié et al., 2009). These studies clearly suggest that
sphingolipid metabolism plays a vital role in the mitochondrial pathway of apoptosis.

5.4 Fatty Acids

Composed of a hydrocarbon chain with a carboxylic acid at one end, fatty acids play an
important role in the regulation of apoptosis. Since fatty acids contribute to plasma
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membrane constitution in dividing cells, acquisition of fatty acids is critical for proliferating
cells, such as cancer cells. In general, cells acquire fatty acids from exogenous sources via
CD36-mediated uptake and/or de novo lipogenesis involving fatty acid synthase (FASN)
(Coburn et al., 2000; Febbraio et al., 1999; Glatz et al., 2010; Kuhajda, 2006; Menendez and
Lupu, 2007). The de novo fatty acids synthesis pathway starts from citrate produced by the
Krebs cycle in mitochondria (Fig. 6). Once cytosolic, citrate is converted to acetyl-CoA by
ATP citrate lyase. Two molecules of acetyl-CoA are used to produce one molecule of
malonyl-CoA by acetyl-CoA carboxylase. FASN catalyzes the synthesis of the long-chain
saturated fatty acid palmitate from acetyl-CoA and malonyl-CoA with the reducing power
from NADPH.

Accumulating evidence strongly suggests that FASN plays a key role in cancer metabolism
(Currie et al., 2013; Menendez and Lupu, 2007). Upregulation of FASN expression has been
reported in several cancer types, including breast, prostate, ovarian, lung, melanoma, and
lymphoma (Gelebart et al., 2012; Orita et al., 2008; Rahman et al., 2012; Ueda et al., 2010;
Zecchin et al., 2010). Given the dependence of such cancer cells on FASN for fatty acid
production, genetic or pharmacological inhibition of FASN has been shown to be highly
effective to specifically kill cancer cells, but not normal cells, by inducing apoptosis (De
Schrijver et al., 2003; Kuhajda, 2006; Pizer et al., 1996; Zhou et al., 2003). To date, several
FASN inhibitors have been developed (e. g., cerulenin, C75, and orlistat) (Kridel et al.,
2004; Kuhajda et al., 2000). However, it has been noted that despite their in vitro efficacy,
cerulenin and C75 have serious side effect in vivo: anorexia and body weight loss (Loftus et
al., 2000). The side effect appears to be accounted for by a neuronal effect that reduces
appetite, which hampers the use of the inhibitors for cancer patients. In an effort to avoid the
adverse effect, the next generation of FASN inhibitors is currently being developed (Turrado
etal., 2012).

Although the attenuation of fatty acid production is clearly an important consequence of
FASN blockage, the toxicity of FASN inhibition may also be mediated, in part, by the
accumulation of malonyl-CoA (Bandyopadhyay et al., 2006; Pizer et al., 2000). As FASN
produces fatty acids by catalyzing the condensation reaction between malonyl-CoA and
acetyl-CoA, inhibition of FASN will result in accumulation of these substrates (Pizer et al.,
2000) (Fig. 6). Interestingly, 5-(tetradecyloxy)-2-furoic acid (TOFA), an inhibitor of acetyl-
CoA carboxylase (ACC), also prevents fatty acid production by blocking ACC that catalyzes
the conversion of acetyl-CoA to malonyl-CoA (Fig. 6) but does not show the same
cytotoxicity as FASN inhibitors (Pizer et al., 2000). Of note, while FASN inhibitors increase
cellular malonyl-CoA levels, TOFA does not do so and rather reduces the level of malonyl-
CoA (Pizer et al., 2000). Therefore, in addition to the reduced fatty acid production, the
cytotoxicity of FASN inhibitors may also be mediated by elevated malonyl-CoA levels.
Malonyl-CoA can function as a physiological inhibitor of the outer mitochondrial membrane
enzyme CPT-1, which catalyzes p-oxidation in mitochondria (Bandyopadhyay et al., 2006).
Through this pathway, the accumulation of malonyl-CoA enhances an increased cellular
level of ceramide, contributing to apoptosis induction in part (Bandyopadhyay et al., 2006).

Recently, it was found that FASN inhibitors induce caspase-2 activation by upregulation of
REDD1, a known hypoxia-inducible mTOR pathway suppressor (Knowles et al., 2008;
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Yang et al., 2015). Since REDDL is an inhibitor of the mTOR pathway, this finding positions
caspase-2 downstream of the mTOR pathway (Fig. 14). FASN inhibitors readily induce
REDD1 expression followed by caspase-2 activation in FASN inhibitor-sensitive ovarian
cancer cells. However, in FASN inhibitor-resistant cells, the expression of REDD1 is
attenuated and caspase-2 activation is abrogated (Yang et al., 2015). Importantly,
pharmacological inhibition of mMTOR could sensitize the resistant cells to FASN inhibition
(YYang et al., 2015), suggesting the efficacy of combination therapy with an mTOR inhibitor
and a FASN inhibitor in this type of cancer.

While many cancer cells are “addicted” to FASN for fatty acid production, a crosstalk
between FASN and the receptor tyrosine kinase HER2 has been noted (Fig. 15). HER2
overexpression is observed in 20 and 15% of breast and ovarian cancer, respectively, and is
associated with poor clinical outcomes (Berchuck et al., 1990; Seshadri et al., 1993; Slamon
etal., 1987, 1989; Tan et al., 2011). FASN positively regulates HERZ oncogene expression
(Menendez et al., 2004). Conversely, HER2 directly phosphorylates and activates FASN,
while it also promotes FASN gene expression (Jin et al., 2010; Kumar-Sinha et al., 2003).
Pharmacological or RNAi-mediated inhibition of FASN attenuates HERZ2 expression in
breast cancer cells (Menendez et al., 2004). Furthermore, cotreatment with the HER2
inhibitor trastuzumab and cerulenin showed synergistic effects in causing apoptotic cell
death in HER2-positive breast cancer cells (Menendez et al., 2004; Vazquez-Martin et al.,
2007). Whether a similar crosstalk is present between FASN and other oncoproteins remains
elusive.

6. CONCLUDING REMARKS

Metabolic reprogramming in cancer cells has been investigated over 60 years since Otto
Warburg first described glycolytic characteristics of cancer cells. Roles of lipid metabolites,
including ceramide and fatty acids, in cell survival have also been noted since the early
1990’s. Whereas it still remains under much debate whether such altered metabolism is a
cause or a consequence of the carcinogenic process, metabolic changes certainly provide the
advantage for excessive proliferation and survival in cancer cells. Importantly, inactivation
of p53 would prompt a metabolic shift toward glycolysis for energy production. Given the
high frequency of p53 inactivation observed in cancer cells, either genetically or
functionally, there clearly is a crosstalk between metabolism and the apoptotic pathway.
Over the last decade, we have gained significant insight into how various metabolites impact
MOMP by directly interacting with BCL-2 family proteins or indirectly modulating
signaling pathways that regulate BCL-2 family proteins. Further studies are required to fully
uncover the link between apoptotic defects and unique metabolic preferences in cancer cells.
Identification of such a relationship and its underlying molecular mechanism will help us
develop a novel therapeutic strategy that targets the altered metabolic traits to selectively
eliminate cancer cells by promoting apoptosis.
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Figure 1.

Structure of caspases. All caspases have a large subunit and a small subunit, which are

Page 32

indispensible for protease activity. Caspases can be divided into two types: initiators and
effectors. While the effector caspases (i.e., caspases-3, -6, and -7) have a short prodomain,

the initiators have a long prodomain which plays a crucial role for proximity-induced

activation mediated by the interaction with adaptor proteins. Caspases-1, -4, -5, and -12 are
implicated in inflammation, whereas caspases-8/-10 and caspases-2/-9 initiate the extrinsic
and intrinsic apoptosis pathways, respectively. CARD; caspase recruitment domain, DED,

death effector domain.
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Extrinsic stress

Intrinsic stress

PIDDosome \

Mitochondria

Figure 2.
Apoptosis pathways. Intrinsic stress (e.g., DNA damage and metabolic stress) induces the

expression and/or activation of proapoptotic BH3-only proteins, which either suppress
antiapoptotic BCL-2 family proteins or directly activate BAX and BAK (Fig. 3). BAX and
BAK induce mitochondrial outer membrane permeabilization (MOMP). Upon MOMP,
cytochrome ¢ (Cyt. ¢)is released from the mitochondrial intermembrane space. The release
of cytochrome ctriggers the formation of apoptosome in the cytoplasm, which recruits and
activates caspase-9. Active caspase-9 cleaves and activates effector caspases, caspases-3 and
-7. Intrinsic stress also engages the formation of PIDDosome which is composed of PIDD,
RAIDD, and caspase-2. Through proximity-induced activation, casapse-2 becomes active
and cleaves BID. Once cleaved, BID (tBID: truncated BID) becomes an active BH3-only
protein. Extrinsic stress (e.g., TNF and TRAIL) is mediated through the death receptor,
which forms the DISC (Death Inducing Signaling Complex) with FADD and caspase-8.
Active caspase-8 directly cleaves and activates effector caspases or triggers the intrinsic
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apoptosis pathway through BID cleavage. 7N/, tumor necrosis factor, TRA/L; TNF-related
apoptosis-inducing ligand.
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Proapoptotic multidomain
BCL-2 family proteins
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BH3-only proteins BIM, PUMA, BID, BAD, NOXA

Figure 3.
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BCL-2, BCL-W, BCL-XL, MCL-1, A1

Regulation of BCL-2 family proteins. BCL-2 family proteins are divided into three groups:

antiapoptotic BCL-2 family proteins (BCL-2, BCL-W, BCL-xL, MCL-1, and Al),

proapoptotic multidomain proteins (BAX, BAK, and BOK), and proapoptotic BH3-only

proteins (BIM, PUMA, BID, BAD, and NOXA).
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Figure 4.
The indirect activator model and the direct activator-derepressor model. In the indirect

activator model, activation of BAX and BAK can be directly suppressed by any of the
antiapoptotic BCL-2 family proteins. Upon apoptotic stimuli, BH3-only proteins are induced
and occupy the antiapoptotic BCL-2 family proteins, which will release BAX and BAK to
form active pore-forming oligomers. In the direct activator-derepressor model, the activation
of BAX/BAK is prevented by the suppression of BH3-only proteins by the antiapoptotic
BCL-2 family proteins. Upon induction of BH3-only proteins, derepressors (e.g., BAD and
NOXA) competitively bind to antiapoptotic BCL-2 family proteins (e.g., BID, BIM,
PUMA), which will release direct activators and allow for subsequent oligomerization of
BAX and BAK.

—> BAX/BAK oligomerization
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Figureb.
The interaction between antiapoptotic BCL-2 family proteins and proapoptotic BCL-2

family members. BCL-2 and BCL-xL interact with all of the BH3-only proteins except for
NOXA, while MCL-1 can bind to all of the BH3-only protein except for BAD. Of note,
BIM, PUMA, and BID are capable of interacting with all of the antiapoptotic BCL-2 family
proteins. Furthermore, BIM, PUMA, and BID can directly activate BAX and BAK in the
direct activator—derepressor model.
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Figure 6.
Metabolism pathways. Extracellular glucose is transported into a cell through the glucose

transporter (GLUT), phosphorylated by hexokinase (HK), and converted to glucose-6-
phosphate (G6FP). Thereafter, G6P is metabolized through either the glycolysis pathway or
the pentose phosphate pathway. In the pentose phosphate pathway, G6P is converted to
ribose-5-phosphate (R5P), a precursor of nucleotide synthesis, while NADPH is produced as
a by-product. In the glycolysis pathway, the final product, pyruvate, is converted to acetyl-
CoA, and enters the Krebs cycle in the mitochondria. NADH is generated in the Krebs cycle
and used for oxidative phosphorylation where ATPs are produced. On the other hand, citrate
generated in the Krebs cycle is released into the cytoplasm where it is converted to acetyl-
CoA and then malonyl-CoA. Acetyl-CoA and malonyl-CoA are used for fatty acid
production by fatty acid synthase (FASN). Fatty acids are further metabolized to fatty acyl-
CoA and used for membrane synthesis, formation of lipid droplets, and signaling lipid
production. G6PD; G6P dehydrogenase, 6PG; 6-phosphogluconolactone, F6P, fructose-6-
phosphate, F1,68P, fructose-1,6-bisphosphate, PFKZ; phosphofructokinase 1, 7/GAR,
TP53-induced glycolysis and apoptosis regulator, L DHA,; lactate dehydrogenase A, PDH.
pyruvate dehydrogenase, PDK; pyruvate dehydrogenase kinase, A/F, apoptosis-inducing
factor, SCOZ, synthesis of cytochrome c oxidase 2, ACC, acetyl-CoA carboxylase.
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Figure7.
Target genes of HIF-1. HIF-1 promotes glycolysis by transcriptionally upregulating GLUT,

GLUTS3, HK1, and HK2. HIF-1 also suppresses oxidative phosphorylation by the
upregulation of gene expression of BN/P3, BNIP3L, LDHA, and PDK1. In addition, HIF-1
can inhibit apoptosis by suppressing the expression of B/D. BN/P3, BCL-2/E1B-19 kDa
interacting protein 3, BN/P3L; BNIP3-like.
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Figure8.
Anti-apoptotic function of AKT. AKT prevents apoptosis by suppressing induction of

PUMA and by inhibiting GSK3-dependent degradation of MCL-1. In addition, AKT
promotes translocation of GLUT to cellular membrane and activation of HK. GSK3,
glycogen synthase kinase 3.
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o

Reduced

Cyt. c

Antiapoptotic modification

Metabolism-mediated modification of pro-apoptotic proteins. BAD is phosphorylated by
AKT, PKA, and JNK that are regulated by glycolysis and growth factor signaling.
Phosphorylation of BAD results in suppression of the antiapoptotic functions of BAD.
Moreover, phosphorylated BAD contributes to activation of glucokinase and PFK1,
therefore enhancing the glycolysis pathway. Atypical cyclin-dependent kinase, CDKS5, is
activated by glycolysis. Active CDK5 phosphorylates and inhibits the BH3-only protein
NOXA. The pentose phosphate pathway produces NADPH, which also controls redox state
of cytochrome cand suppresses apoptosome formation and apoptosis. PKA; protein kinase
A, JNK; c-Jun NHy-terminal kinase, CaMK/I, calcium-calmodulin-dependent kinase 11.
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Figure 10.
Caspase-2 is metabolically regulated. In a state of glucose abundance, CoA-activated

CaMKII phosphorylates caspase-2, which creates a binding site for 14-3-3C and keeps
caspase-2 inactive. In periods of low glycolytic flux, 14-3-3( is acetylated, which triggers
release of this adaptor protein from caspase-2, allowing for PP1-mediated dephosphorylation
of caspase-2. PP1 and PP2A also dephosphorylate and inactivate CaMKII. The
dephosphorylated form of caspase-2 can then be recruited to the PIDDsome for activation.
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Figure11.
Metabolic enzymes targeted by p53. p53 regulates basal expression of A/Fand SCOZ2and

facilitates oxidative phosphorylation. The expression of GLUTI, GLUT4, and HKZ2is
negatively regulated by p53, whereas 7/GAR expression is induced by p53. The net result of
p53-mediated regulation of these glycolytic enzymes is the suppression of glycolysis. In
addition, p53 directly binds and inhibits G6PD activity and downregulates the pentose
phosphate pathway.
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Signaling lipid pathways. Ceramide is synthesized by three pathways; the de novo pathway,
the sphingomyelinase (SMase) pathway, and the salvage pathway (see detail in main text).
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Figure 13.
Pro-apoptotic function of ceramide. Ceramide induces MOMP through the regulation of

BAX by direct binding and suppression of BCL-2 in a p53-dependent manner. Ceramide
also promotes apoptosis through the regulation of PP2A, AKT, and PKC. However, the
precise molecular mechanisms are unknown. PP2A; protein phosphatase 2A, PKC, protein
kinase C, MOMP, mitochondrial outer membrane permeabilization.
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Figure 14.
Activation of caspase-2 by FASN inhibitors is mediated by the mTOR pathway. Upon FASN

inhibition, the mTOR inhibitory protein REDD1 is induced and stimulates caspase-2
activation and apoptosis in FASN-sensitive ovarian cancer cells. On the other hand, in
FASN-resistant ovarian cancer cells, REDD1 induction is impaired, but mTOR inhibitor
treatment can substitute function of REDD1 and restore caspase-2-mediated sensitization of
cells to apoptosis.
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Figure 15.
Regulation of FASN activity and expression by HER2. In HER2-positive cancer cells, HER2

overexpression increases FASN expression through the PI3K/AKT and MEK/ERK
pathways. HER?2 also directly phosphorylates and enhances the enzymatic activity of FASN.
FASN in turn upregulates HERZ expression, thereby establishing an autoregulatory loop.
HER?Z, human epidermal growth factor receptor 2, FASN, fatty acid synthase, ERK;
extracellular-signal-regulated kinase 2.
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