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Abstract

Cancer cells use glucose and glutamine to facilitate cell growth and proliferation, a process coined
“metabolic reprograming” — an emerging hallmark of cancer. Inside the cell, these nutrients
synergize to produce metabolic building blocks, such as nucleic acids, lipids and proteins, as well
as energy (ATP), glutathione and reducing equivalents (NADPH), required for survival, growth
and proliferation. Intense research aimed at understanding the underlying cause of the metabolic
rewiring has revealed that established oncogenes and tumor suppressors involved in signaling alter
cellular metabolism to contribute to the transition from a normal quiescent cell to a rapidly
proliferating cancer cell. Likewise, bona fide metabolic sensors are emerging as regulators of
tumorigenesis. This review will focus on one such family of sensors, sirtuins, which utilize NAD*
as a cofactor to catalyze deacetylation, deacylation and ADP-ribosylation of their protein
substrates. In this review, we will enumerate how cancer cell metabolism is different from a
normal quiescent cell and highlight the emerging role of mitochondrial sirtuin signaling in the
regulation of tumor metabolism.
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Introduction

A major goal in cancer biology is to identify molecular mechanisms that contribute to cancer
growth and survival in order to provide insight into new biomarkers for precision medicine,
as well as novel targeted therapies. Toward this end, recent studies have elucidated a new
promising area of cancer cell biology — metabolic rewiring in tumor cells. Tumor cells
rewire the metabolism of glucose, amino acids and fats in order to provide growth and
survival advantages (Figure 1). Additionally, it is evident that oncogenic signaling can
control the rewiring of fuels. This review will focus on the role of the sirtuin family of
proteins in tumor metabolism. We will emphasize the role of sirtuins that have been shown
to regulate tumor metabolism by targeting metabolic enzymes, as well as signaling cascades.
This review is not meant to provide a comprehensive overview of sirtuins or cancer biology.
For a more comprehensive overview of sirtuin biology or tumor metabolism, see Garrett &
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Sirtuins

Grisham (2012); Cantor & Sabatini (2012); Vander Heiden et a/. (2012); Ward & Thompson
(2012); DeBerardinis et al. (2008); Roth & Chen (2014); Houtkooper et al. (2012); and
Sebastian et al. (2012a).

The sirtuin family of proteins has been implicated in numerous biological processes, as well
as longevity and diseases of aging, such as diabetes and cancer (Haigis & Guarente, 2006;
Houtkooper et al., 2012; Roth & Chen, 2014; Sebastian et al., 2012a). Mammals express
seven sirtuins (SIRT1-7), first identified by their homology to the yeast Sir2 protein (Frye,
1999). Several protein targets through which this family of proteins mediates their function
have been identified. The first two enzymatic activities identified for this group of proteins
were ADP-ribosylation and deacetylation; however, more recently other enzymatic
activities, such as demalonylation, desuccinylation and decrotonylation have been identified
(Bao et al., 2014; Park et al., 2013). Sirtuins depend on NAD* as a cofactor for enzymatic
activity. As these proteins catalyze their reactions, they convert NAD* to nicotinamide and
O-acetyl-ADP-ribose, of which nicotinamide functions as a competitive inhibitor of sirtuins
(Haigis & Guarente, 2006; Houtkooper et al., 2012; Roth & Chen, 2014; Sebastian et al.,
2012a). Levels of NAD™ vary depending on the metabolic state of the cell. Under conditions,
such as caloric restriction, fasting or exercise, NAD* levels increase resulting in sirtuin
activation and post-translational modification of their target proteins. Thus, sirtuins sense the
metabolic status of the cell allowing them to adjust to stress conditions, such as a low
energetic state (Easlon et a/., 2008; Kincaid & Bossy-Wetzel, 2013).

Sirtuins localize to various cellular compartments, such as the nucleus (SIRT1, SIRTS,
SIRT7), cytosol (SIRT2) and mitochondria (SIRT3, SIRT4, SIRT5), where several targets
and the effect of their function have been identified. This localization endows this family of
proteins the potential to coordinate cancer metabolism in various ways, from direct
regulation of metabolic enzymes in the mitochondria or cytosol to transcriptional regulation
of metabolic gene expression in the nucleus. Indeed, recent studies reveal sirtuins to play
critical roles in tumor metabolism. Of the seven sirtuins, the best studied sirtuins in tumor
metabolism are two mitochondrial sirtuins (SIRT3 and SIRT4), as well as a nuclear sirtuin
(SIRT®). This review first highlights metabolic reprograming in cancer and then discusses
the roles of sirtuins in regulating this process with emphasis placed on mitochondrial
sirtuins.

Cancer cell metabolism and metabolic reprograming

Glucose and glutamine metabolism provide precursors for the production of energy,
synthesis of macromolecules and generation of reducing equivalents for survival, growth and
proliferation (Figure 1). Recent studies have identified a new facet of oncogenic signaling
that controls the rewiring of fuels, providing growth and survival advantages to tumors. How
oncogenic signaling contributes to metabolic rewiring in cancer is the topic of the following
sections. This section does not cover every aspect of tumor metabolism, but will focus
primarily on signaling pathways and metabolism shown to be regulated by sirtuins. For a
more comprehensive overview of tumor metabolism, see Garrett & Grisham (2012); Cantor
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& Sabatini (2012); Vander Heiden et a/. (2012); Ward & Thompson (2012); and
DeBerardinis et al. (2008).

Glucose metabolism in a quiescent/resting cell

A textbook lesson in glucose metabolism is that glucose oxidation is important for energy
production. Indeed, metabolism of glucose through glycolysis and the tricarboxylic acid
cycle (TCA cycle), coupled with the electron transport chain (ETC), is necessary for
generation of energy, in the form of adenosine triphosphate (ATP). The complete oxidation
of glucose yields ~34-36 molecules of ATP, which provides the currency used by the cell to
catalyze several reactions, especially biosynthetic reactions (Garrett & Grisham, 2012;
Vander Heiden et al., 2009; Lunt & Vander Heiden, 2011).

Glucose oxidation occurs in multiple steps, offering many opportunities to the cell to
regulate the metabolism of this fuel. Glucose is internalized by cells via glucose transporters,
after which it is phosphorylated by hexokinase or glucokinase to trap it within the cell
(Garrett & Grisham, 2012; Warburg et al., 1927). Glucose is then oxidized to pyruvate in
nine steps via glycolysis, a process that consumes two ATP molecules to generate four ATP
molecules. Cytosolic pyruvate undergoes several changes, and it can be converted to alanine,
lactate or enter the mitochondria to generate acetyl CoA (Lunt & Vander Heiden, 2011;
Vander Heiden et al., 2012; Warburg et al., 1927; Weinhouse, 1976). In a normal, quiescent
cell and in the presence of oxygen, pyruvate is transported into the mitochondria via
pyruvate carriers where it is converted into acetyl CoA by pyruvate dehydrogenase (PDH),
resulting in the production of one molecule of NADH. Acetyl CoA enters the TCA cycle as
it is combined with oxaloacetate (OAA) to generate citrate, which is oxidatively
decarboxylated to produce the electron donors, NADH and FADH,. Under oxygen-rich
conditions, electrons from both NADH and FADH pass through complexes I to Il in the
ETC and combine with oxygen, the final electron acceptor in complex IV to produce water
(Cantor & Sabatini, 2012; Garrett & Grisham, 2012; Locasale ef al., 2011; Vander Heiden et
al., 2012). In this process, protons are pumped from the mitochondrial membrane to the
intermembrane space generating a proton gradient across the inner mitochondrial membrane.
The proton gradient is used by the FgF1 ATP synthase, also known as complex V, to generate
ATP from ADP and inorganic phosphate, a process known as oxidative phosphorylation
(Cantor & Sabatini, 2012; DeBerardinis et al., 2008; Garrett & Grisham, 2012; Vander
Heiden et al., 2012; Ward & Thompson, 2012). Approximately two and three molecules of
ATP are generated for every FADH, or NADH molecule, respectively. In total, glycolysis
generates a net of two ATP molecules, while oxidative phosphorylation generates an
additional 32-34 ATP molecules — an efficient process for a resting cell to generate energy
to support necessary cellular processes and maintain homeostasis. During low oxygen
availability, anaerobic glycolysis is the main source of energy production since pyruvate is
shifted away from the mitochondria and is converted by lactate dehydrogenase (LDHA) to
lactate, which is secreted from cells (Garrett & Grisham, 2012; Lunt & Vander Heiden,
2011; Vander Heiden et al., 2009). This repartitioning of pyruvate metabolism provides a
major way for the cell to adapt to stress and maintain homeostasis.
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Cancer cells and the Warburg effect

In the 1920s, Otto Warburg made the first observation that cancer cells display aberrant
metabolism compared to normal cells. Warburg noted that cancer cells utilized glucose and
secreted lactate at higher rates than a normal cell in the presence of oxygen — a phenomenon
termed the Warburg effect (Garrett & Grisham, 2012; Warburg et al., 1927). He
hypothesized that this process was a result of a rapidly dividing tumor cell’s requirement for
energy in the presence of defective mitochondria; however, this conclusion has proven to be
untrue for many tumors (Lunt & Vander Heiden, 2011; Vander Heiden et al., 2012; Warburg
et al., 1927; Weinhouse, 1976). Why would a cell increase glycolysis, if only two ATP
molecules are generated in this process? Recent studies have revealed that glucose oxidation
is rewired by tumors to generate macromolecules to fuel increased biomass, which is
necessary for rapid proliferation (Figure 1) (Garrett & Grisham, 2012; Locasale et al., 2011,
Vander Heiden et al., 2012). For example, 3-phosphoglycerate (3PG) is diverted from
glycolysis and is utilized for synthesis of non-essential amino acids. In a series of three
steps, 3PG is converted to serine, which is further converted to glycine and cysteine
(Greenberg & Ichihara, 1957; Lunt & Vander Heiden, 2011; Possemato et al., 2011). The
first enzyme involved in redirecting glucose to serine is phosphoglycerate dehydrogenase
(PHGDH), and expression of this enzyme is high in a number of cancers, including breast
and melanoma cancers (Locasale ef a/., 2011; Possemato et al., 2011).

Glucose also contributes to biosynthesis via the pentose phosphate pathway (PPP), which
provides reducing equivalents for anabolic reactions and 5-carbon sugars for nucleotide
synthesis (Figure 1) (Andrés et al., 1980; Boros et al., 2000; DeBerardinis et al., 2007). The
PPP is composed of two phases — the oxidative and non-oxidative phase (DeBerardinis,
2008; Jones & Thompson, 2009). Glucose-6-phosphate (G6P) dehydrogenase (G6PD)
utilizes G6P in the first step of the PPP to divert it from glycolysis and support production of
NADPH from NADP* in the oxidative phase of the PPP. G6PD expression is elevated in
tumors and expression of this protein has also been shown to increase NADPH levels (Polat
etal., 2002; Rao et al., 1997; Van Driel et al., 1999). In the non-oxidative phase of the PPP,
fructose-6-phosphate and glyceraldehyde-3-phosphate (G3P) contribute to generation of
ribose-5-phosphate, which is used for synthesis of nucleotides. In addition, G3P is converted
to dihydroxyacetone phosphate, which is utilized for triglyceride synthesis (\Vander Heiden
et al., 2012). Another major regulatory node for glycolysis is the last step of glycolysis
catalyzed by pyruvate kinase (PK). Cancer cells and proliferating cells express the PKM2
isoform, which has low enzymatic activity in its dimeric form, and thus, contributes to
decreased entry of pyruvate to the mitochondria to allow diversion of glycolytic metabolites
to other pathways to support biomass production (Christofk et a/., 2008). In sum, tumors
adjust glucose metabolism through coordinated rewiring of multiple nodes to maximize
production of metabolites used for nucleotide, amino acid and fatty acid synthesis.

Glutamine metabolism

For many years, cancer metabolism research focused on understanding the Warburg effect
and the importance of glucose metabolism to a cancer cell. However, more recently, the
importance of glutamine in cancer was unveiled, as reprograming of glutamine metabolism
has been found in various types of cancers (Dang, 2012a; Daye & Wellen, 2012;
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DeBerardinis & Cheng, 2009; Lu et al., 2010; Ward & Thompson, 2012; Wise et a/., 2008).
Glutamine is the most abundant amino acid in human plasma, and is usually categorized as a
non-essential amino acid for many resting cells (Lu et a/., 2010). However, glutamine
becomes an essential amino acid in a rapidly dividing cell as it complements glucose usage
by providing its nitrogen and carbon atoms for synthesis of macromolecules, such as nucleic
acids, proteins and lipids to support cellular growth and proliferation, as well as for
regulation of redox homeostasis (Figure 1) (Dang, 2012a; Daye & Wellen, 2012;
DeBerardinis & Cheng, 2009; Lu et al., 2010; Ward & Thompson, 2012; Wise et al., 2008).

The metabolic reprograming of glutamine can be observed by increased glutamine uptake
and glutaminolysis in some cancer cells. Cells take up glutamine via high affinity glutamine
transporters, such as ASCT2 or SN2, which are overexpressed in various types of tumors
(Cairns et al., 2011; Wise et al., 2008). Once, inside the cell, glutamine has many fates
(Figure 1) (Dang, 2012a; DeBerardinis & Cheng, 2009). Glutaminolysis takes place in the
mitochondria, where glutamine is converted to glutamate by glutaminase (GLS), and
glutamate is deaminated by glutamate dehydrogenase (GDH) to produce a-ketoglutarate
(Kovacevi¢, 1971; Lukey et al., 2013; Matsuno, 1989). Ammonia is produced in both of
these steps and high levels of ammonia are observed in cancer cells that utilize glutamine
(Matés et al., 2009). However, the fate of this ammonia is still not clear. Glutamine-derived
a-ketoglutarate is then oxidized to produce TCA cycle intermediates, such as malate and
citrate, which are important for NADPH and lipid synthesis, respectively (Le et al., 2012;
Sabine et al., 1973). Malate can be exported from the mitochondria and is converted to
pyruvate, by malic enzyme, resulting in the generation of NADPH, which is utilized in
anabolic reactions as well as to maintain redox balance (Dang, 2012a; DeBerardinis et al.,
2007; Ward & Thompson, 2012). In the TCA cycle, malate is converted to OAA, which is
condensed with acetyl-coA to form citrate. Citrate can be exported from the mitochondria.
In the cytosol, citrate is converted to OAA and acetyl CoA by ATP citrate lyase (Wellen &
Thompson, 2012). The acetyl CoA derived from citrate is used for fatty acid and cholesterol
synthesis, and may be used for epigenetic and post-translational modification. Additional
rewiring of glutamine metabolism has been observed in cancer cells under hypoxic
conditions (Metallo et al., 2012; Wise et al., 2011). Under oxygen-limiting conditions,
glutamine-derived alpha-ketoglutarate is reductively carboxylated to contribute to the citrate
pool. Thus, mitochondrial glutamine metabolism is essential for production of ATP,
NADPH, and lipids necessary for proliferation.

In addition to contributing to lipid synthesis, glutamine provides the nitrogen for nucleotide,
hexosamine, and amino acid synthesis (Figure 1) (DeBerardinis & Thompson, 2012; Tong et
al., 2009; Wellen et al., 2010). Glutamine donates its amide group in three steps of purine
synthesis and two steps of pyrimidine synthesis to support nucleotide production for DNA
synthesis, which is essential to generate the genetic material of a new cell. Hexosamine
synthesis also relies on nitrogen from glutamine in the conversion of fructose-6-phosphate to
glucosamine-6-phosphate by glutamine fructose-6-phosphate amidotransferase (GFAT)
(Marshall et al., 1991). Synthesis of hexosamines, such as uridine diphosphate A-
acetylglucosamine, plays a crucial role in cellular growth and proliferation, as glycosylation
of cell surface receptors is necessary for nutrient uptake (Wellen et a/., 2010). Amino acids
are important for synthesis of proteins to carry out reactions necessary for cellular division,
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and glutamine contributes to synthesis of non-essential amino acids. For example, alanine
transaminase (ALT) or aspartate transaminase (AST) transfer nitrogen from glutamine-
derived glutamate to pyruvate or oxaloacetate to produce alanine and aspartate, respectively
(Matés et al., 2009). In addition, glutamine contributes to synthesis of other amino acids,
such as serine, cysteine, glycine, threonine, proline and arginine (Matés et a/., 2009).

Glutamine regulates redox homeostasis by contributing to production of glutathione and
NADPH (Cairns et al., 2011; Dang, 2012b; Lora et al., 2004). Glutathione is the most
abundant antioxidant, which is synthesized in two steps and is composed of three amino
acids: glutamate, cysteine and glycine — all of which can be generated from glutamine (Lu,
2009, 2013; Ortega et al., 2011). Glutamine is the main contributor to the pool of glutamate,
which is incorporated into glutathione, but is also important for import of the cysteine, the
rate-limiting amino acid, for glutathione synthesis (Lo et a/., 2008; Sato et al., 1999; Wu et
al., 2004). Glutathione protects cells from oxidative stress by reducing ROS and in the
process glutathione becomes oxidized (Lu, 2009). Regeneration of glutathione is catalyzed
by glutathione reductase, a reaction requiring NADPH (Bause & Haigis, 2013). As already
mentioned glutaminolysis generates NADPH, as malate is exported from the mitochondria
and converted to pyruvate. Thus, glutamine plays a crucial role in protecting cells from
oxidative stress.

Transcription factors mediate metabolic reprograming in cancer

Transcription factors have the ability to rewire metabolism by affecting expression of
various genes, including metabolic genes (Figure 2). Although various transcription factors
may be capable of altering gene expression to alter tumor metabolism, it is well established
that the transcription factors: hypoxia inducible factor (HIF) 1 and c-Myc play key roles in
metabolic reprograming of cancer cells (Dang, 2013; Denko, 2008; Jones & Schulze, 2012;
Jones & Thompson, 2009; Levine & Puzio-Kuter, 2010; Semenza, 2010).

HIF1 supports the Warburg effect

The transcription factor HIF1 is composed of two subunits: HIF1a and HIF1f (also known
as ARNT) (Schulze & Harris, 2012; Semenza, 2000). The HIF1a subunit is stabilized under
low oxygen conditions (hypoxia). In the presence of oxygen, HIFla is hydroxylated by
prolyl hydroxylases (PHD), a family of dioxygenases, activated by a-ketoglutarate and
inhibited by succinate (Kaelin & Thompson, 2010; Selak et a/., 2005). Hydroxylation results
in recruitment of the von Hippel-Lindau (VHL) tumor suppressor protein, an E3-ubiquitin
ligase, which ubiquitinates HIF1a and targets it for destruction by the proteasome (Kaelin &
Thompson, 2010; Marxsen et al., 2004). Increased HIF1 protein levels are found in human
tumors, such as pancreatic, breast, colon and lung cancer (Zhong et al., 1999). Loss of VHL
is observed in cancers, leading to HIF1 stability (Kaelin, 2002). In addition, under normoxic
conditions, mutations in other tumor suppressors, such as succinate dehydrogenase or
fumarate hydratase also stabilize HIF1 potentially via increased a-ketoglutarate levels
(Baysal et al., 2004; Tomlinson et al., 2002).

HIF1 regulates cellular metabolism by inducing the expression of several glycolytic genes
(Semenza, 2010). HIF1 contributes to increased glucose uptake by increasing the expression
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of the glucose transporter GLUT1. In addition, HIF1 induces glycolysis by stimulating
expression of hexokinase (HK2), and an isoform of phosphofructokinase (PFK1), one of the
three key regulatory enzymes in glycolysis (Semenza, 2010). HIF1 also upregulates
expression of pyruvate dehydrogenase kinase (PDK1), which inhibits PDH, and thus, HIF1
represses oxidative phosphorylation and promotes reliance on glycolysis (Kim et a/., 2006;
Papandreou et al., 2006; Semenza, 2010). HIF1 supports regeneration of NAD™ (required to
maintain glycolysis) by increasing LDHA expression. Lastly, HIF1 stimulates expression of
the monocarboxylate transporter MCT4 to allow excretion of the high levels of lactate
generated by high rates of glycolysis (Denko, 2008; Jones & Schulze, 2012).

c-Myc promotes glycolysis and glutaminolysis

Metabolic

Increased levels of the c-Myc (Myc) transcription factor are observed in many tumors, such
as Burkitt’s lymphoma, breast cancer and neuroblastoma (Dang, 2013; Lin et al., 2012; Liu
et al., 2008). Myc regulates a wide variety of biological processes, such as mitochondrial
biogenesis, protein synthesis and metabolism (Levine & Puzio-Kuter, 2010; Miller et al,,
2012). Recent studies show that Myc coordinates this wide range of cellular processes by
amplifying transcription of already active genes in the cell (Lin ef a/., 2012; Nie et al.,
2012). This transcription factor activates glucose and glutamine metabolism by directly
binding to the promoters and increasing the expression of glycolytic and glutaminolytic
genes. Like HIF1, Myc has been shown to upregulate transcription of GLUT1, HK2 and
LDHA to increase glycolysis (Dang, 2013; Miller et al., 2012; Son et al., 2013; Ying et al.,
2012). Additionally, Myc increases expression of PKM2 to enhance glycolysis (Sun et al.,
2011).

Myc is a major driver for glutamine metabolism, and many cancer cells expressing high
levels of Myc rely on glutamine for survival (Wise et al., 2008; Yuneva et al., 2007). Myc
upregulates expression of the glutamine transporter ASCT2 contributing to an increased
glutamine uptake in cancers. Moreover, Myc stimulates glutaminolysis by increasing GLS1
expression in a mechanism that involves inhibition of a miRNA that targets a sequence in the
GLS 3’UTR, miR23a/b (Gao et al., 2009). Lastly, Myc targets other metabolic enzymes,
such as serine hydroxymethyltransferase (SHMT), which converts serine to glycine and is
important for nucleotide synthesis (Miller et a/,, 2012). Thus, Myc may also play a key role
in regulating nucleic acid synthesis for a rapidly proliferating cell (Liu et a/., 2008).

reprograming can be attributed to oncogenic signaling

For many years, cancer research focused on identifying oncogenes and tumor suppressors. In
recent years, metabolism research experienced a renaissance as studies revealed that
oncogenes and tumor suppressors mediate metabolic reprograming in cancer cells (Jones &
Thompson, 2009; Levine & Puzio-Kuter, 2010; Liang et al., 2013). Oncogenic signaling by
Ras, PI3K and mTORC, discussed below, contributes to an altered tumor metabolism, partly
by regulating HIF1 or c-Myc (Figure 2) (Csibi et al., 2013; DeBerardinis et al., 2008; Divel
et al., 2010; Son et al., 2013; Ying et al., 2012). Additionally, tumor suppressors, such as p53
and Nrf2, not discussed in this review, also rewire the metabolic landscape of a cancer cell
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(Liang et al., 2013; Mitsuishi et al., 2012). Interestingly, all of these signaling pathways have
been linked to sirtuins, which function to rewire metabolism in response to nutritional status.

Signaling pathways regulate nutrient uptake

Many of the metabolic alterations in cancer cells mirror metabolism in rapidly proliferating
cells (such as immune cells; see Pearce & Pearce, 2013; Wang et a/., 2011). However,
rapidly proliferating cells adjust metabolism in response to growth signals, whereas cancer
cells have evolved mechanisms that allow them to evade checkpoints to inhibit proliferation.
Aberrant activation of cellular signaling is a hallmark of cancers, resulting in deregulated
growth and proliferation, as well as directly leading to metabolic reprograming (Hanahan &
Weinberg, 2011). Here, we focus on signaling pathways important to cancer regulated by
mitochondrial sirtuins (Figure 2).

Ras signaling

The Ras family of proteins controls differentiation, growth and proliferation. Ras is a small
GTPase, active in its GTP-bound form and inactive when bound to GDP (Downward, 2003).
Hyperactivation of this pathway, due to oncogenic mutations in the Ras protein, is common
in cancer. The most common mutation is a point mutation in the Ras gene, resulting in a
constitutively active Ras protein. Ras activates Raf, which phosphorylates and activates
mitogen-activated protein kinases, kinases 1 and 2 (MEK1 and MEK?2). MEK1 and MEK2
phosphorylate ERK1 and ERK2, which activate PI3K and c-Myc to alter cancer metabolism
(Downward, 2003; Sears et al., 2000).

Ras contributes to metabolic reprograming in cancer. Cells transformed with oncogenic
KRAS depend on glucose and glutamine for survival and proliferation (Gaglio et al., 2011;
Son et al., 2013; Ying et al., 2012). Initially, transformation of cells with oncogenic KRAS
resulted in an increased glucose uptake. Upon further analysis tracing the fate of glucose in
the cell, oncogenic KRAS was demonstrated to increase glycolysis, but decrease glucose
utilization in the TCA cycle (Gaglio et al., 2011). Moreover, glutamine-tracing experiments
showed an increased anaplerosis from glutamine with KRAS transformation, highlighting
how these fuels complement each other to promote cellular growth and proliferation (Gaglio
etal., 2011; Son et al., 2013). Mechanistically, microarray data comparing non-transformed
and KRAS transformed cells showed an increased expression of genes in glycolysis,
nucleotide synthesis and glutamine metabolism further supporting these findings (Gaglio et
al., 2011). A mouse model of oncogenic KRAS-driven pancreatic ductal adenocarcinoma
supported the role of KRAS in metabolic reprograming (Ying et al., 2012). In this mouse
model, inactivation of KRAS resulted in tumor regression, which was accompanied by a
decrease in glucose uptake and lactate secretion, as well as a decrease in glycolytic
intermediates known to be precursors for various biosynthetic pathways. Indeed, other
anabolic pathways, such as the hexosamine biosynthesis and the non-oxidative arm of the
PPP, are also activated by oncogenic KRAS to promote protein glycosylation and ribose
production for DNA and RNA synthesis. Knockdown of enzymes in the hexosamine and
PPP pathway resulted in a decreased xenograft tumor growth, supporting the regulation of
these pathways by KRAS to promote tumorigenesis. Lastly, metabolic gene expression
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decreases with KRAS inactivation, which is also the case with MAPK inhibition and Myc
knockdown, suggesting that regulation of these pathways by KRAS contributes to metabolic
reprograming in cancer (Ying et al., 2012).

Regulation of metabolism by PI3K/AKT

In a normal cell, growth factors stimulate receptor tyrosine kinases to activate the
phosphatidylinositol 3-kinase (P13K) signaling cascade (Courtney et al., 2010). PI3K is
recruited to the phosphorylated receptors and is phosphorylated and activated. In addition,
Ras can directly activate PI3K (Downward, 2003). Activation of PI3K results in its
localization to the plasma membrane where it converts phosphatidylinositol-4,5-biphosphate
(PIPy) to phosphatidylinositol-3,4,5-triphosphate (PIP3). Phosphoinositide-dependent kinase
1 (PDK1) and protein kinase B (also known as AKT) are recruited to the plasma membrane
by PIP3, which results in phosphorylation and activation of AKT (Cairns et al., 2011; Hers et
al., 2011). As a result, AKT promotes various processes important to a cancer cell, such as
survival, growth, proliferation, angiogenesis, metastasis and metabolism (Bellacosa et a/.,
2005; Martini et al., 2014). Deregulation of the PI3K/AKT signaling pathway is common
across various cancers. Activation of this pathway in cancer is often due to an activating
mutation in the subunits of the PI3K complex, or inactivation/loss of PTEN, a tumor
suppressor (Courtney et al., 2010). Hyperactivation of this pathway increases glucose
metabolism in cancer. PI3K regulates glucose metabolism via its effector AKT. In addition
to supporting the localization of the glucose transporter GLUT1 to the plasma membrane,
AKT increases the expression and activates HK2 (Vander Heiden et a/., 2009). Moreover,
AKT phosphorylates PFK2 resulting in production of fructose-2,6-bisphosphate, which
allosterically activates PFK1 to increase glycolysis (Dang, 2012a). AKT also stimulates de
novo fatty acid synthesis by activating SREBP (Chang, 2005). Lastly, AKT promotes c-Myc
stabilization by repressing GSK-3, which phosphorylates c-Myc thereby targeting it for
degradation (Sears et al., 2000).

The mTORC1 signaling pathway regulates metabolism

The mammalian target of rapamycin (mTOR) signaling pathway regulates cellular growth,
proliferation and metabolism (Yecies & Manning, 2011a). Like Ras and PI3K/AKT, mTOR
signaling is deregulated in cancer (Guertin & Sabatini, 2005; Menon & Manning, 2008).
mTOR is a highly conserved serine/threonine kinase found in two complexes in the cell,
MTOR complex 1 and mTOR complex 2 (MTORC1 and mTORC?2), and of the two
complexes, more is known about mTORCL1 (Laplante & Sabatini, 2009). mTORCL is
regulated by signals from growth factors, energy status, amino acids and oxygen. Most of
these signals are integrated by the tuberous sclerosis complex (TSC), composed of TSC1
and TSC2, which functions as a GTPase activating protein (GAP) for the GTPase Rheb. In
turn, Rheb activates mTORCL1 in its GTP-bound state. mMTORC is activated in the presence
of growth factors and under nutrient-rich conditions, and in the presence of amino acids. As
already mentioned, growth factors activate the PI3K and Ras signaling cascades, and signals
from these pathways are sensed by the TSC complex to regulate mTORC1 activity (Laplante
& Sabatini, 2009). Activated AKT phosphorylates and inhibits TSC2 to activate mTORCL.
Likewise, ERK1/2 and RSK1, activated by the Ras signaling cascade, activate mTORCL1 in
the same manner (Laplante & Sabatini, 2009). In addition, amino acids, such as leucine and
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glutamine, are required for mTORC1 activation (Nicklin et a/., 2009). Import of leucine
relies on export of glutamine via the Slc7a5 (or LAT1) transporter, and inhibition of the
glutamine transporter (ASCT2) or LAT1 suppresses mTORC1 signaling. Lastly, under
nutrient-rich conditions, ATP is produced at a level necessary to support cell growth and
proliferation. However, under nutrient-poor conditions, or under hypoxia, energy levels
decline resulting in an increase in the AMP:ATP ratio. AMP activated kinase (AMPK), the
energy status sensor of the cell, is activated when energy levels decrease, and AMPK
negatively regulates mTORC1 by phosphorylating and activating TSC2 (Dang, 2012b;
Laplante & Sabatini, 2009).

mTORC stimulation supports anabolic metabolism and represses catabolic processes to
promote growth and proliferation (Duvel et al., 2010; Yecies & Manning, 2011b). mTORC1
regulates transcription, ribosome biogenesis, translation and autophagy by phosphorylating
and thus activating or repressing downstream targets. Two well-known downstream effectors
of mMTORCL are p70 ribosomal S6 kinase (S6K) and eukaryaotic initiation factor 4E binding
protein 1 (4E-BP1), and phosphorylation of these targets promotes protein synthesis by
activating mRNA and ribosome synthesis, as well as translation elongation. Moreover,
mTORC1 phosphorylates and inactivates ULK1 and ATG13 to inhibit autophagy (Jung et
al., 2009). In addition, mTORC1 has been shown to regulate several metabolic pathways.
Through S6K, mTORC1 stabilizes HIF1a and sterol regulatory element-binding protein
(SREBP1 and SREBP?2) to increase their metabolic target gene expression and promote
glucose uptake, glycolysis, de novo lipid synthesis, and the oxidative arm of the PPP.
Recently, mTORC1 was shown to promote de novo pyrimidine synthesis by activating the
enzyme that catalyzes the first three steps of pyrimidine synthesis, CAD
(carbamoylphosphate synthetase 2, aspartate transcarbamylase and dihydroorotase), via S6K
(Ben-Sahra et al., 2013).

Regulation of tumor metabolism by mitochondrial sirtuins

Three of the seven sirtuins, SIRT3, SIRT4 and SIRTS, reside in the mitochondria where they
regulate metabolism via posttranslational modifications on various types of proteins,
including metabolic enzymes (Haigis & Guarente, 2006). Mitochondria are recognized as
the powerhouse of the cell. In addition to producing energy in the form of ATP, this
organelle is a metabolic hub for several metabolic pathways, such as fatty acid oxidation, the
TCA cycle, and glutaminolysis. As discussed above, these metabolic pathways play an
important role in tumors by generating (1) reducing equivalents utilized in the ETC for
energy production, as well as in other anabolic reactions; and (2) metabolic intermediates
that can contribute to synthesis of macromolecules.

Mitochondria are also the main source of ROS, which is generated in the ETC as electrons
can leak at complexes | or 11l during oxidative phosphorylation to produce superoxide
(Bause & Haigis, 2013; McBride et al., 2006; Ray et al., 2012). ROS has been implicated in
cancer, but the connection between ROS and cancer is complex as ROS can function as a
double-edged sword (Pelicano et al., 2004; Schumacker, 2006). At very high levels, ROS
can halt tumor proliferation and result in cancer cell death (Pelicano et al., 2004;
Trachootham et al., 2009). However, moderate elevations in ROS levels can activate
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signaling pathways to promote cellular adaptation. For example, increased ROS inhibits
PHD activity to promote HIF1a stability and induce glycolytic gene expression to promote
the Warburg effect in tumors (Ray et al.,, 2012; Thannickal & Fanburg, 2000). Altogether,
the mitochondria seem indispensable to many cancer cells as the metabolism taking place in
this important cellular compartment is necessary for the synthesis of macromolecules to
support tumor growth.

Recent studies have begun to elucidate the role of mitochondrial sirtuins in the regulation of
cancer cell metabolism, providing insight into new biomarkers for tumor metabolism, as
well as new therapeutic targets. SIRT3 and SIRT4 directly regulate metabolic enzymes or
affect oncogenic signaling known to orchestrate metabolic reprogramming (Finley et al,
2011a; Jeong et al., 2013). SIRT5 biology remains the least studied and has not been
reported to regulate cancer cell metabolism, although this possibility cannot be completely
ruled out.

SIRT3 represses the Warburg effect

SIRT3 activates a program in the mitochondria to promote energy production, oxidative
metabolism, and redox homeostasis (Finley & Haigis, 2012). SIRT3 has a multi-faceted
control of metabolism. First, SIRT3 mediates this metabolic control by deacetylating a
number of mitochondrial proteins to boost their activity. Secondly, SIRT3 can affect cellular
signaling pathways to control metabolism. The direct role of SIRT3 on cellular metabolism
is clear from a wide-range of studies. Several SIRT3 substrates have been identified and
validated, and these enzymes are involved in mitochondrial metabolic pathways, such as the
electron transport chain, fatty acid oxidation, amino acid metabolism and in the maintenance
of cellular redox homeostasis (Hebert ef a/., 2013). For example, SIRT3 activates the
electron transport chain by deacetylating NDUFA9 and succinate dehydrogenase,
components of electron transport complexes | and I, respectively, which supports the
observation that tissues with low SIRT3 levels also have low ATP levels (Ahn et al., 2008;
Finley et al., 2011b). Additionally, SIRT3 deacetylates long-chain acyl coenzyme A
dehydrogenase (LCAD) to promote fatty acid oxidation in the liver (Bharathi et al., 2013;
Hirschey et al., 2010). SIRT3 is also involved in the regulation of amino acid catabolism by
activating GDH and promotes ammonia detoxification by deacetylating ornithine
transcarbamoylase (OTC) and inducing the urea cycle (Hallows et al., 2011; Lombard et al.,
2007; Schlicker et al., 2008). Moreover, SIRT3 promotes reactive oxygen species (ROS)
detoxification by activating manganese superoxide dismutase 2 (SOD2) and isocitrate
dehydrogenase 2 (IDH2) (Chen et al., 2011; Jacobs et al., 2008; Qiu et al., 2010; Someya et
al., 2010; Tao et al., 2010). SOD2 scavenges superoxide and converts it to hydrogen
peroxide, a substrate for catalase, which generates water and oxygen from hydrogen
peroxide (Chen et al., 2011). IDH2, a TCA cycle enzyme, decarboxylates isocitrate to
produce alpha-ketoglutarate, under normal conditions (Someya et a/., 2010). This reaction
generates reducing equivalents as it uses NADP™ to generate NADPH, which is essential for
anabolic reactions and is used by glutathione reductase for regeneration of a major
antioxidant, glutathione (Someya et al., 2010). In line with these findings, tissues from
knockout (KO) mice display an increased acetylation of mitochondrial proteins (Lombard et
al., 2007). A recent study describes a new role of SIRT3 as a decrotonylase (Bao et al.,
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2014), but it remains to be seen how this other sirtuin activity impacts tumor metabolism.
Taken together, numerous studies suggest that SIRT3 coordinates a program to protect a cell
from oxidative stress and cellular damage.

The importance of this pathway in human cancers is beginning to crystallize. First,
decreased SIRT3 levels are observed across a wide range of human tumors, and particularly
in breast cancer where SIRT3 gene deletions are also observed (Finley et al., 2011a; Kim et
al., 2010). Compared to normal tissue, breast cancers have decreased SIRT3 protein
expression (Finley et al.,, 2011a). Lastly, SIRT3 is undetectable in metastatic samples,
suggesting that SIRT3 may play a key role in repressing metastasis (Kim et al., 2010). It is
important to note that many tumors also display increased SIRT3 expression, which may
indicate a pro-survival role for SIRT3 in these cancers (Alhazzazi et al., 2011). It will be
critical for future studies to elucidate the importance of SIRT3 deletion versus amplification
in human cancers. Moreover, in tumors lacking SIRT3, it will also be critical to determine
whether SIRT3 loss plays an active role in initiating tumorigenesis or promoting tumor
growth.

Insights may arise from studies of cellular and mouse models. Indeed, using allograft studies
and SIRT3 KO mouse models, our lab and others have demonstrated that SIRT3 possesses
tumor suppressive activity, in part by rewiring metabolism (Bell et a/., 2011; Finley et al.,
2011a; Kim et al., 2010). First, SIRT3 null MEFs compared to WT MEFS (when both are
transformed by E1A/Ras) display features of cancer cells, such as rapid proliferation,
aneuploidy, anchorage-independent colony formation and allograft tumor formation in nude
mice (Finley et al,, 2011a; Kim et al., 2010). Moreover, SIRT3 null MEFs have higher
superoxide levels under stress conditions — consistent with the role of SIRT3 in
deacetylating and activating SOD2 (Finley et al., 2011a; Qiu et al., 2010). Second, SIRT3
null mice spontaneously develop tumors, particularly in breast, at 12 months. Mammary
tumors from SIRT3 null mice have increased protein damage, suggesting that these mice
have increased levels of ROS (Kim et al., 2010). Additionally, SIRT3 overexpression can
inhibit the /n vitro formation of breast and pancreatic cell lines in mice (Finley et al., 2011a;
Jeong et al., 2014b). Together, these studies indicate that SIRT3 may inhibit tumorigenesis
of certain cancers.

How does SIRT3 regulate tumor growth? One mechanism is that SIRT3 deacetylates a
specific target with strong tumor suppressive activity. One such target has not been
identified. Based on published data, thus far, it is more likely that SIRT3 deacetylates an
array of targets that either changes the metabolic status or redox of the cell. For example,
SIRT3 plays a pivotal role in diminishing oxidative stress, in part, by regulating SOD2 (Qiu
et al., 2010; Tao et al., 2010) and IDH2 (Yu et al., 2012), but it may also control ROS
production by regulating the efficiency of the ETC (Bause & Haigis, 2013). This particular
arm of SIRT3 activity may have important roles in cancer, as many cancer cells have
increased ROS levels in comparison with non-tumorigenic cells (Schumacker, 2006).
Paradoxically, chronic elevation of ROS in tumors may trigger important signaling cascades
that promote cellular proliferation and survival (Figure 2) (Schieber & Chandel, 2014).
Indeed, numerous studies have observed that SIRT3 suppresses ROS (Finley ef al., 2011a;
Kim et al., 2010; Qiu et al., 2010; Tao et al., 2010; Yu et al., 2012). It was proposed that
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elevated ROS in SIRT3 null cells and mice contributes to an increased genomic instability,
leading to an increased tumorigenesis. We and others have shown that SIRT3 regulates
signaling pathways via ROS to repress metabolic reprograming in cancer (Figure 2). It will
be interesting for future studies to elucidate the roles of SIRT3 substrates in control of
cellular signaling.

How does SIRT3 regulate signaling? Our lab and the Guarente Lab independently
discovered that increased ROS in SIRT3 null cells results in HIF1a stabilization. HIF1a
stability is regulated by prolyl hydroxylases (PHDs), which hydroxylate HIF1a under
normoxia to allow the von Hippel-Lindau protein (vHL) to ubiquitinate HIF1a, leading to
proteosomal degradation (Kaelin & Thompson, 2010). SIRT3 null MEFs demonstrated
decreased HIF1a hydroxylation (Finley et afl,, 2011a), and overexpression of SIRT3 was
able to repress in numerous cell types. Importantly, although PHDs function as oxygen
sensors, the regulation of PHD activity by SIRT3 occurred during normoxia.

As discussed above, elevated HIF activity has important consequences in the metabolism of
human cancers and this fact is supported by studies of SIRT3. First, SIRT3 null MEFs
display elevated glycolytic metabolism, which can be inhibited with anti-oxidants or by
knockdown of HIF1a (Figure 2) (Bell et al,, 2011; Finley et al., 2011a). Steady-state
metabolomics analysis shows that the absence of SIRT3 alters glucose metabolism by
increasing several intermediates in the glycolytic pathway and the pentose phosphate
pathway (PPP), suggesting rewiring of glucose metabolism and the potential for glucose to
contribute to other pathways, such as the PPP, to support synthesis of macromolecules for
cellular proliferation (Finley et al., 2011a). Flux analysis of glucose metabolism yielded
similar results (Hebert et al., 2013). Cells and tissues from SIRT3 KO mice demonstrate a
signature of elevated HIF1a gene expression. Finally, expression of SIRT3 decreases HIF1a
levels, represses the Warburg effect, and decreases cell growth in breast cancer cells (Finley
et al., 2011a). While these studies highlight HIF1a as a signaling pathway regulated by
SIRT3, many other signaling pathways are controlled by mitochondria or ROS. Thus, it is
important to examine: (1) whether SIRT3 affects other mitochondrial-rooted signaling
pathways, and (2) if this control of other signaling pathways contribute to the tumor
suppressive activity of SIRT3.

Potential modulation of tumor metabolism via regulation of cellular
signaling by SIRT3

In normal, primary tissues, SIRT3 has been implicated in the regulation of cellular signaling
in heart, skeletal muscle, brown adipose tissue and liver (Finley et al.,, 2011b; Jing et al.,
2011; Shi et al., 2010; Sundaresan et al., 2009). SIRT3 plays a key role in response to
cardiac hypertrophy as its expression increases in hearts of mice treated with hypertrophy
agonists in part by activating the transcription factor Foxo3a to induce expression of
antioxidant genes (Pillai et a/., 2010; Sundaresan et al., 2009). Induction of signaling
cascades, such as the PI3K/Akt and MAPK/ERK pathways, also may contribute to the
pathogenesis of cardiac hypertrophy, as these pathways were repressed in transgenic mice
overexpressing SIRT3 (Pillai et al., 2014). In addition, SIRT3 repressed activation of Ras,
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which is upstream of PI3K and MAPK/ERK signaling. Finally, the mTORC signaling
pathway was activated in hearts of SIRT3 null mice and this was abolished by
overexpression of SIRT3 (Sundaresan ef a/., 2009). The mTORC1 signaling pathway is
negatively regulated by AMP kinase (AMPK), and its regulator LKB1 (Laplante & Sabatini,
2009). In concordance with increased mTORC signaling, SIRT3 null mouse hearts have
decreased phosphorylation and activity of AMPK and LKB1 (Sundaresan et al., 2009). In
addition to regulating signaling in heart, SIRT3 plays a key role in insulin signaling in
skeletal muscle, which is important as SIRT3 KO mice have impaired insulin signaling,
which is an early feature of type 2 diabetes (Jing ef a/., 2011). However, cell signaling differs
between skeletal muscle and heart. Skeletal muscle from SIRT3 null mice displays
decreased insulin signaling evidenced by decreased phosphorylation of tyrosine residues in
the insulin receptor (IR). In addition, SIRT3 loss decreases phosphorylation of IR targets,
such as PI3K and AKT, which is accompanied by decreased glucose uptake (Jing et a/.,
2011). Likewise, decreased Erk phosphorylation is evident in skeletal muscle from SIRT3
null mice stimulated with insulin. Like hearts from SIRT3 null mice, skeletal muscle from
these mice displays increased oxidative stress and increased expression of genes involved in
oxidative stress response. Various kinases, such as the Jun N-terminal kinase (JNK), protein
kinase C and S6 kinase, are activated by oxidative stress and phosphorylate the IR and IRS-1
to decrease PI3K activation (Benhar et al., 2002; Jing et al., 2011). Upon closer examination,
skeletal muscle from SIRT3 null mice have increased phosphorylation of JNK, which is in
agreement with observations in mouse embryonic fibroblasts from these mice. The study
proposes increased ROS in SIRT3 null mouse tissue as a mechanism for activation of INK
and deregulation of insulin signaling (Jing et a/., 2011). As discussed above, these signaling
pathways have importance in tumor metabolism. Thus, it will be interesting for future
studies to probe whether SIRT3 controls PI3K or mTOR signaling in human cancers.

Although the absence of SIRT3 results in altered signal transduction, the direction in which
SIRT3 regulates these pathways is not clear as signaling varies based on tissue or cell type.
SIRT3 may also contribute to metabolic reprograming by regulating signaling pathways
known to affect metabolism; however, the role of SIRT3 in the regulation of cellular
signaling in cancer has not been examined. Further studies could focus on elucidating the
mechanism by which SIRT3 regulates cellular signaling, and whether this is the case in
cancer.

SIRT4 regulates glutamine metabolism

SIRT4 is a lesser studied mitochondrial sirtuin that connects metabolism to cell growth and
survival. Unlike SIRT3, SIRT4 does not possess a robust, promiscuous deacetylase activity.
Moreover, activation of SIRT4 seems to repress carbon flow into the TCA cycle via
numerous nodes. SIRT4 was initially identified as an inhibitor of glutamate dehydrogenase
(GDH) via ADP-ribosylation (Haigis et al., 2006). By inhibiting GDH, SIRT4 suppresses
the flow of amino acids into the TCA cycle and inhibited insulin secretion from the
pancreatic p cells. Additionally, SIRT4 negatively regulates insulin secretion via insulin
degrading enzyme and adenine nucleotide translocases (Ahuja et al., 2007). SIRT4 also
reduces fat oxidation while promoting lipogenesis by deacetylating and inhibiting malonyl-
CoA decarboxylase (MCD), which converts malonyl-CoA into acetyl-CoA (Laurent et al.,
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2013). SIRT4 also represses PDH to block entry of pyruvate into central mitochondrial
metabolism (Mathias et al., 2014). Given these observations, it is likely that SIRT4 is
uniquely poised to regulate whole-body metabolic homeostasis, which can mediate anabolic
signaling to promote growth, both in normal cells as well as in cancer cells.

A clue to the physiological relevance of SIRT4 came from studies of its regulation. Unlike
other mitochondrial sirtuins, SIRT4 mRNA and protein levels were highly stabilized by
genotoxic stress, suggesting that sirtuin may integrate metabolic adaptation with DNA
damage responses. SIRT4 expression increased upon DNA damage by camptothecin
(topoisomerase | inhibitor) and ultraviolet (UV) light, and this increase occurs concomitantly
with a decrease in glutamine uptake by the cells (Jeong et af., 2013; Rardin et al., 2013).
These observations suggest that DNA damage leads to decreased glutaminolysis and
glutamine anaplerosis, which are supported by the fact that TCA cycle intermediates are
decreased after exposure of cells to UV light. Additional metabolic flux analysis of 13C-
labeled glutamine demonstrates a clearly decreased contribution of glutamine to TCA cycle
intermediates after DNA damage. Moreover, SIRT4 is required to suppress glutamine flux
into the TCA cycle after DNA damage, which suggests that SIRT4 plays a critical role in
cellular response to DNA damage (Jeong et al., 2013; Lu et al., 2014; Ouaissi et al., 2008).
This hypothesis demonstrates the presence of a connection between mitochondrial
metabolism and nuclear/cytosolic stress responses, which remains to be understood.

Consistent with the idea that SIRT4 triggers a metabolic checkpoint, mTOR inhibition
induces SIRT4 expression. In this case, mMTORC1 repression stabilizes CAMP responsive
element binding 2 (CREBZ2), which is responsible for upregulating SIRT4 transcription
(Csibi et al., 2013) (Figure 2). Thus, inhibition of mMTORC1 by rapamycin increases the
expression of SIRT4, which subsequently decreases GDH activity and glutamine anaplerosis
(Figure 2) (Csibi et al., 2013). Importantly, the increase in SIRT4 is required for repression
of GDH activity upon mTORC1 inhibition.

The above studies demonstrate that SIRT4 functions as a sensor of cellular stress to trigger a
metabolic pause by repressing glutamine metabolism. This ability of SIRT4 to reprogram
glutamine metabolism suggests that SIRT4 could also have tumor suppressive activity.
Indeed, loss of SIRT4 increases cell proliferation, an effect that disappears with inhibition of
glutaminolysis (Jeong et al., 2013). In addition, transformed SIRT4 null MEFs form larger
tumors in mice, and SIRT4~/~ mice have increased incidence of spontaneous cancers,
especially lung cancer. Of relevance to human cancers, analysis of microarray data revealed
that many human cancers, including lung, gastric, bladder and breast cancers — as well as
leukemias — have decreased SIRT4 expression (Csibi et al., 2013; Jeong et al., 2013, 2014a).
In addition, lower SIRT4 levels in lung cancer leads to decreased survival, highlighting the
importance of SIRT4 in cancer progression and mortality. It is not yet clear whether SIRT4
represses tumors via control of the DNA damage response, mTOR, or glutamine
metabolism. It is unlikely that all of the tumor suppression by SIRT4 is mediated via
glutamine inhibition, as SIRT4 has many other metabolic targets. Thus, it will be important
for future studies to parse out the mechanisms involved.
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Potential role of SIRT5 in regulating tumor metabolism

SIRTS5 is a mitochondrial sirtuin with a unique enzymatic activity that does not center
around deacetylation—desuccinylation. In addition to desuccinylation, SIRT5 has been shown
to possess demalonylation and deglutarylation activity (Lin et al., 2013; Park et al., 2013,
Rardin et al,, 2013; Tan et al., 2014). It is important to note, that although proteomic studies
have been performed identifying succinylated proteins (Hornbeck et al., 2015; Park et al.,
2013; Peng et al., 2011; Rardin et al., 2013; Weinert et al., 2013), we still have little
understanding of the scope and physiological relevance of these modifications /in vivo. An
important clue will come from systematic studies comparing levels of acetylation with other
modifications. Nearly 80% of TCA cycle and 60% of fatty acid metabolism enzymes are
succinylated when SIRT5 is deleted, but future studies will need to assess whether this is due
directly to changes in SIRT5 activity or altered succinate metabolism.

SIRTS5 substrates range from detoxifying enzymes to mitochondrial metabolic enzymes. The
first well-described substrate for this sirtuin was carbamoyl phosphate synthase-1 (CPS1). In
the liver, SIRT5 activates CPS1 via deacetylation to promote the urea cycle and increase the
clearance of ammonia produced from catabolism of amino acids (Nakagawa et a/., 2009;
Park et al., 2013). Other well defined substrates include succinate dehydrogenase, pyruvate
dehydrogenase and SOD1, and the effect of SIRT5 on their activity is described below (Lin
etal., 2013; Park et al., 2013).

As with SIRT3 and SIRT4, control of metabolic enzymes and detoxifying enzymes by
SIRT5 may alter cancer metabolism. In contrast to SIRT3 and SIRT4, which show tumor
suppressive activity in animal studies, SIRT5 has been implicated as a promoter of
tumorigenesis. Elevated SIRT5 mRNA levels have been reported in pancreatic cancer and
non-small cell lung cancer (Lu et al, 2014; Matsushita et al., 2010; Ouaissi et a/., 2008;
Pfister et al., 2008). SIRT5 inhibition decreases lung cancer cell proliferation in vitroand in
vivo (Lu et al., 2014). SIRT5 also contributes to drug resistance by increasing expression of
antioxidant response genes, and silencing of SIRT5 results in decreased xenograft tumor size
and enhanced susceptibility to various anticancer drugs (Lu et a/, 2014). Additionally,
elevated SIRT5 levels correlate with increased incidence of metastasis, advanced tumor
stage, and overall, poor prognosis. How SIRT5 regulates tumor metabolism has not been
examined; however, given the clear role of mitochondrial metabolism in cancer, it is possible
that SIRT5 rewires metabolism to have a pro-survival role. For example, SIRTS5 inhibits
succinate dehydrogenase and pyruvate dehydrogenase, which also suggests that SIRT5 may
potentially play a key role in cancer by stabilizing tumorigenic pathways dependent on
(proto)oncometabolites (Park et al., 2013). Finally, SIRT5 desuccinylates and activates
Cu/Zn superoxide dismutase, thereby promoting ROS scavenging, which may repress ROS
signaling and tumorigenesis in a manner similar to SIRT3 (Lin et a/., 2013). It is important
to note that SIRTS5 is present both inside the mitochondria as well as in the cytosol and the
nucleus, suggesting the potential for a much broader effect on cancer metabolism than other
mitochondrial sirtuins (Matsushita ef al., 2010; Pfister et al., 2008).
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Potential regulation of cancer metabolism by other sirtuins

In addition to mitochondrial sirtuins, mammalian cells contain four other sirtuins (SIRT1,
SIRT2, SIRT6 and SIRT7), which have been well studied regarding cellular signaling and in
some cases tumorigenesis. For example, SIRT1 deacetylates HIF1a thereby repressing HIF1
activity (Lim et al., 2010), and SIRT1 also deacetylates Myc to destabilize it (Yuan et al,
2009). Additionally, SIRT1 activation promotes mitochondrial biogenesis (Gerhart-Hines et
al., 2007; Lagouge et al., 2006; Rodgers et al., 2005). Like SIRT1, SIRT7 has been shown to
bind to and inhibit Myc (Shin et a/., 2013). Although the roles of SIRT1 or SIRT7 have not
been directly assessed in tumor metabolism, it is tempting to speculate that SIRT1 and
SIRT7 may inhibit some tumors, in part via metabolic reprograming. Additionally, SIRT?2
deacetylates and activates phosphoglycerate mutase, a glycolytic protein whose inhibition
decreases proliferation and tumor growth (Xu et a/., 2014). In addition, SIRT2 deacetylates
K-Ras and decreases its transformation activity (Yang et a/., 2013). In conclusion, SIRT1,
SIRT2 and SIRT7 have the potential to regulate metabolic reprograming by modulating key
players known to regulate this process.

SIRT6 has been described to coordinate metabolic reprograming in cancer by regulating
HIF1 and Myc. More specifically, SIRT6 regulates glucose metabolism via deacetylation of
H3K9 at the promoters of glycolytic genes, as well as by destabilizing HIF1a (Zhong et al.,
1999). Additionally, SIRT6 co-represses Myc and inhibits expression of ribosomal genes
(Sebastian ef al., 2012b). Thus, SIRT6 seems to function as a tumor suppressor and its loss
results in a cellular metabolic phenotype similar to that described by Warburg. It will be
interesting for future studies to assess whether SIRT6 also promotes mitochondrial
biogenesis or metabolism through transcriptional control.

Conclusions

Despite intense biomedical research, cancer continues to be one of the leading causes of
death in the United States. A recent burst in research focusing on tumor metabolism has shed
light on the importance of metabolic reprograming in cancer cells. The connections between
oncogenes, tumor supressors, signaling pathways and metabolic reprograming are emerging,
and this knowledge may provide insights into identifying new targets for the development of
cancer treatment. As highlighted in this review, several key players contributing to altered
tumor metabolism are regulated by sirtuins, suggesting this family of proteins may pose a
new venue to modulate aberrant signaling and metabolic reprograming in cancer. For
example, as SIRT3 plays an important role in maintaining redox homeostasis, it will be
interesting for future studies to identify whether SIRT3 activation rewires metabolism of
tumors exhibiting a proliferative advantage as a result of increased oxidative stress.
Alternatively, inhibition of SIRT3 may be useful in cancers with increased oxidative stress to
increased ROS levels high enough to cause tumor cell death. Further investigation is
necessary to determine the therapeutic benefit of sirtuin modulation in cancer.
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Figure 1.

Alterations in glucose and glutamine metabolism contribute to tumor growth and
proliferation. Rewiring of glucose and glutamine metabolism contribute to synthesis of
macromolecules, antioxidants and reducing equivalents. Major enzymes involved in each
pathway are highlighted above, and expression or activity of these enzymes tends to be
altered in tumor cells to contribute to metabolic reprograming, as described in the text.
NEAA, non-essential amino acids; HK, hexokinase; GFAT, glutamine fructose-6-phosphate
amidotransferase; PHGDH, phosphoglycerate dehydrogenase; SHMT, serine
hydroxymethyltransferase; PK, pyruvate kinase; PDH, pyruvate dehydrogenase; GCL,

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2018 April 08.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gonzalez Herrera et al. Page 27

glutamate-cysteine ligase; GS, glutathione synthase; ME, malic enzyme; ACL, ATP citrate
lyase; LDHA, lactate dehydrogenase; GLS, glutaminase; GDH, glutamate dehydrogenase;
AST, aspartate aminotransferase; ALT, alanine aminotransferase; GLUT1, glucose
transporter type 1; ASCT2, sodium-dependent neutral amino acid transporter type 2; SN2,
system N transporter 2; MCT4, monocarboxylate transporter type 4; xCT, cystine/glutamate
transporter. (see colour version of this figure at www.informahealthcare.com/bmg).
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Figure 2.

Oncogenic signaling pathways and tumor suppressors mediate metabolic reprograming in
cancer to increase tumor growth and proliferation. Signaling cascades, such as Ras, PI3K
and mTORCY1, regulate metabolism and overexpression or mutations in components of these
pathways contribute to altered metabolism in cancer. Additionally, signaling cascades
stabilize transcription factors, such as HIF1 and c-Myc, which control metabolic gene
expression to increase glycolysis or glutaminolysis. Mitochondrial sirtuins, SIRT3 and
SIRT4, repress aberrant metabolism in cancer. SIRT3 represses reactive oxygen species
(ROS) by deacetylating direct targets, such as manganese superoxide dismutase (SOD2) and
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isocitrate dehydrogenase (IDH2), to destabilize HIF1 and repress the Warburg effect. SIRT4
ADP-ribosylates glutamate dehydrogenase (GDH), and thus, represses glutaminolysis. (see
colour version of this figure at www.informahealthcare.com/bmg).
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