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Abstract 
Normal cells require input from extrinsic growth factors to control proliferation 

and survival.  Recent studies have demonstrated that these same extrinsic signals also 

regulate cellular metabolism to ensure that metabolism adequately supports the demands 

of cell function, proliferation, and cell survival.  The PI3K/Akt pathway is downstream of 

many growth factors and can promote both glucose metabolism and cell survival.  

Aberrant activation of the PI3K/Akt pathway is common in cancer, and its activation can 

contribute to the growth factor independence that is a hallmark of neoplastic cells.  

Metabolic demand is high in stimulated and leukemic T cells, and activation of Akt can 

increase glucose metabolism to meet these requirements.  There is great interest in 

targeting the unique metabolism of cancer cells for cancer therapy, thus making an 

understanding of the interaction of metabolism and cell death essential.   

Akt is also anti-apoptotic and can inhibit cell death by regulating members of the 

Bcl-2 family.  Interestingly, the ability of Akt to prevent cell death is inextricably linked 

to its metabolic function.  Several recent studies have demonstrated that glucose 

metabolism can affect Bcl-2 to family members to promote cell survival, but the role of 

Akt-dependent glucose metabolism in the regulation of Bcl-2 family members is not 

understood.  Using a model of growth factor withdrawal-induced apoptosis, we show that 

Akt prevents cell death by maintaining glucose metabolism to regulate the Bcl-2 family 

members Puma and Mcl-1, and demonstrate the importance of this pathway in the 

survival of stimulated T lymphocytes and leukemia. 
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After growth factor withdrawal, active Akt suppressed Puma induction in 

abundant glucose, but Puma was rapidly upregulated in glucose-deficient conditions and 

was necessary and sufficient to promote efficient cell death.  Importantly, glucose was 

not uniquely required, as provision of alternative mitochondrial fuels allowed Akt to 

suppress Puma and maintain survival.  This metabolic regulation of Puma was mediated 

through partially p53-dependent transcriptional induction as well as control of Puma 

protein stability.  

In addition to inhibiting Puma expression, active Akt prevented the loss of Mcl-1 

after growth factor withdrawal by sustaining Mcl-1 protein synthesis in a glucose-

dependent manner.  Mcl-1 was essential for preventing Bim-induced apoptosis, as Akt 

could not inhibit Bim induction after growth factor deprivation.  Slowing of Mcl-1 

synthesis by inhibiting glucose metabolism reversed Mcl-1-mediated resistance of 

leukemic cells to the Bcl-2 inhibitor ABT-737.  Importantly, Akt and glucose-reliant 

Mcl-1 expression required mTOR-dependent phosphorylation of 4EBP, and treatment 

with mTOR inhibitors also reversed ABT-737 resistance.   

Together, this study demonstrates that Akt promotes cell survival by preventing 

metabolic checkpoints that stimulate Puma expression and stability and inhibit Mcl-1 

synthesis, advancing our understanding of the links between metabolism and cell death.  

These studies highlight the importance of cellular metabolism—including a potential role 

for the alternative sugar fructose—in cancer cell survival that may provide a mechanistic 

understanding to drive development of metabolism-targeted cancer therapies.     
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1 Introduction 
 

Portions of this introduction also appear in: 

“Essentials of Apoptosis: A Guide for Basic and Clinical Research, 2nd Ed.” 

Copyright 2009.  Humana Press. 

Jonathan L. Coloff, Yuxing Zhao, and Jeffrey C. Rathmell 

 

1.1 Extracellular Signals Regulate Cell Metabolism and Survival 

Normal cells require input from extracellular signals in the form of growth factors 

and cytokines to regulate cell growth, proliferation, and survival.  This model, known as 

the social control model (Raff, 1992), allows cells to communicate with one another and 

ensures that cells only grow and proliferate in the proper location and at the proper time 

when it is beneficial to the organism as a whole.  If a cell should leave its normal 

microenvironment, it will no longer be exposed to the necessary extrinsic signals and will 

rapidly undergo apoptotic cell death.  Extrinsic control of cell survival and proliferation is 

essential for proper tissue development and homeostasis, and social control is a delicate 

balance between these two processes.  In the hematopoietic system, disruption of this 

balance can lead to human diseases such as immunodeficiency if cell proliferation is 

insufficient, or auto-immunity or cancer if cells begin to grow uncontrollably and resist 

apoptosis.  This model can be highly dynamic, as is exemplified by the rapid expansion 
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of lymphocytes after stimulation by a foreign antigen as well as the necessary clearance 

of these inflammatory cells once the antigen has been eliminated.  

Recent studies have shown that cellular metabolism is regulated by the same 

extracellular signals that control cell survival and proliferation (Frauwirth et al., 2002; 

Rathmell et al., 2000; Vander Heiden et al., 2001).  This co-regulation ensures that the 

dramatically changing metabolic demands of cycling cells are coordinated by the same 

signals that promote proliferation.  This is in contrast to the regulation of metabolism and 

proliferation in single cell organisms, where the availability of extracellular nutrients is 

the limiting factor.  Yeast, for example, will alter their gene expression profiles to utilize 

whatever fuel sources are available at a given time and will maximally proliferate in 

abundant nutrients.  Multi-cellular organisms provide most cells a constant supply of 

nutrients through their circulatory systems, making nutrient-driven proliferation an 

unrealistic control mechanism for development or homeostasis.  Social control of 

metabolism and proliferation allows for restrained growth and the conservation of 

nutrients for when they are needed.  

Several studies of extrinsic control of metabolism have also shown that growth 

factor-dependent regulation of metabolism can directly manipulate cell death pathways 

(Rathmell et al., 2003; Zhao et al., 2007).  When a cell is removed from growth factor it 

internalizes nutrient transporters and downregulates its overall metabolic state (Frauwirth 

et al., 2002; Plas et al., 2001; Rathmell et al., 2000).  If metabolism is maintained in the 

absence of growth factor signals by, for example, exogenously overexpressing the 
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proteins responsible for glucose uptake, cell death is inhibited (Zhao et al., 2007; Zhao et 

al., 2008).  Conversely, a cell cannot survive even in the presence of appropriate growth 

factors if it lacks adequate nutrients (Plas et al., 2001; Pradelli et al., 2010; Zhao et al., 

2008).  These relationships have led to a larger appreciation that growth factor stimulated 

metabolism is a key element in the regulation of cell survival, and have shed light onto 

how these two cellular functions interact. Ultimately, understanding the relationship 

between cell metabolism and fate may guide new approaches for treatment of diseases of 

excess or insufficient cell death.  

One of the hallmarks of cancer cells is the ability to persist in the absence of the 

appropriate extracellular signals and overcome these social control mechanisms that 

would otherwise restrict their proliferation or survival (Hanahan and Weinberg, 2000).  

To accomplish this, cancer cells must replace or circumvent the essential functions that 

growth factors normally perform, including the regulation of cellular metabolism and the 

prevention of cell death.  Often, cancer cells acquire mutations in the very pathways that 

are downstream of growth factors that allow survival and proliferation.  One such 

pathway, the phosphatidylinositol 3-kinase (PI3K)/Akt pathway, is frequently mutated 

and activated in cancer cells and can promote growth factor independent survival and 

proliferation (Yuan and Cantley, 2008).  Importantly, activation of oncogenes and loss of 

tumor suppressors have been recently identified to regulate glucose metabolism in 

addition to their known functions regulating cell proliferation and survival.  Thus, 

activation of oncogenes can promote uncontrolled glucose metabolism that may be 
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important to fuel cancer cell proliferation and to promote survival in the absence of 

extrinsic growth factors.  Here we will discuss the contribution of oncogenic regulation of 

glucose metabolism to the ability of cells to persist in the absence of growth factor 

signals, and how this might provide an ideal target for novel cancer metabolism targeted 

therapies.     

 

1.2 Cancer Cell Metabolism 

It has been nearly a century since Otto Warburg first observed that cancer cells 

display a different metabolic phenotype than their normal counterparts (Warburg, 1956).  

In normal tissues, glucose and other fuels are metabolized and oxidized efficiently when 

oxygen is present to generate maximal energy and reduce fuel consumption while 

glycolysis is used as a primary energy source only when oxygen is limiting.  In cancer 

cells, however, metabolism is characterized by dramatically increased glucose uptake, 

glycolysis, and lactate production even in the presence of sufficient molecular oxygen to 

completely oxidize glucose to CO2 in the mitochondria.  For this reason, the Warburg 

effect is also commonly referred to as aerobic glycolysis.  In spite of the repeated 

observation of this metabolic phenotype and its clinical utility for imaging human tumors, 

an understanding of how and why cancer cells employ aerobic glycolysis has remained 

elusive.  The past decade has seen a renaissance in cancer metabolism research, and we 

are now beginning to understand how this form of metabolism comes about, and what 

effects it can have on cell function, including a potential role in preventing cell death.  
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1.2.1 Glucose Metabolism 

Glucose metabolism is an essential cellular process for which the general 

biochemical pathways have been largely understood for decades, but a detailed 

understanding of its regulatory mechanisms remains incomplete, especially in the context 

of pathological conditions.  Knowledge of whole-body glucose homeostasis is vital in the  

studies of diseases such as diabetes and obesity, and regulation of glucose metabolism at 

the cellular level likely plays an important role in such conditions.  Understanding how 

cells utilize glucose and what effects glucose metabolism and glucose-derived 

metabolites can have on cell function has been an intense area of research, particularly in 

metabolic tissues like pancreatic β cells and hepatocytes.  More recently, however, an 

appreciation of the importance of glucose metabolism in the function of immune cells 

and cancer cells has sparked an expansion of metabolism-related research leading to a 

plethora of new discoveries.  An overview of the important aspects of glucose 

metabolism is provided in the following sections (Figure 1.1).   
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Figure 1.1  Glucose Metabolism Pathways 

Enzymes: HK = hexokinase; PGI = phosphoglucose isomerase; PFK1 = phosphofructokinase1; A = 
aldolase; TPI = triosphosphate isomerase; GAPDH = glyceraldehyde-3-phosphate dehydrogenase; PGK =  
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(Figure 1.1 Continued) phosphoglycerate kinase; PGM = phosphoglycerate mutase; E = enolase; PK = 
pyruvate kinase; PDH = pyruvate dehydrogenase; G6PD = glucose-6-phosphate dehydrogenase; LDH = 
lactate dehydrogenase.  Intermediates:  G6P = glucose-6-phosphate; F6P = fructose-6-phosphate; F1,6P = 
fructose-1,6-bisphosphate; DHAP = dihydroxyacetone phosphate; G3P = glyceraldehyde-3-phosphate; 
1,3PG = 1,3-bisphosphoglycerate; 3PG = 3-phosphoglycerate; 2PG = 2-phosphoglycerate; PEP = 
phosphoenolpyruvate; 6PGL = 6-phosphogluconolactone; 6PG = 6-phosphogluconate; R5P = ribulose-5-
phosphate. 

 

1.2.1.1 Glucose Uptake 

 Glucose and other sugars are delivered to the extracellular environment by the 

blood supply.  These monosaccharides are not cell permeable and therefore must be 

actively transported across the cell membrane for use as a fuel source in cells.  Glucose 

uptake is accomplished by a family of facilitative hexose transporters known as Gluts 

(Manolescu et al., 2007).  This family consists of fourteen structurally related 12-

transmembrane domain facilitative hexose transporters.  While most Gluts can efficiently 

transport glucose into the cell, several family members are more promiscuous and are 

able to transport other monosaccharides in addition to glucose, while some are not able to 

transport glucose at all but can transport other sugars (e.g. Glut5 is specific for fructose) 

(Douard and Ferraris, 2008).  Among this family, Glut4 is the best characterized, as it is 

the primary insulin-responsive glucose transporter in traditional metabolic tissues such as 

liver, muscle, and fat, and is of great interest in studies of diabetes and other metabolic 

diseases (Larance et al., 2008).  Glut1 is thought to be the primary glucose transporter in 

the hematopoietic system, and plays an important role in the elevated glucose uptake 

observed after lymphocyte stimulation (Jacobs et al., 2008; Rathmell et al., 2000).  

Glucose transporters are highly regulated proteins, and are controlled by extracellular 
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signals in the form of growth factors or cytokines (Frauwirth et al., 2002; Jacobs et al., 

2008).  Regulation of Gluts has been identified at nearly every possible step, including at 

the levels of expression, activity, as well as sub-cellular localization.  Of particular 

importance is the regulation of Glut trafficking to and from the cell surface, such as 

occurs after insulin binding to its receptor or that regulated by cytokines in lymphocytes 

(Hou and Pessin, 2007; Wieman et al., 2007).  Growth factor stimulated trafficking of 

Gluts to the cell surface allows for very rapid increases in glucose uptake that do not rely 

on a transcriptional and translational response.  Interestingly, Glut1 is overexpressed in 

some cancers, and may contribute to the increased glucose uptake in these cells (Brown 

and Wahl, 1993; Younes et al., 1996). 

Once inside the cell, glucose is phosphorylated by hexokinase (HK).  Since the 

Gluts are facilitative bi-directional transporters, glucose is transported across the 

concentration gradient and would escape the cell if it were not modified.  Hexokinase 

phosphorylates glucose at the six-position to generate glucose-6-phosphate (G6P) which 

cannot be transported and is trapped within the cell.  Four isoforms of hexokinase exist in 

mammals, hexokinases I, II, III, and IV (HK-IV is also known as glucokinase) (Wilson, 

2003).  Glucokinase has a much lower affinity for glucose and therefore is a less efficient 

enzyme than the other HKs.  This isoform plays an important role in the liver as well as 

in pancreatic beta cells as a glucose sensor, aiding in the regulation of whole-body 

glucose homeostasis (Matschinsky et al., 2006).  In cancer, HK can be overexpressed, 

and when combined with increased Glut1 expression could significantly increase glucose 



 

 9 

uptake (Rempel et al., 1996).  Once glucose is phosphorylated to G6P, it is then primed 

for further catabolism down either the pentose phosphate pathway (PPP) or the glycolytic 

pathway.   

 

1.2.1.2 The Pentose Phosphate Pathway 

One pathway by which G6P is catabolized is the PPP (Figure 1.1).  The PPP is an 

important pathway for the generation of reductive potential in the form of nicotinamide 

adenine dinucleotide phosphate (NADPH), as well as for generation of ribose sugars, 

which are important for a variety of cellular processes including the synthesis of 

nucleotides.  The PPP is split into the oxidative and non-oxidative pathways.  The 

oxidative branch of the PPP is regulated at its first step where glucose-6-phosphate 

dehydrogenase (G6PD) converts G6P to 6-phosphoglucolactone generating one molecule 

of NADPH.  A second NADPH is generated when 6-phosphogluconate dehydrogenase 

continues to process glucose in the PPP to produce ribulose-5-phosphate.  Ribulose-5-

phosphate is then converted to ribose-5-phosphate, which serves as the backbone for 

nucleotide synthesis.  NADPH is important for a variety of cellular functions including 

providing reduction potential for many biosynthetic reactions including lipid synthesis, as 

well as for regulation of cellular redox state.  Importantly, despite being a very important 

source of NADPH, the PPP is not the only way by which NADPH is generated in the 

cell.  G6PD can be overexpressed in cancer, and exogenous expression of G6PD is 
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sufficient to transform NIH 3T3 cells, suggesting that the PPP may play an important role 

in cancer cell metabolism (Kuo et al., 2000).   

 

1.2.1.3 Glycolysis 

In active lymphocytes and cancer cells, the majority of the glucose taken up by 

cells is catabolized down the glycolytic pathway (Figure 1.1).  In glycolysis, G6P is 

converted to fructose-6-phosphate which is then phosphorylated by phosphofructokinase-

1 (PFK1) yielding fructose-1,6-bisphosphate (F1,6P).  F1,6P is then split by aldolase into 

glyceraldehyde-3-phosphate (G3P) and dihydroxyacetone phosphate, which is then 

quickly modified into another molecule of G3P.  From there, the two G3Ps are converted 

to the glycolytic end-product pyruvate in a multi-step process that generates four 

molecules of ATP by the phosphoglycerate kinase and pyruvate kinase (PK) steps.  Thus, 

two molecules of ATP are consumed and four ATPs are generated for each molecule of 

glucose catabolized to pyruvate in glycolysis, netting two molecules of ATP per glucose.   

Several steps along the glycolytic pathway are highly regulated.  One such step is 

the feedback inhibition of PFK1.  PFK1 enzymatic activity is allosterically inhibited by 

both citrate and ATP.  If a cell has sufficient nutrients and its bioenergetic needs are 

being met, ATP levels will rise, resulting in feedback inhibition of PFK1 and inhibition 

of glycolysis.  Similarly, accumulation of citrate from the mitochondrial citric acid cycle 

(tricarboxylic acid cycle; TCA cycle), which will occur when sufficient nutrients are 

being funneled into the mitochondria, can inhibit PFK1.  This feedback inhibition 
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mechanism and others like it allow communication between mitochondrial and 

cytoplasmic metabolism and coordinated regulation of cellular metabolism as a whole.  

In addition, the final step of the glycolytic pathway, the conversion of 

phosphoenolpyruvate to pyruvate catalyzed by pyruvate kinase (PK), has been recently 

discovered to be regulated by extracellular signals by interacting with phospho-tyrosine 

peptides which inhibit its activity and promote the use of glucose-derived carbon in 

macromolecular biosynthesis (Christofk et al., 2008b).  While the affect of growth factor-

dependent regulation of PK remains uncertain, PK may play an important role in cancer 

(Christofk et al., 2008a; Vander Heiden et al., 2009b).   

 

1.2.1.4 Disposal of Pyruvate 

The end product of the glycolytic pathway is pyruvate, but this is not the end of 

glucose catabolism (Figure 1.1).  The cell will either utilize the chemical energy held in 

pyruvate to further generate ATP in the mitochondria, excrete the excess carbon into the 

extracellular environment, or use glucose-derived carbons for biosynthetic reactions.  In 

normal non-proliferative cells the majority of the pyruvate generated from glucose is 

oxidized to CO2 in the mitochondria.  To accomplish this, pyruvate is first transported 

into the mitochondria via a pyruvate carrier where it is then converted to acetyl-CoA by 

pyruvate dehydrogenase.  Acetyl-CoA is then combined with oxaloacetate to form citrate 

by citrate synthase.  From here, the glucose-derived carbons proceed through the TCA 

cycle where they are used to generate NADH and FADH2, which serve as proton donors 
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for the electron transport chain and oxidative phosphorylation.  Throughout the TCA 

cycle, glucose-derived carbon is converted to CO2 that is then released from the cell, thus 

ending glucose metabolism.  The protons provided by NADH and FADH2 to the electron 

transport chain drive oxidative phosphorylation and ATP production via the F1/F0 ATP 

synthetase.  The mitochondrial oxidation process has the potential to provide the most 

cellular energy from glucose, where glucose-derived pyruvate can provide an additional 

~36 molecules of ATP.  This, combined with the two net ATP molecules from glycolysis 

gives a maximum total of ~38 ATP derived from an individual completely oxidized 

glucose molecule.  Importantly, despite being the most bioenergetically efficient form of 

metabolism, complete oxidation of glucose to CO2 does not permit incorporation of 

glucose-derived metabolites into other macromolecules, thus limiting the contribution of 

glucose to biosynthesis. 

If a cell is has sufficient energy stores and does not require glucose-derived 

carbon for biosynthetic reactions or has insufficient oxygen for mitochondrial respiration, 

pyruvate can be converted to lactate by lactate dehydrogenase (LDH).  Lactate can then 

be excreted from the cell through monocarboxylate transporters located on the cell 

surface.  In very highly glycolytic cells, such as cancer cells, the conversion of pyruvate 

to lactate is dramatically increased.  Conversion of pyruvate to lactate may be essential to 

continue glycolysis in these circumstances, as lactate dehydrogenase consumes NADH, 

thus replenishing NAD—an essential cofactor for the glycolytic enzyme GAPDH.  
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Indeed, regulation of LDH and several lactate transporters are modified in cancer and are 

potential targets in metabolism-based cancer therapies (Granchi et al., 2010). 

 

1.2.2 Cancer Cell Metabolism in the Clinic 

Despite the lack of full understanding of what effects the increased glucose uptake 

observed in cancer cells can have on tumor biology, this metabolic phenotype has been 

utilized in the clinic for many years to image human tumors.  In a technique known as 

positron emission tomography (PET), clinicians inject a patient with a radioactively 

labeled glucose analog tracer that accumulates in tissues that utilize large amounts of 

glucose.  The radiation can then be imaged, providing a picture of glucose consumption 

in vivo.  Normal tissues that utilize a large amount of glucose, such as the brain and the 

heart, will light up on the scan, but most cancer cells—due to the Warburg effect—will 

light up as well, allowing doctors to locate cancerous cells.  The glucose analog used to 

image tumors and metastases is 18fluorodeoxyglucose (18FDG), thus giving this technique 

the common name of 18FDG-PET.  This glucose analog can be taken up and 

phosphorylated but not further metabolized, allowing it to build up in the cells and 

enhancing the sensitivity of this assay.  At least 70% of tumors are PET-positive, thus 

making 18FDG-PET one of the best imaging techniques available in the clinic to identify, 

stage, and monitor the reoccurrence of tumors and metastases (Fletcher et al., 2008).   
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1.2.3 Induction of Aerobic Glycolysis in Cancer Cells 

While the prevalence of aerobic glycolysis in cancer cells has been immensely 

useful in the clinic, an understanding of precisely how this metabolic phenotype occurs 

has only recently begun to come into focus.  As previously mentioned, normal cells 

require the input of growth factors to survive, proliferate, and regulate glucose 

metabolism (Rathmell et al., 2001; Rathmell et al., 2000).  Cancer cells are able to 

survive and proliferate in the absence of these signals, and it is now apparent that many 

of the same signals that allow survival and proliferation in the absence of growth factors 

are responsible for the induction of aerobic glycolysis (Elstrom et al., 2004; Frauwirth et 

al., 2002; Rathmell et al., 2003; Vander Heiden et al., 2001).  Most importantly, many 

oncogenes have been identified to induce aerobic glycolysis in cancer cells.  Therefore, 

oncogene activation can replace growth factors to promote glycolytic metabolism, and 

excess activation of these pathways can lead to aerobic glycolysis.  In addition, the loss 

or inhibition of several tumor suppressors also likely contributes to aerobic glycolysis.  

The current intense research on cancer cell metabolism has also recently identified 

several cancer specific changes in metabolic genes, such as the overexpression of Glut1 

and isoform-specific expression of pyruvate kinase, that may help differentiate between 

normal and cancer cell metabolism.  A summary of these changes and several examples 

of how they affect cancer cell metabolism will described in this section.   
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1.2.3.1 Many Oncogenes Promote Glucose Metabolism 

Cancer cells are able to persist in the absence of the extracellular signals that 

promote survival of normal cells (Hanahan and Weinberg, 2000).  In many cases they 

accomplish this by acquiring activating mutations of oncogenes, which when erroneously 

or excessively activated can cause cellular transformation into cancer cells.  These 

oncogenes have been intensely studied for their affects on cell survival and proliferation, 

and recently have been observed to play a key role in the replacement of extracellular 

signals to allow sufficient metabolism for rapidly proliferating cancer cells.   

Among oncogenes, the PI3K/Akt pathway appears to play a prominent role in the 

development of aerobic glycolysis (Elstrom et al., 2004; Robey and Hay, 2009).  The 

PI3K/Akt pathway is frequently activated in cancer due to mutation, amplification of 

PI3K subunits, or loss of the tumor suppressor phosphatase and tensin homolog (PTEN) 

(Yuan and Cantley, 2008).  Of the many downstream effectors of PI3K, Akt appears to be 

of particular importance, and has been shown to be sufficient to induce aerobic glycolysis 

in cancer cells (Elstrom et al., 2004).  Akt accomplishes this in part by promoting the 

surface localization of glucose transporters as well as by promoting the activity of several 

glycolytic enzymes (Deprez et al., 1997; Miyamoto et al., 2008).  Other oncogenes 

including Ras, Bcr-Abl, JNK, and Notch have also been shown to promote aerobic 

glycolysis (Ciofani and Zuniga-Pflucker, 2005; Ke et al., 2010; Ramanathan et al., 2005) 

and surface trafficking of Glut1 (Barnes et al., 2005; Kozma et al., 1993).  It is possible, 

however, that the metabolic effects of these oncogenes can be attributed to activation of 

the PI3K/Akt pathway, since their ability to activate PI3K is required for their 
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oncogenicity in certain circumstances (Barnes et al., 2005; Palomero et al., 2008; Sheng 

et al., 2001; Skorski et al., 1997).   

Several other factors have been implicated in the induction of aerobic glycolysis, 

including the oncogenic transcription factors hypoxia-inducible factor 1α (HIF-1α) and 

Myc.  Aberrant activation of HIF-1α occurs downstream of the loss of several tumor 

suppressors including LKB1 and PTEN (Semenza, 2010), as well as in hypoxic regions 

of solid tumors.  When HIF-1α is stabilized, it induces transcription of a variety of 

glycolytic genes including Glut1, HK1, and LDH (Ke and Costa, 2006; Semenza, 2010).  

Interestingly, HIF-1α appears to promote aerobic glycolysis at the expense of lipid 

biosynthesis and proliferation (Lum et al., 2007), suggesting a complex non-hypoxia 

related role for HIF-1α in cancer metabolism.  Myc is often deregulated in human 

cancers due to chromosomal translocations or genetic amplification, and can also induce 

several glycolytic genes including Glut1, HK2, and enolase (Dang et al., 2009a).  These 

are just a few examples of the instances of oncogenes inducing the changes in 

metabolism observed in cancer cells, and the ultimate culmination of all activated 

oncogenes likely contributes to the cancer cell metabolic phenotype.  How the PI3K/Akt 

pathway contributes to cancer cell metabolism will be discussed in greater detail later in 

this introduction. 
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1.2.3.2 Loss of Tumor Suppressors Contributes to Aerobic Glycolysis 

The loss of several tumor suppressors that are frequently mutated or inhibited in 

cancer cells has also been shown to promote aerobic glycolysis.  Among these, the lipid 

phosphatase PTEN is the most prominent, as its loss directly activates the PI3K/Akt 

pathway (Figure 1.4B).  Another intensely scrutinized and often-mutated tumor 

suppressor that has been implicated in regulation of metabolism is p53.  p53 has long 

been known as a key regulator of the cell cycle and apoptosis, and recent work has 

identified p53 target genes that function in metabolic pathways (Bensaad et al., 2006; 

Matoba et al., 2006).  An example of a newly discovered metabolic function of p53 is its 

transcriptional regulation of the synthesis of cytochrome c oxidase 2 (SCO2) gene 

(Matoba et al., 2006).  SCO2 is a key member of the cytochrome c oxidase (COX) 

system, which is involved in mitochondrial oxidative phosphorylation and oxygen 

consumption in the mitochondria.  Disruption of p53-dependent transcription of SCO2, 

such as occurs in p53-deficient cells, decreases electron transport and causes cells to 

switch to a more glycolytic metabolic phenotype.  p53 also regulates tp53-induced-

glycolysis and apoptosis regulator (TIGAR) under low levels of cell stress (Bensaad et 

al., 2006).  TIGAR’s amino acid sequence shows homology to the bisphosphatase 

domain of the dual function enzyme 6-phosphofructo-2-kinase/fructose-2,6-

bisphosphatase (PFK-2/FBPase-2), which functions to regulate glycolytic flux.  When 

activated, the bisphosphatase activity of TIGAR can reduce glycolytic flux by promoting 

allosteric inhibition of PFK1.  This suppression of glycolysis can increase glucose 
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availability and therefore flux through the PPP, which has been demonstrated to promote 

cell survival (Nutt et al., 2005) and lipid biosynthesis pathways. 

 

1.2.3.3 Changes in Metabolic Genes in Cancer 

It is clear that activation of oncogenes and loss of tumor suppressors can 

contribute to the induction of aerobic glycolysis.  In large part this is accomplished by 

altering the localization, activity, and/or expression of normal metabolic enzymes.  Due 

to the increased interest in pharmacologically targeting the unique metabolism of cancer 

cells, many groups are now investigating whether or not cancer cells display mutations or 

unique expression patterns of metabolic genes themselves.  Several discoveries have 

highlighted unique differences between normal and cancer cells that may be potential 

targets for cancer metabolism targeted therapies. 

Among the changes in metabolic genes observed in cancer, overexpression of the 

glucose transporter Glut1 and hexokinase provide the most direct way to increase glucose 

uptake.  Increased expression of Glut1 has been noted in a variety of cancers including 

colon and breast malignancies (Brown and Wahl, 1993; Younes et al., 1996).  While the 

exact mechanism of Glut1 overexpression is unclear, that HIF-1α and Myc can promote 

its expression suggests that transcriptional induction may contribute (Iyer et al., 1998; 

Osthus et al., 2000).  Oncogene activation of intracellular signaling pathways may also 

partake in aberrant Glut1 levels, as normal signaling downstream of the CD28 coreceptor 

in T cell activation can promote Glut1 expression (Frauwirth et al., 2002; Jacobs et al., 
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2008).  Hexokinase is also commonly overexpressed in cancers, possibly due to genetic 

amplification (Rempel et al., 1996).  Importantly, overexpression of Glut1 and 

hexokinase is sufficient to dramatically increase glucose uptake (Zhao et al., 2007), 

strongly suggesting that their overexpression in cancer cells contributes to the Warburg 

effect.  

Another difference between normal and cancerous cells is the isoform expression 

of pyruvate kinase (PK).  PK catalyzes the final step of the glycolytic pathway, 

generating pyruvate and ATP from phosphoenolpyruvate.  This step, as discussed, can be 

regulated by extracellular signals and is a rate-limiting step in glycolysis (Christofk et al., 

2008b).  PK exists in four isoforms: PKL, which is expressed in liver; PKR, which is 

expressed in red blood cells; PKM1, which is expressed in most adult tissues; and PKM2, 

which is expressed during embryonic development.  In addition to embryonic 

development, PKM2 has recently been identified in a vast majority of cancer cells.  

Indeed, PKM2 is necessary for cancer development in several model systems (Christofk 

et al., 2008a).  PKM1 and PKM2 display different activity levels and differential 

regulation, and it is possible that these differences are essential for the growth and 

proliferation of cancerous cells.  While the exact reason why PKM2 expression is 

required in cancer cells remains unknown, specific inhibition of PKM2 might represent a 

unique way by which cancer cells can be targeted (Vander Heiden et al., 2010).   

A recent discovery has identified a function for commonly observed mutations in 

the metabolic enzyme isocitrate dehydrogenase 1 (IDH1).  IDH1 normally functions in 
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the TCA cycle where it converts isocitrate to α-ketoglutarate.  Mutations in IDH1 are 

common in glioblastomas, where nearly 70% contain heterozygous mutations that 

prevent normal IDH1 function.  These mutations have also been observed in a smaller 

subset of acute myeloid leukemias (Ward et al., 2010).  Recently, several groups have 

identified that mutant IDH1 has an altered enzymatic activity that results in the 

generation of 2-hydroxyglutarate rather than α-ketoglutarate (Dang et al., 2009b; Ward et 

al., 2010).  The function of 2-hydroxyglutarate in cancer cells is largely unknown, but 

this molecule has been dubbed an “onco-metabolite”, as it is thought that it might 

contribute to oncogenesis in cancers expressing IDH1 mutations.  If true, targeting this 

mutant form of IDH1 might provide promise for metabolic treatments for mutant IDH1-

expressing cancers.   

 

1.2.4 Why Aerobic Glycolysis? 

We have established several examples of specific metabolic changes in cancer 

cells, and some examples of how these changes might come about.  However, the major 

question remaining is why do cancer cells shift to aerobic glycolysis?  This question is 

particularly relevant when looking at the bioenergetics of aerobic glycolysis versus the 

complete oxidation of glucose in the mitochondria.  As previously discussed, glycolysis 

only yields two molecules of ATP per glucose molecule, while complete oxidation 

provides an additional ~36 molecules of ATP per glucose.  Thus, an oxidative 

metabolism is approximately 18 times more energy efficient than aerobic glycolysis.  In 
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addition, aerobic glycolysis yields a great deal of lactate, which can lead to acidosis and 

can be toxic to the cell.  Yet, most cancer cells still switch to aerobic glycolysis despite 

what would seem to be greatly increased bioenergetic demands due to their rapid growth 

and proliferation.  A closer examination of cancer metabolism, however, suggests that 

this switch does provide cancer cells with several advantages.  Two potential reasons for 

making the switch to aerobic glycolysis are increased provision of the biosynthetic 

precursors necessary for rapid proliferation, and also the possibility that aerobic 

glycolysis provides the cell with a way to escape cell death.   

 

1.2.4.1 Provision of Molecular Building Blocks 

For cell division to occur, a cell must first replicate the entirety of its components.  

Duplication is an immense metabolic undertaking, as it requires a great deal of lipid, 

amino acid, and nucleotide synthesis in addition to the energy and reductive power 

needed to conduct all of these reactions.  It is likely that the switch to a highly glycolytic 

rather than oxidative metabolism allows for the provision of the molecular building 

blocks and other biosynthetic precursors necessary for proliferation.  For example, 

increased flux through the PPP can provide several necessary substrates for biosynthesis.  

The PPP yields ribose-5-phosphate, which provides substrates for nucleotide synthesis 

for gene expression and the replication of the genome.  The PPP also provides a great 

deal of the cellular NADPH, which is important for many reductive biosynthesis 

reactions including lipid synthesis.  Pyruvate derived from glucose can provide carbon 
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chains needed for the growing acyl chains of lipids via its conversion in the TCA cycle to 

malonyl-Coa.  Once lipids are synthesized, some are converted to larger lipid molecules 

such as triacylglycerols that require a glycerol backbone.  This backbone can be provided 

by diversion of glyceraldehyde-3-phosphate out of the glycolytic pathway and into lipid 

synthesis pathways (Vander Heiden et al., 2009a).   

Glucose is also important for the synthesis of non-essential amino acids.  From 

the glycolytic pathway, 3-phosphoglycerate serves as a precursor for synthesis of serine, 

which in turn is a precursor for cysteine and glycine biosynthesis.  Very important in the 

biosynthesis of many amino acids is the TCA cycle.  Glucose that enters the TCA cycle 

as acetyl-CoA (via pyruvate) is not necessarily destined to be oxidized completely.  

Rather, at various points through the spinning of the cycle, intermediates can be utilized 

for synthesis of amino acids.  For example, α-ketoglutarate can be converted to 

glutamate, which can be further metabolized into proline or argenine.  Also, oxaloacetate 

can be converted to aspartate and asparagine. 

 

1.2.4.2 The Warburg Effect Protects Against Cell Death 

Two of the hallmarks of cancer cells are evasion from apoptotic cell death and 

independence from growth factors (Hanahan and Weinberg, 2000).  It is essential that 

cancer cells maintain metabolic function in the absence of growth factors, and the loss of 

tumor suppressors and activation of oncogenes can contribute to cancer metabolism in 

addition to their well known function of inhibiting apoptosis.  A growing number of 
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studies have shown that these two processes—metabolism and cell death—are not 

mutually exclusive, and have raised the possibility that cancer cells utilize this form of 

metabolism in part to evade cell death.  Relatively few direct connections between 

glucose metabolism and death have been made, but those that have suggest that aerobic 

glycolysis itself may inhibit cell death.  The connections between metabolism and cell 

death will be discussed in much more detail later in this introduction.   

 

1.3 Apoptosis 

In single cell organisms, survival and replication are the only goals.  In multi-

cellular organisms, however, the sacrifice of individual cells is often beneficial to the 

organism as a whole.  For this reason, multi-cellular organisms are able to undergo cell 

suicide, or programmed cell death.  Among the programmed cell death pathways, 

apoptosis is paramount.  Apoptosis is a form of cell death that can be induced by a variety 

of cell stresses or by the transmission of extracellular signals that inform the cell to die.  

This form of death is organized and intentional, unlike disorganized cell death pathways 

such as necrosis where the cell simply falls apart.  Apoptosis is defined by a variety of 

physical characteristics including cell shrinkage, DNA fragmentation, membrane 

blebbing, and the formation of apoptotic bodies that are engulfed by neighboring cells.  

While necrotic death can lead to inflammation caused by leakage of intracellular 

components into the extracellular milieu, apoptosis is immuno-silent, allowing quick and 

clean removal of unnecessary cells (Sauter et al., 2000).  Apoptosis is essential in 



 

 24 

development as well as for adult tissue homeostasis.  This is particularly true in the 

immune compartment, where activated immune cells must be eliminated by apoptosis in 

order to prevent autoimmunity.  As has been mentioned previously, cancer cells can be 

resistant to apoptosis, thus making a detailed understanding of the apoptotic pathway, and 

in particular how to turn it on, essential to improve cancer treatments. 

 

1.3.1 Caspases 

The executioners of apoptosis are a family of proteases known as caspases.  

Caspases are cysteine proteases that, when activated, cleave an exceptionally wide 

variety of substrates at aspartate residues (Luthi and Martin, 2007; Pop and Salvesen, 

2009).  It is this protease activity that causes the morphological features of apoptosis and 

ultimately results in cell death.  Caspases involved in apoptosis are subdivided into two 

categories: the initiator and the effector caspases, both of which contain a catalytic 

domain that houses the protease activity as well as a pro-domain that functions to inhibit 

the catalytic domain and keep the caspase turned off.  Upon an apoptotic stimulus, 

initiator caspases such as Caspases 2, 8, 9, and 10 become activated, allowing their 

catalytic domains to begin cleaving substrates.  Cleavage between the pro- and catalytic 

domains confers complete and irreversible caspase activation.  Initiator caspases will then 

cleave the effector caspases, including Caspases 3, 6, and 7, which are then responsible 

for the bulk of the caspase activity and the execution of apoptosis.  The description of 

caspases here is far complete, as caspases are regulated by a variety of other factors that 
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can control caspase activation and activity to regulate cell death (Kurokawa and 

Kornbluth, 2009).   

 

1.3.2 Intrinsic vs. Extrinsic Apoptotic Pathways 

Apoptosis is divided into two distinct but overlapping pathways: the intrinsic and 

the extrinsic apoptotic pathways.  In the extrinsic apoptotic pathway, extracellular death 

signals such as tumor necrosis factor (TNF) and Fas bind to death receptors on the cell 

surface that result in the formation of a death signaling complex.  This scaffold then 

recruits and activates an initiator caspase such as Caspase 8 or 10.  Activated Caspase 8 

can then cleave the effector Caspase 3, thus fully activating the extrinsic apoptotic 

pathway.   

The intrinsic apoptotic pathway also results in the activation of Caspase 3, but the 

mechanism of achieving this is quite different than in the extrinsic pathway.  In the 

intrinsic pathway, Caspase 3 is cleaved and activated by the active form of the initiator 

Caspase 9.  Caspase 9 is activated by oligomerization and auto-cleavage in a large protein 

complex known as the apoptosome.  The apoptosome is formed when the mitochondrial 

intermembrane space protein cytochrome c is released from the mitochondria.  Once in 

the cytosol, cytochrome c promotes oligomerization of Apaf-1, which can then recruit 

Caspase 9 to complete formation of the apoptosome (Schafer and Kornbluth, 2006).  

Therefore, in the intrinsic pathway, the activation of caspases and the induction of 

apoptosis is completely dependent on the release of cytochrome c from the mitochondria, 
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thus making control of cytochrome c release a critical point of regulation of apoptosis.  

The release of cytochrome c is controlled at the mitochondria by a family of proteins 

known as the Bcl-2 family. 

 

1.3.3 The Bcl-2 Family 

Unlike the extrinsic pathway, the intrinsic pathway is not regulated by 

extracellular death signals.  Rather, the intrinsic pathway can be activated by a variety of 

cell stresses including growth factor withdrawal, DNA damage, irradiation, and nutrient 

deprivation.  These stresses result in mitochondrial outer membrane permeabilization 

(MOMP) that allows cytochrome c to escape from the intermembrane space.  

Importantly, Bcl-2 family proteins are gatekeepers of the mitochondria and are essential 

for the induction and regulation of MOMP.  The Bcl-2 family of proteins are structurally 

related and functionally divided into three groups: the anti-apoptotic, the multi-domain 

pro-apoptotic, and the BH3-only proteins (Figure 1.2).  Structurally, Bcl-2 family 

members contain between one and four Bcl-2 homology (BH) domains (Chipuk et al., 

2010).  As a general mechanism, the regulation of MOMP (and therefore apoptosis) by 

Bcl-2 family members amounts to the balance between the pro- and anti-apoptotic 

members’ expression and activity.  When an apoptotic stress occurs, pro-apoptotic 

members will be activated or induced, and anti-apoptotic members will be inhibited.  The 

combination of these effects tilts the balance to the pro-apoptotic side, inducing MOMP 
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and cytochrome c release.  This general mechanism, however, has been complicated by 

recent discoveries of intricate interactions between Bcl-2 family members.  

 

Figure 1.2  The Bcl-2 Family 
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1.3.3.1 Anti-Apoptotic Bcl-2 Family Members 

The anti-apoptotic contingent of the Bcl-2 family consists of the family’s 

namesake, Bcl-2 (B cell lymphoma-2), as well as its homologs Bcl-xL (Bcl-2 related 

gene-long isoform), Mcl-1 (myeloid cell leukemia-1), A1 (Bcl-2 related gene-A1), and 

Bcl-w.  These family members contain four conserved BH domains (BH1-4), and 

function by binding to and inhibiting pro-apoptotic Bcl-2 family members.  Individual 

anti-apoptotic proteins have both overlapping and unique functions.  For example, while 

Bcl-xL-/- and Mcl-1-/- mice are embryonic lethal (Motoyama et al., 1995; Rinkenberger et 

al., 2000), Bcl-2-/- mice are viable, although they do show defects in the hematopoietic 

and other systems and typically die at approximately two months of age (Veis et al., 

1993).  Mcl-1 appears to be of particular importance in the hematopoietic system, as it is 

required for normal lymphocyte and hematopoietic stem survival (Opferman et al., 2005; 

Opferman et al., 2003).  In addition, Mcl-1 is a highly regulated protein that has been 

shown to be regulated at the levels of transcription, mRNA stability, protein synthesis, 

and protein degradation (Thomas et al., 2010).   

Deregulation of anti-apoptotic Bcl-2 family members occurs in many cancers and 

contributes to their resistance to apoptosis (Yip and Reed, 2008).  Bcl-2 was first 

identified as overexpressed in B cell lymphoma due to a chromosomal translocation 

(Cleary et al., 1986; Pegoraro et al., 1984; Raffeld et al., 1987; Tsujimoto et al., 1984), 

leading to increased cell survival.  Due to their important role in inhibiting apoptosis in 

cancer, several new therapies targeting this family have been developed.  Among these, a 

drug from Abbott Laboratories known as ABT-737 shows promise in clinical trials as a 
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Bcl-2, Bcl-xL, and Bcl-w inhibitor (Oltersdorf et al., 2005).  As with many 

chemotherapeutic agents, resistance to ABT-737 has been observed, and can be mediated 

by high expression of Mcl-1 or A1 (Yecies et al., 2010), again suggesting the overlapping 

function of the anti-apoptotic Bcl-2 family members.  

 

1.3.3.2 The Multi-Domain Pro-Apoptotic Family Members 

The first of two pro-apoptotic groups of the Bcl-2 family are the multi-domain 

pro-apoptotic molecules Bax (Bcl-2 associated x protein), Bak (Bcl-2 antagonist killer 1), 

and Bok (Bcl-2 related ovarian killer).  These family members contain three BH domains 

(BH1-3) and function in the apoptotic pathway at the mitochondria (Chipuk et al., 2010).  

Bax and Bak are widely expressed, while Bok expression is primarily limited to 

reproductive tissues (Hsu et al., 1997).  It is thought that Bax and Bak are responsible for 

the actual permeabilization of the mitochondrial membrane.  When they become 

activated, Bax and Bak oligomerize and form a pore through which mitochondrial 

contents, including cytochrome c, can escape into the cytosol.  While the precise 

mechanism by which Bax and Bak form a pore remains uncertain, these two proteins are 

required for MOMP and the intrinsic apoptotic pathway.  Bax and Bak appear to be 

largely redundant in function, and cells in which both are genetically deleted are very 

highly resistant to apoptotic stimuli such as growth factor deprivation.  Only a small 

percentage of Bax-/- Bak -/- double knockout mice are viable, and they display a variety of 

tissue abnormalities (Lindsten et al., 2000).  While the anti-apoptotic Bcl-2 family 
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members function by binding to and inhibiting the oligomerization and activation of Bax 

and Bak, Bax and Bak alone are not fully capable of inducing MOMP even in the 

absence of anti-apoptotic family members.  Rather, complete activation of Bax and Bak 

requires input from the final group of the Bcl-2 family, the BH3-only proteins. 

 

1.3.3.3 BH3-Only Proteins 

The BH3-only proteins are the final group of Bcl-2 family members, and are also 

pro-apoptotic in nature.  As their name implies, BH3-only proteins contain only one BH 

domain, the BH3 domain, that allows them to interact with the anti-apoptotic and multi-

domain pro-apoptotic family members (Chipuk et al., 2010).  At least nine BH3-only 

proteins have been identified, including Puma (p53 upregulated mediator of apoptosis), 

Bim (Bcl-2 interacting mediator of cell death),  Bid (Bcl-2 interacting domain death 

agonist), Bad (Bcl-2 agonist of cell death), Noxa, Bik (Bcl-2 interacting killer), Bmf 

(Bcl-2 modifying factor), and Hrk (Harakiri).  BH3-only proteins are thought of as the 

first responders of the Bcl-2 family, and are either induced or activated upon a wide 

variety of apoptotic stresses (Chipuk et al., 2010).  Depending on the cell type or cell 

stress, different patterns of BH3-only proteins are induced to initiate the apoptotic 

cascade.  The BH3-only proteins are divided into two subgroups known as the direct 

activators and the de-repressors.  Direct activator BH3-only proteins, such as Bid, Bim, 

and possibly Puma (Letai et al., 2002), can bind to either the anti-apoptotic Bcl-2 family 

members or to Bax and Bak directly.  It is thought that binding of a direct activator BH3-
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only protein is essential for full activation of Bax and Bak and the induction of MOMP.  

De-repressor BH3-only proteins such as Bad and Noxa do not directly activate Bax or 

Bak, but rather function to bind to and inhibit the anti-apoptotic family members.  

Binding of de-repressor BH3-only proteins to anti-apoptotic family members can both 

free up Bax and Bak to be activated as well as compete with and release direct activator 

BH3 proteins that then bind to and facilitate Bax and Bak activation.  Different BH3-only 

proteins have varying binding affinities for Bax or Bak or the anti-apoptotic family 

members, and net expression of Bcl-2 family members determines whether a cell will 

survive or undergo apoptosis.    

 

1.3.3.4 Control of Bcl-2 Family Members to Induce Apoptosis 

The combined action of the three groups of Bcl-2 family proteins regulates 

cytochrome c release and apoptosis.  In the social control model, if a cell leaves its 

normal microenvironment it will no longer be exposed to the proper extrinsic signals that 

are necessary for survival.  This scenario of growth factor withdrawal will induce 

changes in Bcl-2 family members to execute apoptosis.  For example, growth factor 

deprivation will turn off pro-survival signaling pathways such as the PI3K/Akt pathway.  

This could activate transcription factors to induce expression of BH3-only proteins like 

Bim and Puma.  Other constitutively expressed BH3-only proteins like Bad would be 

post-translationally modified to become active.  Loss of PI3K/Akt signaling could also 

result in degradation and decreased expression of Mcl-1, as it too is an important stress 
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responder.  The activated BH3-only proteins would translocate to the mitochondria where 

they could either inhibit Bcl-2 and Bcl-xL or directly activate Bax, which itself would be 

induced and translocate to the mitochondria.  Bax and Bak would then become active, 

oligomerize, induce MOMP, and cytochrome c would be released into the cytosol 

resulting in apoptosome formation and caspase activation.  

 

1.4 The PI3K/Akt Pathway 

The PI3K/Akt pathway is downstream of a wide variety of growth factors and 

cytokines and can control many cell functions including cell survival, metabolism, 

growth, and proliferation.  While PI3K and the phosphatidylinositol-3,4,5-trisphosphate 

(PIP3) that it generates have several downstream effectors, among the most important is 

Akt, a serine/threonine kinase implicated in many of the aforementioned functions of the 

pathway.  Normal activation of this pathway is important in a variety of tissue 

compartments including metabolic tissues and the immune system.  Also, the PI3K/Akt 

pathway is frequently activated in a wide variety of tumors, and thus has attracted 

attention as a potential therapeutic target (Wong et al., 2010).   

 

1.4.1 Normal Activation of the PI3K/Akt Pathway 

Under normal conditions, the PI3K/Akt pathway is generally controlled by 

extracellular signals (Figure 1.3A).  As mentioned, this pathway is downstream of a large 

number of growth factor receptors, including the insulin receptor (Cross et al., 1995) and 
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the costimulatory signal in lymphocyte activation (Jacobs et al., 2008; Parry et al., 1997).  

Upon ligand binding to its receptor, the receptor recruits PI3K either directly or through 

adaptor proteins.  PI3K consists of two subunits: a regulatory subunit (e.g. p85α) and a 

catalytic subunit (e.g. p110α).  Once activated by phosphorylation or binding of adaptor 

proteins, the catalytic subunit, which contains the lipid kinase domain, phosphorylates 

phosphatidylinositol-4,5-bisphosphate (PIP2) to form PIP3.  PIP3 is a lipid second 

messenger that then recruits Akt to the plasma membrane via Akt’s plekstrin-homology 

(PH) domain that binds to PIP3 (Frech et al., 1997).  This pathway is negatively regulated 

by the tumor suppressor PTEN, a lipid phosphatase that dephosphorylates PIP3 to 

regenerate PIP2 (Li et al., 1997).  Once at the membrane, Akt is phosphorylated by its 

upstream kinases 3-phosphoinositide dependent kinase 1 (PDK1) (another PH-domain 

containing protein) (Alessi et al., 1997) and mammalian target of rapamycin (mTOR) 

complex 2 (mTORc2) (Sarbassov et al., 2005) to become fully active.  Akt has three 

known isoforms (Akt1, 2, an 3) that have largely redundant but some non-overlapping 

functions (Gonzalez and McGraw, 2009; Juntilla et al., 2007).  
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Figure 1.3  Normal and Oncogenic Activation of the PI3K/Akt Pathway 

(A) Under normal conditions, growth factors stimulate a receptor, which activates PI3K to convert PIP2 to 
PIP3.  Akt then binds PIP3 at the plasma membrane and becomes phosphorylated by PDK1 and mTORc2 
to become fully active.  PTEN functions to inhibit the pathway by converting PIP3 back to PIP2.  (B) 
Mutations that lead to constitutive activation of the PI3K/Akt pathway have been observed at multiple steps 
(red stars = activating mutation, red X = deactivating mutation).   
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1.4.2 Oncogenic activation of the PI3K/Akt Pathway 

The PI3K/Akt pathway is aberrantly activated in a large percentage of a wide 

variety of cancers.  This pathway is unique in that mutations have been discovered in 

nearly every major component that can lead to its constitutive activation (Figure 1.3B) 

(Yuan and Cantley, 2008).  Among the most common are mutations in the very receptors 

that normally relay extracellular signals to PI3K.  Of these, EGFR and Her2 are 

particularly relevant, as they are mutated or overexpressed in a large percentage of brain, 

breast, lung, and ovarian cancers.  In addition to mutations in the receptors, mutations in 

the gene encoding the p110α catalytic subunit are also common, often resulting in 

uncontrolled kinase activity and the generation of excess PIP3.  Mutations in Akt have 

also been identified, including mutations that promote PIP3-independent association of 

Akt with the plasma membrane (Carpten et al., 2007).  In addition to mutations directly 

within the pathway, activation of other oncogenes such as Ras and BCR-Abl result in 

aberrant activation of the PI3K/Akt pathway, constituting yet another mechanism by 

which the pathway can become active (Yuan and Cantley, 2008).  Conversely to these 

activating mutations, the molecular brake of the pathway, PTEN, very frequently is lost 

in many different types of cancer including significant portions of central nervous system 

and endometrial cancers, thus qualifying it as a tumor suppressor.  The frequency of 

mutations coupled with the multitude of mechanisms by which the PI3K/Akt pathway 

can become activated demonstrates the importance that this pathway plays in cancer.   
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1.4.3 Akt Signaling 

Activation of Akt can account for many of PI3K’s downstream effects on such 

cellular functions as survival, metabolism, growth, and proliferation.  Akt accomplishes 

these tasks through phosphorylation of a variety of targets that may extend into the 

hundreds (Manning and Cantley, 2007).  Unlike many other phosphorylation events that 

activate a protein, Akt-dependent phosphorylation often leads to inhibition of its 

substrate’s activity.  One such inhibitory phosphorylation results in the activation of one 

of Akt’s most important downstream targets, mTOR.  Akt activates mTOR through 

phosphorylation and inhibition of tuberous sclerosis protein 2 (TSC2) (Inoki et al., 2002).  

TSC2 negatively regulates mTOR signaling by promoting inactivation of the small G 

protein Ras-homolog enriched in brain (Rheb), which strongly activates mTOR (Garami 

et al., 2003).   

mTOR is a well known regulator of cell size and cell growth, and this is largely 

accomplished through its regulation of protein synthesis (Laplante and Sabatini, 2009).  

mTOR promotes protein synthesis through regulation of ribosomal protein S6 

phosphorylation (via S6 kinase) and through phosphorylation and inhibition of the 

protein synthesis inhibitor eIF4E binding protein (4EBP).  mTOR exists in two distinct 

complexes, mTOR complex 1 (mTORc1) and mTOR complex 2 (mTORc2).  

Interestingly, mTOR and Akt have a complex relationship, as mTORc2 is an upstream 

regulator of Akt, directly phosphorylating it at serine 473 leading to its complete 

activation (Sarbassov et al., 2005).   
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In addition to regulating cell growth through mTOR, Akt also strongly promotes 

cell proliferation.  One mechanism by which Akt accelerates mitogenesis is by 

phosphorylating the cell cycle regulatory protein p27.  p27 is a cyclin-dependent kinase 

inhibitor that functions to inhibit cell cycle progression.  Akt-dependent phosphorylation 

prevents nuclear localization of p27, thus preventing p27’s function in cell cycle 

regulation (Shin et al., 2002).  Another mechanism by which Akt promotes proliferation 

is through indirect inhibition of the tumor suppressor p53.  p53 can promote cell cycle 

arrest in response to mild cell stress, thus allowing the cell to repair any cellular damage 

before resuming proliferation (Vousden and Lane, 2007).  Under stronger stress 

conditions, however, p53 can induce apoptosis.  The apoptotic function of p53 will be 

discussed later.  Akt negatively regulates p53 by phosphorylating and promoting nuclear 

translocation of murine double minute-2 (MDM2), which is an E3 ubiquitin ligase for 

p53 (Mayo and Donner, 2001).  In the nucleus, MDM2 ubiquitinates p53, targeting it for 

degradation in the proteasome and preventing its accumulation and anti-proliferative 

activity.   

 

1.4.3.1 Akt Promotes Glucose Metabolism 

Akt promotes glucose metabolism and aerobic glycolysis through multiple 

mechanisms (Figure 1.4).  Akt has been shown to promote glucose metabolism by 

trafficking glucose transporters to the cell surface to enhance glucose uptake.  This has 

been most clearly analyzed in the insulin receptor signaling pathway, in which Akt 2 
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phosphorylates AS160 to promote Glut4 translocation to the cell surface (Jessen and 

Goodyear, 2005).  Akt 1 and Akt 2 can also regulate trafficking of Glut1 to the cell 

surface (Bentley et al., 2003; Boxer et al., 2006; Juntilla et al., 2007; Wieman et al., 

2007) and prevent internalization of cell surface Glut1 (Wieman et al., 2007).  In addition 

to promoting glucose transporter trafficking, Akt can accelerate glucose uptake by 

promoting HK mitochondrial localization to enhance its activity (Gottlob et al., 2001; 

Majewski et al., 2004a; Majewski et al., 2004b).  Akt also phosphorylates and activates 

PFK2 (Deprez et al., 1997), which leads to allosteric activation of PFK1 via fructose-2,6-

bisphosphate, thus promoting glycolytic flux.  Akt can also increase glucose flux through 

the PPP (Rathmell et al., 2003).   

 

Figure 1.4  Akt Signaling Promotes Glucose Metabolism and is Anti-Apoptotic   

Akt induces glucose metabolism by promoting glucose transporter trafficking to the cell surface and by 
activating glycolytic enzymes such as HK and PFK.  Akt regulates Bcl-2 family members such as Bim, 
Bad, and Mcl-1 to prevent apoptosis. 
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Importantly, not only does activation of Akt promote a highly glycolytic 

metabolic program, Akt appears to actively suppress the use of other fuels in favor of 

glucose.  In particular, Akt can inhibit the mitochondrial lipid transporter carnitine 

palmitoyl transferase 1 (CPT1), thus limiting transport of lipids into the mitochondrial 

matrix for mitochondrial β-oxidation (Buzzai et al., 2005; Deberardinis et al., 2006).  Akt 

is also known to be a strong inhibitor of the induction of autophagy via its activation of 

the mTOR pathway, and may inhibit the availability of autophagy-derived nutrients, thus 

making the cell even more dependent on glucose as a fuels source.  Autophagy is the 

regulated process of intracellular degradation of cellular components in double-

membrane vesicles known as autophagosomes.  This process can be induced in times of 

nutrient deprivation, growth factor withdrawal, or other cellular stress and provides the 

cell with several essential functions.  In the process of degrading cellular components, 

autophagy can provide substrates such as lipids and amino acids that the cell can use as 

fuel in times of severe metabolic stress (Altman et al., 2009; Lum et al., 2005a).  

 

1.4.3.2 Akt is Anti-Apoptotic by Regulating the Bcl-2 Family 

In addition to playing a major role in the growth factor-dependent regulation of 

metabolism, the PI3K/Akt pathway has well-defined anti-apoptotic functions that 

regulate Bcl-2 family proteins (Figure 1.4).  Akt can phosphorylate the pro-apoptotic 

BH3-only protein Bad to promote Bad sequestration in the cytosol by 14-3-3 proteins 

(Datta et al., 1997; del Peso et al., 1997).  This prevents Bad from translocating to the 
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mitochondria where it can exert is pro-apoptotic role via interaction with and inhibition 

of Bcl-2 (Droin and Green, 2004).  Akt also inhibits the transcriptional induction of the 

BH3-only protein Bim by phosphorylation and inhibition of Foxo family transcription 

factors (Brunet et al., 1999; Dijkers et al., 2002; Dijkers et al., 2000).  Akt-dependent 

phosphorylation of Foxo transcription actors causes binding of 14-3-3, which sequesters 

them in the cytosol away from their nuclear targets.  Foxo3a, a member of the Foxo 

family and an Akt substrate, has also been shown to contribute to Puma induction after 

growth factor withdrawal (You et al., 2006).  In addition to inhibiting the induction or 

activity of pro-apoptotic BH3-only proteins, Akt also can regulate the proteolytic 

turnover of the anti-apoptotic Bcl-2 family member Mcl-1.  In particular, Akt 

phosphorylation of glycogen synthase kinase 3 (GSK3) inhibits the ability of GSK3 to 

phosphorylate Mcl-1 (Cross et al., 1995; Maurer et al., 2006), which otherwise promotes 

Mcl-1 ubiquitination by the E3 ligases Mule (Zhong et al., 2005) and β-TRCP (Ding et 

al., 2007).  While it would seem that Akt’s ability to promote glucose metabolism and 

provide anti-apoptotic signals are distinct, evidence has suggested that these two 

functions are in fact tightly linked.  

 

1.5 The Integration of Metabolism and Cell Death 

In recent years, cellular metabolism has been shown to play an integral role in the 

regulation of apoptosis, in particular via interaction with the Bcl-2 family of proteins.  

There are several inherent relationships between metabolism and apoptosis, as well as 
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many more intricate mechanisms of how apoptotic and metabolic machinery interact to 

determine cell fate under a variety of conditions.  In particular, studies have shown that 

despite its abilities to directly modify some Bcl-2 family members, Akt requires its ability 

to promote glucose metabolism to prevent cell death.  

 

1.5.1 A Shared Platform: the Mitochondria 

The first and most obvious relation between metabolism and apoptosis is their 

shared platform, the mitochondria.  It has long been appreciated that mitochondria act as 

the powerhouse of the cell, utilizing metabolites from the cytoplasm to fuel the TCA 

cycle, β-oxidation, and oxidative phosphorylation to generate the ATP necessary for life.  

Mitochondria, as mentioned, also play an essential role in the intrinsic apoptotic pathway 

and are a key site of action for Bcl-2 family-dependent regulation of MOMP and 

cytochrome c release (Yang et al., 1997).  Because of their shared dependence on 

mitochondria, apoptosis and metabolism are inherently linked, and mitochondrial 

physiology is critical for the appropriate function of both of these processes.  Disrupted 

mitochondrial metabolism, loss of mitochondrial membrane potential, and deregulated 

exchange of metabolites between the mitochondria and the cytoplasm can lead to 

MOMP, cytochrome c release, and induction of apoptosis.  
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1.5.2 Regulation of Metabolism by Apoptosis Proteins 

In addition to their functions in death pathways, some apoptotic proteins have 

been demonstrated to regulate metabolism.  Given the shared platform of the 

mitochondria, this reciprocal regulation is not altogether surprising.  The best-described 

example is the metabolic function of the pro-apoptotic BH3-only protein Bad.  The 

apoptotic functions of Bad are regulated through phosphorylation by kinases including 

Akt.  When cells are deprived sufficient access to appropriate growth factors, Bad is 

dephosphorylated and localizes to the mitochondria where it binds Bcl-2 and Bcl-xL to 

promote apoptosis.  It is now clear, however, that Bad can reside in a large protein 

complex containing glucokinase (Danial et al., 2003).  When associated with this 

complex, phosphorylated Bad promotes glucokinase activity, thus promoting glucose 

uptake and metabolism.  When Bad becomes dephosphorylated or when Bad is 

genetically lost, glucokinase activity decreases and cells become deficient in their ability 

to maintain glucose homeostasis.  Importantly, the involvement of Bad in this complex 

has now been shown to play a role in regulating glucose stimulated insulin secretion in 

pancreatic β cells, expanding Bad’s role the in regulation of metabolism from the cellular 

level to that of an entire organism (Danial et al., 2008).  

It has also been shown that active caspases can inhibit cell metabolism by acting 

at the mitochondria.  After integration of apoptotic stimuli and MOMP, caspase 

activation leads to the cleavage of a wide variety of intracellular proteins that cause 

apoptotic cell morphology and ensure that cell death remains immunologically silent.  
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One such caspase substrate is the p75 subunit of Complex I in the electron transport chain 

(Ricci et al., 2004).  Thus, after MOMP, Caspase 3 can return to the mitochondria to 

disrupt the electron transport chain, leading to enhanced reactive oxygen species (ROS) 

production that may function as a feed-back activation loop enhancing the apoptotic 

cascade (Ricci et al., 2003).  The importance of this pathway in regulating mitochondrial 

function in response to apoptotic stimuli is not entirely certain, but may be critical to 

ensure that damaged mitochondria are fully disabled to prevent cells from inappropriately 

recovering from apoptotic stimuli.   

 

1.5.3 Regulation of Apoptosis Proteins by Metabolism 

One cause of metabolic stress that can lead to cell death is nutrient deprivation.  

Nutrient deprivation could occur if a cell fails to receive the proper signals and does not 

meet its metabolic demands, such as the decreased glucose uptake observed after growth 

factor deprivation, or nutrients themselves could become limiting if tissues are poorly 

vascularized.  Also, blocking of cancer cell metabolism pharmacologically would lead to 

nutrient deprivation and subsequent cell death.  While nutrient limitation in extreme cases 

can lead to necrosis, an apoptotic response has been shown to occur in many instances.  

Oxygen is a critical element to allow oxidative phosphorylation and electron transport, 

and while oxygen limitation leads to an adaptive transcriptional response (Ke and Costa, 

2006), complete anoxia causes cell death.  Through mechanisms not yet clear, the anti-

apoptotic Bcl-2 family protein Mcl-1 is degraded in anoxia, allowing the activation of the 
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pro-apoptotic proteins Bak and Bax (Brunelle et al., 2007).  Glucose limitation has also 

been shown to induce Bax activation and apoptotic cell death (Chi et al., 2000; Vander 

Heiden et al., 2001).  Glucose withdrawal has been shown to induce apoptotic cell death 

in diverse cell types, including neurons and hematopoietic cells.   In both cases, Bcl-2 and 

Bcl-xL, respectively, have been shown to inhibit glucose withdrawal induced cell death 

(Plas et al., 2001; Zhong et al., 1993).  In addition, morpholino knockdown of the glucose 

transporter transporter Glut1 in developing zebrafish causes neuronal apoptosis that can 

be prevented by simultaneous knockdown of the pro-apoptotic BH3-only protein Bad 

(Jensen et al., 2006).  Together these findings indicate that a nutrient stress response 

pathway, initiated upon glucose deprivation, leads to Bcl-2 family-mediated apoptosis.  If 

apoptosis is blocked, cells will attempt to acquire nutrients from autophagy and can 

survive for prolonged periods before eventually succumbing to metabolic catastrophe and 

necrosis (Lum et al., 2005a). 

The precise mechanism that leads to Bax activation after glucose withdrawal has 

remained elusive, but several recent studies have begun to shed light on this pathway of 

Bcl-2 family regulation.  For example, the pro-apoptotic BH3-only protein Noxa is 

upregulated upon T cell activation, and its expression appears to be important to promote 

apoptosis in limiting glucose conditions.  In addition, Mcl-1 is shown to be sensitive to 

glucose levels, with reduced glucose availability leading to reduced Mcl-1 expression 

(Alves et al., 2006) apparently due to decreased rates of Mcl-1 protein synthesis (Pradelli 

et al., 2010).  Further, the absence of glucose has been shown to induce the expression of 
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the pro-apoptotic BH3-only proteins Bim and Puma, which were important for rapid cell 

death of glucose-deprived cells (Zhao et al., 2008).  This demonstrates quite clearly that 

several Bcl-2 family members, namely Mcl-1, Puma, Bim, and Noxa, are sensitive to 

glucose limitation, and the balance of these pro- and anti-apoptotic Bcl-2 family members 

can regulate cell death under situations of glucose limitation.   

Another example of nutrient limitation and apoptosis has been described in the 

Xenopus oocyte extract system.  This system has been used as a model for apoptosis 

because extracts made from Xenopus oocytes undergo spontaneous apoptosis with loss of 

mitochondrial integrity and release of cytochrome c after four to six hours of incubation 

at room temperature (Deming and Kornbluth, 2006).  It was unclear, however, how this 

apoptotic process was initiated.  Recently it was shown that depletion of NADPH within 

the extract due to decreased metabolic flux through the PPP was the cause of apoptosis 

(Nutt et al., 2005).  If glucose-6 phosphate or other metabolites that can lead to NADPH 

generation are added to the extracts, apoptosis is significantly delayed or blocked.  In this 

system, glucose metabolism appears to control Caspase 2 phosphorylation by 

calcium/calmodulin-dependent protein kinase type 2 (CaMKII) as well as protein 

phosphatase-1 mediated dephosphorylation to regulate Caspase 2 activation, which could 

promote mitochondrial release of cytochrome c and apoptosis (Nutt et al., 2009). 

Nutrient limitation can also lead to the self-digestive process of autophagy.  While 

initially thought of as a cell death mechanism, autophagy is now generally considered to 

be a survival mechanism in times of nutrient deprivation.  In cells that resist apoptosis, 
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such as Bax and Bak deficient or Bcl-2 or Bcl-xL overexpressing cells, autophagy is 

induced in times of metabolic stress (Shimizu et al., 2004).  Autophagy allows cells to 

break down intracellular components and utilize their constituents as metabolic fuel.  

This can generate sufficient ATP to maintain ion pumps and prevent necrosis.  

Furthermore, in Bax and Bak deficient cells, autophagy can provide sufficient nutrients to 

keep cells alive for months (Lum et al., 2005a), which clearly demonstrates a role for 

autophagy as a metabolic survival mechanism.  While the relationship between 

autophagy and apoptosis is complex, induction of autophagy after growth factor 

deprivation has been shown to cause cell stress that leads to induction of the pro-

apoptotic BH3-only protein Bim and apoptotic cell death, despite providing nutrients that 

could be used to prevent apoptotic or necrotic cell death (Altman et al., 2009).   

In contrast to nutrient deprivation, increased metabolism can protect cells from 

apoptosis.  Glut1 and HK1 are strongly upregulated in lymphocyte activation (Fox et al., 

2005; Frauwirth and Thompson, 2004) and are often overexpressed in cancer (Brown and 

Wahl, 1993; Rempel et al., 1996; Younes et al., 1996), leading to elevated glucose uptake 

and metabolism (Rathmell et al., 2003; Zhao et al., 2007).  Recent evidence has pointed 

to this increase in glucose metabolism as itself anti-apoptotic.  Overexpression of Glut1 

and HK in cytokine-dependent hematopoietic precursor cells increases glucose uptake 

and glycolysis and can partially maintain glucose metabolism after cytokine withdrawal.  

This growth factor-independent control of glycolysis confers a significant survival 

advantage over control cells (Zhao et al., 2007).  Similarly, increased glucose uptake has 
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been shown to be anti-apoptotic in neurons (Gupta et al., 2001), cardiomyocytes (Lin et 

al., 2000), and primary T lymphocytes (Zhao et al., 2007), suggesting that this metabolic 

pathway may represent a generalized survival mechanism. 

Further investigation of how increased Glut1 expression and glucose uptake 

protect from cell death has revealed that increased glucose metabolism initiates an anti-

apoptotic glucose-sensitive signaling pathway.  This pathway culminates in the 

stabilization of the anti-apoptotic Bcl-2 family member Mcl-1 to prevent Bim-mediated 

toxicity (Zhao et al., 2007).  This protection of Mcl-1 appears to be mediated by protein 

kinase C (PKC)-dependent inhibition of GSK3, preventing its degradation in the 

proteasome, as earlier described (Maurer et al., 2006).  Increased glucose has been 

appreciated for some years to alter intracellular lipids in a way that can activate or affect 

the localization of PKCs (Peter-Riesch et al., 1988; Whiteside and Dlugosz, 2002).  In 

this case, increased glucose uptake appears to lead to altered PKC localization to promote 

phosphorylation and inhibition of GSK3.   

In addition to inhibiting the loss of Mcl-1 after growth factor deprivation, 

increased glycolysis can also inhibit transcriptional induction of the BH3-only protein 

Puma.  After growth factor deprivation, Puma is transcriptionally activated and 

contributes to death (You et al., 2006; Zhao et al., 2008).  In cells that maintain glucose 

uptake after cytokine deprivation, this induction of Puma is dramatically decreased (Zhao 

et al., 2008).  p53 is a major transcriptional regulator of Puma, and indeed p53 activity is 

induced upon cytokine withdrawal but is inhibited by increased glucose metabolism.  
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Importantly, p53 also appears to contribute to Puma induction after glucose deprivation, 

suggesting that metabolic regulation of p53 and Puma is an essential mechanism of 

growth factor induced survival (Zhao et al., 2008).  Interestingly, another PKC family 

member, PKCδ, appears to mediate glucose-dependent p53 induction after growth factor 

withdrawal (Mason et al., 2010), again suggesting an important role for the PKC family 

in metabolic sensing.   

 

1.5.4 Akt Requires Glucose to Prevent Cell Death 

We have discussed how the PI3K/Akt pathway promotes both glucose 

metabolism and cell survival (Figure 1.4), and how activation of this pathway likely leads 

to induction of the Warburg effect in cancer cells.  Importantly, Akt’s regulation of 

glucose metabolism is essential for its ability to promote cell survival.  In cytokine-

dependent hematopoietic cells, expression of a constitutively active form of Akt can 

maintain glucose metabolism and prevent cell death upon cytokine withdrawal (Plas et 

al., 2001; Rathmell et al., 2003).  Akt is completely dependent on glucose to accomplish 

its anti-apoptotic effects, however, as glucose deprivation or limitation leads to Bax 

activation and cytochrome c release from the mitochondria (Gottlob et al., 2001; Plas et 

al., 2001; Rathmell et al., 2003).  This dependence of Akt on glucose may be primarily 

energetic rather than specific for immediate products in glucose metabolism, as 

pharmacologic activation of β-oxidation as a fuel source for ATP generation can render 

Akt largely independent of glucose in some cell systems (Buzzai et al., 2005).   
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In addition to relying on glucose as an energy source, Akt-expressing cells may 

also require glucose to regulate hexokinase.  Akt both promotes HK activity and 

mitochondrial localization (Gottlob et al., 2001; Rathmell et al., 2003).  The mechanism 

of HK regulation by Akt is not entirely certain, but Akt has been shown to phosphorylate 

HK2 to promote mitochondrial targeting (Miyamoto et al., 2008).  At the mitochondria, 

HK can interact with the voltage-dependent anion channel (VDAC), which is located in 

the outer mitochondrial membrane and participates in the translocation of mitochondrial 

metabolites and ATP into and out of the mitochondria (Shoshan-Barmatz and Gincel, 

2003).  The HK/VDAC interaction may regulate the Bcl-2 family directly by inhibiting 

Bax recruitment to VDAC (Pastorino et al., 2002), or indirectly via regulation of the 

open/closed state of VDAC (Majewski et al., 2004a) which could allow Bcl-2 family 

independent release of cytochrome c.  

While the HK/VDAC interaction likely contributes to cell death after glucose 

deprivation of Akt expressing cells, the role of the Bcl-2 family in this process remains 

uncertain.  In one model, disruption of HK/VDAC associations promotes closure of 

VDAC, which could lead to cytochrome c release and apoptosis without any contribution 

from the Bcl-2 family.  In this model, it has been proposed that the HK/VDAC 

interaction is dependent primarily on Akt-regulated glucose uptake (Gottlob et al., 2001) 

and the presence of intracellular glucose or glucose-6 phosphate to bind HK (Majewski et 

al., 2004b).  Glucose hydrolysis is not necessary in this situation, as a non-hydrolysable 

glucose analog, 2-deoxyglucose (2DG), can replace glucose to allow Akt to inhibit 
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apoptosis (Majewski et al., 2004a).  While the precise mechanism by which Akt may 

regulate HK and depend on HK targeting to mitochondria relative to the role of glucose 

hydrolysis (Rathmell et al., 2003) remains uncertain, it is likely to contribute to Akt-

mediated survival.  Another possible model for the Akt-dependence on glucose, however, 

suggests that Akt must regulate Bcl-2 family members in a glucose-dependent fashion in 

order to prevent cell death.  The activation of Bax after glucose deprivation and ability of 

cells lacking Bim and Puma to survive glucose deprivation indicates that regulation of the 

Bcl-2 family is essential (Chi et al., 2000; Rathmell et al., 2003; Vander Heiden et al., 

2001; Zhao et al., 2008).  Further, the metabolic regulation of Mcl-1, Bim, Puma, and 

Noxa (Alves et al., 2006; Pradelli et al., 2010; Zhao et al., 2007; Zhao et al., 2008) could 

account for Bax activation and strongly suggests the possibility that Akt-dependent 

glucose metabolism may be required to regulate Bcl-2 family members.  

 

1.6 Questions to be Addressed 

The PI3K/Akt pathway has well-defined roles in regulating glucose metabolism 

and cell survival.  It is well established that Akt can directly regulate the expression and 

activity of Bcl-2 family proteins, which can account for much its anti-apoptotic functions.  

Further, glucose metabolism is now widely understood to promote cell survival, and 

many studies have suggested that this regulation is dependent on the Bcl-2 family.  While 

Akt dependent control of glucose metabolism and cell survival are seemingly distinct, 

they are in fact directly linked, as cells with active Akt require glucose metabolism to 
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promote cell survival.  The mechanism for which Akt requires glucose, however, remains 

uncertain. 

 

Figure 1.5  Possible Mechanisms by Which Akt Can Prevent Apoptosis 

 

This work will address the question of whether Akt requires glucose to regulate members 

of the Bcl-2 family to regulate cell death, or whether Akt’s requirement for glucose is 

independent of the Bcl-2 family entirely (Figure 1.5).  Determining the metabolic 

contribution of Akt-dependent survival will not only provide mechanistic understanding 

of how Akt promotes survival, but will provide more fundamental insight into how 

growth factors regulate cell fate in a metabolic fashion 

In addition to the mechanistic understanding of Akt-dependent cell survival, Akt-

dependent glucose metabolism appears to play an important role in cancer biology.  
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Increased activation of the PI3K/Akt pathway can promote glucose uptake and may 

bypass normal mechanisms that would lead to nutrient limitation in cancer.  Akt can 

strongly promote glucose metabolism and inhibit of the use of other fuels, such as fatty 

acids or autophagy-derived nutrients.  Cancer cells may, therefore, suffer from a 

metabolic addiction, in which they not only require glucose to generate ATP and 

macromolecular precursors to support their rapidly proliferating lifestyle, but also in 

order to evade apoptotic death under the many stressful conditions that they encounter 

throughout the body.  Thus, a promising area for future cancer therapies may be to 

identify targets within glucose metabolism pathways for metabolic inhibition that can 

link directly to regulation of apoptosis.  An understanding of how cancer cells will 

respond to inhibition of glucose metabolism will provide insight into whether or not 

targeting metabolism will be a viable therapeutic option. 
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2 Materials and Methods 
 

2.1 Cell Culture  

Control, Bcl-xL, myrAkt, and myrAkt + Bcl-xL FL5.12 cells were cultured as 

previously described (Plas et al., 2001; Zhao et al., 2007) in RPMI 1640 media 

(Mediatech) with 10% FBS (Gemini Bio-Products) and 0.5 ng/ml IL-3 (PeproTech) and 

55 µM β-mercaptoethanol (Gibco).  FL5.12 cells were treated with 1 µg/ml doxycycline 

(Sigma) to induce myrAkt expression for 16-24 hours and IL-3 deprivation was 

accomplished by washing cells three times with PBS followed by culture +/- IL-3.  

Jurkat, Molt44, CCRF-CEM T-ALL (American Type Culture Collection), and DHL4 

cells were cultured in RPMI 1640 media with 10% FBS.  Ly.1 cells were cultured in 

Iscove’s Modified DMEM with 10% FBS.  Cells were glucose deprived by washing three 

times in PBS and cultured in glucose-free RPMI 1640 media (Gibco) with 10% dialyzed 

FBS (Gemini Bio-Products).  For nutrient replacement, glucose (10 mM; Sigma), methyl-

pyruvate (10 mM; Sigma), fructose (10 mM; Sigma) or long-chain fatty acids (0.5 mM 

oleate, 0.5 mM palmitate in BSA; Sigma) were added to glucose-free media.  

Tunicamycin (2 µg/ml; Sigma), rotenone (200 nM; Sigma), oligomycin (50 ng/ml; 

Sigma), cycloheximide (25 µg/ml; Sigma), 2-deoxyglucose (2DG; Sigma), okadaic acid 

(Sigma), Rapamycin (Cell Signaling), and PP242 (Sigma) were used where indicated.  

Cells were counted on a Coulter Z2 particle counter (Beckman Coulter). 
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2.2 T Cell Isolation and Culture 

T cells were isolated by negative selection (StemSep) from murine spleens.  T 

cells were cultured in RPMI 1640 media with 10% FBS, 55 µM β-mercaptoethanol 

(Gibco) and either 5 ng/ml IL-2 (PeproTech) for stimulated cells or 10 ng/ml IL-7 

(eBioscience) for naïve cells.  T cells were stimulated on plates coated with 5 µg/ml anti-

CD3ε and anti-CD28 antibodies (BD Pharmingen) for 48 hours, then washed off of 

coated plates and cultured an additional 24 hours +IL-2 +glucose before treatment.  

 

2.3 Transfections and Plasmids 

Transient transfections were conducted by nucleofection using the Amaxa system 

(Kit V; Amaxa Biosystems).  Mouse Puma, Bim, (Zhao et al., 2008), Mcl-1 (Zhao et al., 

2007), CHOP (Altman et al., 2009), and Foxo3a (Khatri et al.) were knocked down by 

shRNAi using previously described plasmids.  The human Puma shRNAi was acquired 

commercially (Clone TRCN0000033612; Open Biosystems).  Noxa shRNAi was 

generated as previously described (Fox et al., 2003) using the target sequence 

5’AAGGACGAGTGTGCTCAACTC.  The Puma luciferase promoter construct was 

generated by cloning 2 kb upstream from the Puma transcription site into the pGL3 

vector (Promega).  Puma, Bim, or p53 overexpression was accomplished using wt mouse 

Puma, FLAG-tagged mouse Bim, or wt human p53 in the pEF6 or pcDNA3.1 vectors 

(Invitrogen). 
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2.4 Immunoblots 

Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer with protease 

(BD Pharmingen) and phosphatase (Sigma) inhibitors and protein concentrations were 

determined by bicinchoninic acid protein assay (Bio-Rad).  Equal protein amounts were 

run on 10-20% SDS-PAGE gels (Bio-Rad).  Primary antibodies were: Bcl-xL (Cell 

Signaling Technology), phospho-Akt (S473; Cell Signaling), Total Akt (Cell Signaling), 

Actin (Sigma), phospho-GSK3 (S9/21; Cell Signaling), GSK3β (Cell Signaling), 

phospho-Foxo3a (T32; Cell Signaling), Foxo3a (Cell Signaling), Puma (Cell Signaling), 

Bim (BD Pharmingen), Bid (Cell Signaling), Noxa (ProSci Inc.), Bax (Cell Signaling), 

Bak (Millipore), BiP (Cell Signaling), CHOP (Santa Cruz Biotechnology), Calnexin 

(Sigma), mouse Mcl-1 (BioLegend), human Mcl-1 (Sigma), mouse Bcl-2 (BD 

Pharmingen), human Bcl-2 (Cell Signaling), phospho-S6 (Cell Signaling), phospho-S6K 

(Cell Signaling), A1 (Cell Signaling), phospho-4EBP (Cell Signaling), and 4EBP (Cell 

Signaling).  Secondary antibodies were anti-rabbit (Cell Signaling) and anti-mouse (BD 

Pharmingen) horseradish peroxidase-labeled antibodies and anti-rabbit (Invitrogen) and 

anti-mouse (LiCor) fluorescent-labeled antibodies.  Blots were imaged using Supersignal 

West Pico Chemiluminescent Substrate (Thermo Scientific) or the Odyssey infrared 

imaging system (LiCor).  Images were uniformly contrasted and some were separated 

digitally for ease of viewing (indicated by white spaces).  For blots displaying multiple 

Bcl-2 family members, at times several gels were run with the same lysates due to the 

similar size of many Bcl-2 family members.  In these cases, representative Actin blots are 

displayed.   
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2.5 Cell Death and Cycle Assays 

For propidium iodide (PI) exclusion, cells were treated with 1 µg/ml propidium 

iodide and analyzed on a FACScan flow cytometer (BD Biosciences).  Triplicate samples 

of a minimum of 5000 counts were analyzed using FlowJo software (TreeStar).  Cell 

cycle and DNA content analysis was conducted as described (Zhao et al., 2008), as were 

active Bax (Altman et al., 2009) and caspase activity assays (Nutt et al., 2005). 

  

2.6 Acyl-carnitines and Metabolic Assays 

Acyl-carnitine profiles were determined by mass spectrometry after culturing 

cells in 1 µM L-carnitine (Sigma) for 36 hours as previously described (Altman et al., 

2009; An et al., 2004).  Glucose-uptakes were conducted as previously described 

(Wieman et al., 2007) using 2-deoxy-d-[3H]glucose (GE Healthcare).  ATP was measured 

using the ATP Bioluminescence Assay Kit CLS II (Roche). 

 

2.7 Luciferase Assays 

Cells were transfected with the Puma luciferase promoter-reporter and a Renilla 

plasmid (phRG-TK; Promega) 24 hours prior to culture +/- IL-3 and/or glucose for 10 

hours.  Cell lysates were analyzed using the Dual-Luciferase Reporter Assay System 

(Promega) on a luminometer and luciferase activity was normalized to Renilla activity as 

a transfection and loading control.   
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2.8 Quantitative Real-Time PCR Analysis 

Cells were harvested in TRizol solution (Invitrogen) and mRNA was extracted 

and quantitated.  Reverse transcription reactions were conducted with SuperScript II RT 

(Invitrogen) and quantitative real-time PCR was conducted using IQ SYBR Green 

Supermix (Bio-Rad).  Puma and beta-2-microglobulin primers used have been previously 

described (Zhao et al., 2008).  Other primers used were: KHK For ATGTGGTGGACAA 

ATACCCAGA; KHK Rev CAAGCAAGGAAAGGACAGTGC; Glut1 For AGCCCTG 

CTACAGTGTAT; Glut1 Rev AGGTCTCGGGTCACATC; Glut2 For TGTGCTGCTG 

GATAAATTCGCCTG; Glut2 Rev AACCATGAACCAAGGGATTGGACC; Glut3 For 

TAAACCAGCTGGGCATCGTTGTTG; Glut3 Rev AATGATGGTTAAGCCAAGGAG 

CCC; Glut4 For ATTCTTGGACGGTTCCTCATTGGC; Glut4 Rev AATGACGAT 

GGCCAGTTGGTTGAG; Glut5 For TCTTTGTGGTAGAGCTTTGGG; Glut5 Rev GA 

CAATGACACAGACAATGCTG; Glut6 For TTGGTGCTGTGAGGCT; Glut6 Rev 

TGGCACAAACTGGACGTA; Glut7 For AGTATGGCTACAACATCGCCGTGA; 

Glut7 Rev GTCGCTCAAAGTGCGTGTCATTGT; Glut8 For ACATCTCGGAA 

ATCGCCT; Glut8 Rev ACACAGCCCAGCACG; Glut9 For TGCTTCCTCGTCT 

TCGCCACAATA; Glut9 Rev CTCTTGGCAAATGCCTGGCTGATT; Glut10 For 

ACCTCTTTATCAGCCTCTCC; Glut10 Rev GACTGTCCTTTGGTTTCAGG; Glut12 

For CTGAGACTAAGGGATGCTCT; Glut12 Rev TTGAAGCTGTGTTGGCAC; Mcl-1 

For GCATGCTCCGGAAACTGGACATTA; Mcl-1 Rev ACGTGGAAGAACTCCACA 

AACCCA.   
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2.9 Immunoprecipitations 

Cells were harvested in CHAPS buffer with protease (BD Pharmingen) and 

phosphatase (Sigma) inhibitors.  Equal protein amounts were incubated for 30 minutes 

with an anti-Mcl-1 antibody (BioLegend), followed by addition of protein A/G beads 

(Santa Cruz) and an overnight incubation.  Beads were then washed 3X with CHAPS 

buffer and proteins were eluted by boiling in 2X sample loading buffer.   

 

2.10   Measurement of Mcl-1 Synthesis 

 Cells were cultured for 8 hours as indicated, washed, and cultured in cysteine and 

methionine free RPMI 1640 media (Mediatech) with 10% dialyzed FBS for 30 minutes. 

35S labeled cysteine and methionine (Perkin Elmer) were then added for the indicated 

times after which cells were harvested and Mcl-1 was immunoprecipitated as described.  

Mcl-1 synthesis rate is the slope of the line of 35S incorporation.  

 

2.11   Statistical Analysis 

Statistical significance was determined by Students t test with p values as 

indicated with asterisks in corresponding figure legends.  Where appropriate (e.g. death 

curves), statistical significance was determined by two-way ANOVA with replicates and 

is indicated with an asterisk.  All asterisks represent a p value < 0.05. 
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3 Akt Requires Glucose Metabolism to Suppress Puma 
Expression and Prevent Apoptosis of Leukemic T 
Cells 

 

3.1 Introduction 

Growth factor stimulation or cellular transformation of quiescent resting cells 

requires increased generation of energy, reductive potential, and biosynthetic precursors 

to meet the demands of cell growth and proliferation (Fox et al., 2005).  In both T cell 

activation and T cell acute lymphoblastic leukemia (T-ALL), glucose uptake and 

glycolysis in particular are highly elevated to support these metabolic requirements, and 

failure to increase glycolysis prevents proliferation and can lead to apoptosis (Frauwirth 

et al., 2002; Jacobs et al., 2008).  This highly glycolytic phenotype has been termed 

aerobic glycolysis (Warburg, 1956) and is strongly induced by the PI3K/Akt signaling 

pathway (Frauwirth et al., 2002; Jacobs et al., 2008).  When activated in normal T cells 

by engagement of the T cell receptor and co-stimulatory receptor, or in cancer cells via 

loss of the lipid phosphatase PTEN or activating mutation of PI3K (Yuan and Cantley, 

2008), Akt can promote aerobic glycolysis through increased trafficking of the glucose 

transporter Glut1 to the cell surface (Wieman et al., 2007) and activation of 

phosphofructokinase and hexokinase activity (Deprez et al., 1997; Miyamoto et al., 

2008).  In addition to promoting glucose uptake and metabolism, Akt can be highly anti-

apoptotic and can both promote growth factor independence and is associated with 

resistance to chemotherapy in cancers including T-ALL (Gutierrez et al., 2009; Plas and 
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Thompson, 2002).  Importantly, it is now clear that the metabolic and cell survival effects 

of Akt function are linked, as Akt requires abundant glucose to protect cells from death 

(Gottlob et al., 2001; Majewski et al., 2004a; Plas et al., 2001).  Akt, therefore, appears to 

drive an addiction to glucose and is subject to a metabolic checkpoint in which 

insufficient glucose prevents Akt-driven cell survival and instead promotes apoptosis.  

The molecular nature of this checkpoint remains poorly understood, but may play a 

critical role in the survival of highly glycolytic cells such as activated lymphocytes or 

cancer cells. 

In principle, Akt can promote cell survival through several metabolically sensitive 

mechanisms.  In one potential mechanism, Akt may prevent apoptosis through control of 

hexokinase localization to the mitochondrial outer membrane (Plas and Thompson, 

2002).  In this case, Akt-driven glucose uptake is proposed to play a critical role to 

support generation of intracellular glucose-6-phosphate to bind hexokinase, promoting its 

interaction with the outer mitochondrial membrane protein VDAC.  Association of 

hexokinase with VDAC may then inhibit recruitment of the pro-apoptotic protein Bax 

(Pastorino et al., 2002), or may prevent death via a pathway that is independent of Bcl-2 

family proteins and capable of controlling cell death even in Bak and Bax-deficient cells 

(Majewski et al., 2004a).  Importantly, the effector metabolite in this model is glucose-6-

phosphate and further glucose metabolism is not essential (Gottlob et al., 2001; Pastorino 

et al., 2002).   

Control of Bcl-2 family proteins may also play a critical role in Akt-mediated 

glucose addiction.  Bcl-2 family members are important regulators of cell death (Strasser, 
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2005) and Akt may control these proteins in a glucose metabolism-dependent manner.  In 

nutrient replete conditions, a key anti-apoptotic mechanism of Akt is to directly inhibit 

pro-apoptotic and promote anti-apoptotic Bcl-2 family members.  Akt can phosphorylate 

and inhibit the pro-apoptotic Bcl-2 family proteins Bad (Datta et al., 1997) and Bim (Qi 

et al., 2006) as well as stabilize the anti-apoptotic Bcl-2 family protein Mcl-1 by 

inhibitory phosphorylation of GSK3 (Maurer et al., 2006; Zhao et al., 2007).   

A growing number of reports have now described metabolic regulation of Bcl-2 

family proteins that may be sensitive to Akt-driven glucose metabolism (Alves et al., 

2006; Pradelli et al.; Zhao et al., 2007; Zhao et al., 2008).  In the presence of glucose, the 

pro-apoptotic protein Bad has been shown to associate with mitochondrial glucokinase to 

regulate its function and Bad-mediated apoptosis (Danial et al., 2003).  In addition, 

increased glucose metabolism can initiate an intracellular nutrient signaling pathway that 

leads to inhibition of GSK-3 and stabilization of Mcl-1 (Zhao et al., 2007).  Conversely, 

Bcl-2 family proteins are also affected by insufficient glucose and are essential for cell 

death of nutrient-deprived cells.  Even in the presence of growth factor, glucose-

deprivation leads to induction and activation of the pro-apoptotic Bcl-2 proteins Bim, 

Puma (Zhao et al., 2008), and Bax (Chi et al., 2000; Vander Heiden et al., 2001), as well 

as decreased Mcl-1 expression (Pradelli et al.).  These changes in the balance of anti- and 

pro-apoptotic Bcl-2 family members appear critical to elicit apoptosis, as expression of 

the anti-apoptotic protein Bcl-xL or deficiency of the pro-apoptotic proteins Bim, Puma, 

or Bax allows cells to survive glucose deprivation for prolonged periods (Chi et al., 2000; 

Plas et al., 2001; Vander Heiden et al., 2001; Zhao et al., 2008).  In addition, the pro-
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apoptotic BH3-only protein Noxa is induced in T cell activation and may promote the 

death of glucose-deprived activated T cells (Alves et al., 2006).  Despite the myriad of 

mechanisms by which Akt can promote cell survival, the role of Bcl-2 family proteins in 

the glucose-dependence of cells with active Akt has been uncertain. 

We have previously shown that glucose-deprivation can lead to transcriptional 

induction of Puma (Zhao et al., 2008), suggesting that this pro-apoptotic protein in 

particular may play a role to elicit apoptosis in nutrient deprivation.  As Akt and control 

of glucose metabolism have been implicated in T cell development (Ciofani and Zuniga-

Pflucker, 2005), homeostasis (Jacobs et al., 2008; Rathmell et al., 2000), activation and 

memory (Cham et al., 2008; Cham and Gajewski, 2005; Frauwirth et al., 2002; Jacobs et 

al., 2008; Pearce et al., 2009), and transformation (Barata et al., 2004; Palomero et al., 

2008), we extended these studies to examine the metabolic dependence and role of Bcl-2 

family members in Akt-mediated cell survival.  Unlike Bim, Bad, and Noxa, the 

expression of Puma was highly sensitive to cell metabolism and was suppressed by Akt 

in abundant glucose, but strongly induced when glucose was limiting.  Metabolic 

regulation of Puma expression appeared essential for Akt-mediated survival, as Akt could 

not inhibit Puma-induced cell death despite readily inhibiting death due to Bim 

expression.  This metabolic checkpoint was dependent on mitochondrial metabolism and 

mediated through dual mechanisms consisting of a partially p53-mediated Puma 

transcriptional induction as well as a p53-independent regulation of Puma protein 

stability.  Together, these data suggest that Akt prevents apoptosis through regulation of 
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Bcl-2 family members by inhibition of Bim cytotoxicity and by promoting glucose 

uptake and mitochondrial metabolism to indirectly suppress Puma expression. 

 

3.2 Results 

3.2.1 Akt Requires Glucose to Inhibit Apoptosis After Growth Factor 
Withdrawal 

The PI3K/Akt pathway regulates cell metabolism and cell survival downstream of 

many growth factors, and activated Akt can promote growth factor independent glucose 

metabolism and survival. 

 

Figure 3.1  Active Akt Requires Glucose to Inhibit Cell Death  
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(Figure 3.1 Continued) Control, Bcl-xL, and myrAkt expressing FL5.12 cells (A) were deprived of IL-3 
and glucose uptake was measured over time (B).  (C) Bcl-xL and myrAkt expressing FL5.12 cells were 
treated –IL-3 in the presence and absence of glucose and assayed for cell death by PI exclusion over time.  
Values represent the means +/- standard deviations of triplicate samples (B) or triplicate experiments (C).  
Statistical significance is indicated with an *: p < 0.05.  

 

To investigate the glucose-dependence of Akt mediated survival, we examined FL5.12 

cells stably expressing either excess Bcl-xL or constitutively active Akt (myristolated 

Akt; myrAkt) (Figure 3.1A).  In both cases, cells were protected against apoptosis upon 

IL-3 withdrawal (Figure 3.1C) (Plas et al., 2001).  Unlike Bcl-xL expressing cells, 

however, myrAkt expression largely maintained glucose uptake after growth factor 

withdrawal (Figure 3.1B) (Altman et al., 2009) and required glucose to prevent apoptosis 

(Figure 3.1C).  Nutrient deprivation can lead to autophagy or necrosis (Degenhardt et al., 

2006; Lum et al., 2005a), but death of glucose-deprived cells with highly active Akt 

signaling was apoptotic, as increased caspase activity and frequency of cells with 

activated Bax and sub-diploid DNA increased (Figures 3.2A – 3.2D).  Further, co-

expression of Bcl-xL with myrAkt inhibited induction of apoptosis after IL-3 and glucose 

deprivation (Figures 3.1A and 3.2B – 3.2D), showing that Bcl-2 family proteins mediated 

this cell death pathway.   
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Figure 3.2  Glucose Deprivation-Induced Cell Death of myrAkt Expressing Cells is Apoptotic 

(A) myrAkt expressing FL5.12 cells were treated –IL3 in the presence or absence of glucose for 16 hours 
and caspase activity was measured.  (B – D) myrAkt and myrAkt + Bcl-xL expressing FL5.12 cells were 
treated –IL3 in the presence or absence of glucose and assayed for cell death by (B) PI exclusion after 24 
hrs, (C) Bax activation after 16 hrs, and (D) sub-diploid DNA content after 16 hrs.  Values represent the 
means +/- standard deviation of triplicate samples (A) or triplicate experiments (B).   

 

3.2.2 Akt Requires Glucose to Suppress Puma Induction After 
Growth Factor Withdrawal 

The dependence of Akt on glucose may have been due to regulation of Bcl-2 

family proteins.  We therefore examined the protein levels of a variety of Bcl-2 family 

members in myrAkt expressing cells cultured in the presence and absence of IL-3 and/or 

glucose (Figure 3.3).   
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Figure 3.3  Active Akt Requires Glucose to Prevent Puma Induction After IL-3 Withdrawal 

Bcl-xL and myrAkt expressing FL5.12 cells were treated as indicated and harvested for immunoblot after 
10 hrs.   

 

To minimize complications due to disparate rates of apoptosis, myrAkt expressing cells 

were compared to cells expressing Bcl-xL.  In both cell types, expression of Bid, Noxa, 

Bcl-xL, Bcl-2, Bax, and Bak did not significantly change in response to treatment.  Mcl-

1, Bim, and Puma, however, were affected by growth factor and glucose availability.  

Mcl-1 expression decreased in Bcl-xL but not myrAkt cells after IL-3 withdrawal.  Akt 

could not, however, maintain Mcl-1 after glucose deprivation.  In addition, Bim and 

Puma were rapidly induced after IL-3 withdrawal in Bcl-xL expressing cells (and control 

FL5.12 cells; data not shown) in both glucose replete and deficient conditions.  While 
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Bim was similarly regulated in myrAkt expressing cells regardless of glucose availability, 

Akt prevented Puma induction in growth factor withdrawn cells when glucose was 

present, but was unable to inhibit Puma upregulation when glucose was absent.  Thus, 

only a limited number of Bcl-2 family proteins are affected by decreased glucose 

availability, and of these, Puma is the only pro-apoptotic Bcl-2 family protein responsive 

to Akt-dependent glucose metabolism. 

 

3.2.3 Puma Expression is Necessary and Sufficient for Efficient 
Apoptosis 

Activation of the Akt signaling pathway protected growth factor-deprived cells 

from apoptosis in a manner that correlated with a glucose-dependent suppression of Puma 

induction.  Bim, Noxa, and Puma may all contribute to cell death, however, leaving the 

specific role of Puma unclear.  To directly determine the contribution of Puma and other 

BH3-only proteins to Akt-mediated cell survival or apoptosis, expression of Puma, Bim, 

and Noxa was suppressed using shRNAi and cell death was observed after glucose-

deprivation (Figures 3.4A – 3.4C).  Consistent with contributions of each pro-apoptotic 

protein, reduction of Puma, Bim, or Noxa expression each increased cell viability after 

glucose deprivation.  As would be predicted, shRNAi knock-down of either Bim (Zhao et 

al., 2008) or Noxa (Alves et al., 2006) provided a slight survival advantage, despite a 

relatively minor degree of Noxa reduction.  Puma-deficiency, however, appeared to 

provide the strongest protection from Bax activation and apoptosis. 
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Figure 3.4  Puma Induction Contributes to Cell Death After Glucose Deprivation   

(A – C) myrAkt expressing FL5.12 cells were transfected with control (C), Puma (P), Bim (B), or Noxa 
(N) shRNAi and treated –IL3 and –glucose and harvested for protein analysis after 10 hrs (B: % vs. Ctrl = 
quantitation of protein expression versus control shRNAi), or assayed for cell death by (A) PI exclusion 
over time or (C) Bax activation after 16 hrs.  (A) Values represent the means +/- standard deviations of 
triplicate experiments.  Statistical significance is indicated with an *: p < 0.05.   

 

These data showed that Puma contributes to apoptosis in nutrient and growth 

factor withdrawal of myrAkt expressing cells, but did not indicate if Puma expression 

was sufficient among the Bcl-2 family proteins to promote apoptosis.  Control, myrAkt, 

and Bcl-xL expressing cells were therefore transiently transfected with control, Puma, or 

Bim expression plasmids and cell death was observed (Figures 3.5A and 3.5B).  Puma 

and Bim levels were highest in Bcl-xL expressing cells, possibly due to association of 

Puma with Bcl-xL and protein stabilization.  Surprisingly, while myrAkt expression 



 

 69 

provided significant protection against Bim, it was unable to protect against Puma.  These 

data demonstrate that Puma is both necessary and sufficient to cause apoptosis of myrAkt 

expressing cells deprived of glucose.  Further, regulation of Puma appears to be of 

particular importance in the glucose-dependence of Akt, as Akt could suppress Bim- but 

not Puma-induced apoptosis.  

 

Figure 3.5  Active Akt Must Inhibit Puma Induction to Prevent Cell Death  

Control, Bcl-xL, and myrAkt expressing FL5.12 Cells were transfected with control, Puma, or Bim 
expression plasmids and harvested for protein expression (B) and assayed for cell death by PI exclusion 
after 24 hrs (A).  Values represent the means +/- standard deviations of triplicate experiments.  Statistical 
significance is indicated with an *: p < 0.05. 
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3.2.4 Maintenance of Mitochondrial Metabolism in the Absence of 
Glucose Inhibits Puma Expression and Cell Death 

A central function of glucose is to provide metabolic fuel through glycolysis and 

mitochondrial oxidation, and metabolic stress may have been responsible for Puma 

induction upon glucose deprivation.  Therefore, we sought to quantitate metabolite levels 

following glucose withdrawal in both Bcl-xL and myrAkt expressing cells by observing 

acyl-carnitines using a mass spectrometry-based metabolomics approach.  Acyl-

carnitines are intermediates derived from a variety of metabolic substrates including 

glucose, amino acids, and lipids that reflect carbon chains available for mitochondrial 

oxidation (An et al., 2004; Ferrara et al., 2008). 

 

Figure 3.6  Glucose Deprivation Selectively Causes Mitochondrial Metabolic Stress of myrAkt 
Expressing Cells 

(A and B) Bcl-xL and myrAkt expressing FL5.12 cells were cultured for 8 hrs –IL3 in the presence or 
absence of glucose and harvested for mass spectrometric analysis of (A) acetyl-carnitine and (B) stearoyl-
carnitine.  Values represent the means +/- standard deviations of triplicate samples.  Statistical significance 
is indicated with an *:  p < 0.05. 
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Figure 3.7  Full Panel of Acyl-Carnitines   
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(Figure 3.7 Continued) Bcl-xL and myrAkt expressing FL5.12 cells cultured for 8 hrs –IL3 in the 
presence and absence of glucose and harvested for mass spectrometry.  Values represent the means +/- 
standard deviations of triplicate samples.  

 

Unlike Bcl-xL, myrAkt expression made cells highly dependent on glucose to maintain 

certain short- (Figure 3.6A) and long-chain (Figure 3.6B) acyl-carnitines, suggesting that 

myrAkt expression inhibited the cells’ ability to derive nutrients from sources other than 

glucose (a full acyl-carnitine profile is provided in Figure 3.7).  The selective dependence 

on glucose for mitochondrial metabolites caused by myrAkt expression may be due to the 

ability of Bcl-xL cells to more efficiently derive nutrients from alternate sources such as 

autophagy (Altman et al., 2009; Deberardinis et al., 2006; Lum et al., 2005b), and 

demonstrate that Akt renders cells addicted to glucose for both cell metabolism and 

survival. 

The mitochondrial metabolic stress caused by glucose deprivation, or the absence 

of glucose and its immediate metabolic products, such as glucose-6-phosphate, may have 

stimulated Puma upregulation to cause cell death.  To test the contribution of 

mitochondrial metabolism in Akt-mediated survival, a cell permeate form of the 

glycolytic end-product pyruvate, methyl-pyruvate (MePyr), was supplied to glucose-

deprived cells to provide mitochondrial fuel.  Consistent with mitochondrial metabolic 

stress as the source of Puma induction, addition of MePyr efficiently protected myrAkt 

cells from apoptosis following glucose withdrawal (Figures 3.8A, 3.9A, 3.12A, and 

3.12B) and allowed myrAkt to suppress Puma induction after IL-3 and glucose 

withdrawal (Figure 3.8B).  MePyr was unable, however, to efficiently rescue the loss of 
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Mcl-1 after glucose deprivation, suggesting distinct metabolic regulation of these two 

Bcl-2 family members.  Importantly, MePyr did not affect expression of Bim or other 

Bcl-2 family members tested (Figure 3.8B).   

 

Figure 3.8  Addition of MePyr Can Rescue Survival and Puma Induction After Glucose Withdrawal 

myrAkt expressing FL5.12 cells were cultured as indicated and assayed for (A) cell death by PI exclusion 
over time and (B) protein expression.  Values represent the means +/- standard deviations of triplicate 
experiments.  Statistical significance is indicated with an *: p < 0.05. 

 

In addition, despite rescuing survival, MePyr could not replace glucose to promote cell 

cycle progression and proliferation, suggesting that MePyr did not rescue all glucose-

derived metabolites necessary for growth and proliferation (Figures 3.9A and 3.9B).  
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Similar results were obtained with sodium pyruvate (data not shown).  Neither glucose 

nor its immediate products, therefore, are uniquely required for Akt to prevent cell death.  

 

Figure 3.9  MePyr Does Not Rescue Cell Cycle Arrest and Proliferation After Glucose Deprivation 

(A) myrAkt expressing FL5.12 cells were cultured for 15 hrs –IL3 in the presence and absence of glucose 
or MePyr and assayed for cell cycle and DNA content.  (B) Cell accumultion was assayed in myrAkt 
expressing FL5.12 cell while cultured as indicated.  Values represent the means +/- standard deviations of 
triplicate samples.  Statistical significance is indicated with an *: p < 0.05. 

 

3.2.5 Replacement of Glucose With Other Alternate Metabolic Fuels 
Can Rescue Akt-Mediated Suppression of Puma and Death   

Since it appeared that myrAkt expressing FL5.12 cells required glucose as a 

source of mitochondrial fuel, it was likely that the mechanism by which MePyr 

suppressed Puma induction was by replacing glucose-derived pyruvate to drive 

mitochondrial metabolism.  In this case, inhibition of mitochondrial metabolic function 

may prevent the effects of MePyr on survival.  To test this notion, we utilized two 

inhibitors of the electron transport chain: rotenone, which inhibits Complex I; and 

oligomycin, which inhibits the F1/F0 ATP synthetase.  Treatment of myrAkt expressing 

cells with low levels of rotenone or oligomycin had little effect on survival in the 
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presence of glucose, but led to very rapid death when cells were cultured with MePyr 

rather than glucose (Figures 3.10A and 3.10B).   

 

Figure 3.10  MePyr Protects by Providing a Source of Mitochondrial Fuel 

myrAkt expressing FL5.12 cells were cultured –IL3 in the presence and absence of glucose or MePyr with 
either (A) 200 nM rotenone or (B) 50 ng/ml oligomycin and assayed for cell death by PI exclusion over 
time.  Values represent the means +/- standard deviations of duplicate experiments.   

 

We further investigated this hypothesis by providing myrAkt cells excess amounts of two 

physiologically relevant alternative metabolic fuels, long-chain fatty acids and fructose.  

Despite evidence that Akt can suppress lipid oxidation (Deberardinis et al., 2006), but 

consistent with work showing that forced activation of lipid oxidation can replace glucose 

to allow Akt to inhibit apoptosis (Buzzai et al., 2005), we found that glucose could be 
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replaced with a mixture of the long-chain fatty acids palmitate and oleate or the alternate 

sugar fructose to prevent both cell death and Puma induction (Figures 3.11A – 3.11D, 

3.12A, and 3.12B).   

 

Figure 3.11  Alternative Fuels Rescue Cell Death and Puma Induction After IL-3 and Glucose 
Deprivation 

myrAkt expressing FL5.12 cells were cultured –IL-3 in the presence and absence of glucose or a mixture of 
long-chain fatty acids (oleate and palmitate, 0.5 mM each) or fructose (10 mM) and assayed for (A and C) 
cell death by PI exclusion over time or (B and D) harvested for immunoblot after 10 hrs (G = glucose, O/P 
= oleate and palmitate, F = fructose).  Values represent the means +/- standard deviations of duplicate 
experiments.  Statistical significance is indicated with an *: p < 0.05. 
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Figure 3.12  Provision of Alternative Fuels Rescues Apoptosis After Glucose Deprivation 

myrAkt expressing FL5.12 cells were treated –IL3 and with the indicated fuels and assayed for (A) active 
Bax and (B) DNA content after 16 hrs.   

 

Similar to MePyr, however, neither fructose nor oleate and palmitate could rescue cell 

cycle arrest in the absence of IL-3 (data not shown).  Akt-driven glucose metabolism 

appeared, therefore, to suppress Puma induction and apoptosis by a mechanism not 

unique to glucose or its immediate metabolic derivatives, but rather by driving 

mitochondrial metabolism.  Interestingly, maintenance of bioenergetics did not appear to 

be the key metabolic signal regulating Puma, as MePyr did not rescue the decrease in 

intracellular ATP concentration of glucose deprived cells expressing myrAkt (Figure 

3.13).  
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Figure 3.13  Provision of Mitochondrial Fuel Does Not Rescue ATP Depletion After Glucose 
Deprivation 

myrAkt expressing FL5.12 cells were cultured as indicated for 10 hrs and assayed for ATP content.  Values 
represent the means +/- standard deviations of triplicate experiments.  Statistical significance is indicated 
with an *: p < 0.05.   

 

3.2.6 T Cell Activation Causes Increased Glucose Uptake That is 
Required to Prevent Induction of Puma and Bim and Apoptosis 

T cell stimulation causes activation of the PI3K/Akt signaling pathway and 

induction of Bcl-2 family proteins to support growth, proliferation, and cell survival 

(Marrack and Kappler, 2004).  Given the dependence of Akt on glucose to prevent Puma 

expression and apoptosis (Figures 3.1 and 3.3) (Gottlob et al., 2001; Plas et al., 2001), we 

sought to determine whether the increased glucose metabolism (Frauwirth et al., 2002) 

contributed to survival of activated T cells.  Glucose uptake was dramatically increased 

following primary murine T cell activation in an IL-2 dependent fashion that correlated 

with Akt phosphorylation (Figures 3.14A and 3.14B).  Consistent with findings that Akt 

requires glucose to prevent apoptosis, withdrawal of activated T cells from glucose led to 

cell death in a similar time course as withdrawal of cells from IL-2 (Figure 3.14C). 
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Figure 3.14  Growth Factors Promote Glucose Metabolism in T Cells That is Required to Prevent 
Cell Death 

(A – B) T cells were isolated and analyzed when isolated (Naïve), after 48 hrs of activation (Stim), when 
cultured in IL-2, withdrawn from IL-2 (Neglect), or with re-addition of IL-2 (Add Back) for (A) glucose 
uptake and (B) phospho-Akt S473.  (C) Activated T cells were cultured as indicated and assayed for cell 
death by PI exclusion over time.  Values represent the means +/- standard deviations of triplicate samples 
(A) or triplicate experiments (C).  Statistical significance is indicated with an *: p < 0.05. 

  

Bim and Puma have both been implicated in the death of activated T cells after 

cytokine-deprivation, with Bim appearing to play a particularly prominent role (Erlacher 

et al., 2006).  To determine whether Akt-dependent glucose metabolism regulated these 

Bcl-2 family members in primary T cells, we examined Bcl-2 family protein expression 

in naïve and stimulated T cells after 12 and 24 hours of IL-2 or glucose withdrawal.  As 

expected, Mcl-1, Bcl-xL and Noxa were induced after T cell stimulation (Alves et al., 
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2006; Boise et al., 1995), Bad was also induced, while Puma, Bim, Bid, Bcl-2, Bax, and 

Bak were relatively unchanged by T cell activation (Figure 3.15).  After glucose or IL-2 

deprivation of activated cells, however, Puma and Bim were induced and Mcl-1 

decreased.  In addition, glucose deprivation also led to decreased Bad and Bid expression 

and reduced levels of phospho-Akt, but did not appear to dramatically affect Noxa, Bcl-2, 

Bcl-xL, Bax, or Bak expression.   

 

Figure 3.15  Glucose Deprivation Causes Increased Puma and Bim Expression in Activated T Cells 

Freshly isolated naïve T cells or stimulated T cells cultured in the absence of either glucose or IL-2 for the 
indicated times were harvested for immunoblot.   

 

Addition of MePyr to replace glucose inhibited Puma upregulation, but did not affect any 

other Bcl-2 family members tested, nor could it maintain phospho-Akt (Figure 3.16A).  

Similarly, replacement of glucose with fructose or long-chain fatty acids suppressed 

Puma expression.  These treatments also prevented decreased Mcl-1 expression and 



 

 81 

maintained high levels of phospho-Akt, consistent with distinct metabolic regulatory 

mechanisms of Puma and Mcl-1 and the more diverse metabolic pathways that each of 

these fuels can support compared to pyruvate alone. 

 

Figure 3.16  Alternative Fuels Rescue Puma Induction and Death in Activated T Cells 

Activated T cells were cultured with the indicated fuels and (A) harvested for immunoblot after 12 hrs or 
(B) assayed for cell death by PI exclusion over time.  Values represent the means +/- standard deviations of 
triplicate experiments.  Statistical significance is indicated with an *: p < 0.05.   

 

Despite inhibiting Puma upregulation, MePyr failed to rescue cell death of activated wild 

type T cells from glucose withdrawal (Figure 3.16B and 3.17A).  In contrast, fructose or 

long-chain fatty acids each readily suppressed T cell apoptosis upon glucose withdrawal 

(Figure 3.16B).  While fructose and lipids may lead to multiple changes to T cell 

physiology, the key differences between MePyr and these treatments that may explain 

these distinct cell survival phenotypes in activated primary T cells were the ability of 

fructose and long-chain fatty acids to better maintain both phospho-Akt and Mcl-1.  As 

Akt can suppress Bim cytotoxicity and Mcl-1 can inhibit multiple pro-apoptotic Bcl-2 
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family proteins, we next examined the ability of MePyr to protect glucose-deprived Bim- 

and Puma-deficient T cells from apoptosis.  Like wild type T cells and consistent with the 

specific ability of MePyr to inhibit Puma expression, activated Puma-/- T cells were 

unaffected by addition of MePyr upon glucose deprivation (Figure 3.17B).  Bim can play 

a prominent role in T cell apoptosis (Erlacher et al., 2006), and the reduced levels of 

phospho-Akt upon glucose deprivation may have decreased an important inhibitory 

control on Bim cytotoxicity (Qi et al., 2006), as activated Bim-/- T cells had increased 

viability upon glucose deprivation (Figure 3.17C). 

 

Figure 3.17  MePyr Rescue of T Cell Survival is Restored by Genetic Deletion of Bim 

Activated wild-type (A), Puma-/- (B), and Bim-/- (C) T cells were cultured +IL-2 in the absence of glucose 
with or without MePyr and assayed for cell death by PI exclusion over time.  Values represent the means 
+/- standard deviations of triplicate experiments.  Statistical significance is indicated with an *: p < 0.05. 
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Importantly, MePyr partially rescued the survival of glucose-deprived Bim-/- T cells, 

suggesting a significant role for metabolic regulation of Puma in T cells lacking Bim or if 

Bim activity is suppressed. 

 

3.2.7 Glucose Metabolism Inhibits Puma Expression in T-ALL Cancer 
Cells   

Like activated T cells, T-ALL cells can be highly glycolytic (Barata et al., 2004; 

Palomero et al., 2008), and Akt is frequently constitutively activated and cell death 

pathways are altered relative to normal T cells. 

 

Figure 3.18  Jurkat T Cells Require Glucose to Inhibit Puma Induction and Apoptosis 

Jurkat cells were treated in the presence and absence of glucose or MePyr and (A) harvested for 
immunoblot after 48 hrs, assayed for cell death by (B) PI exclusion over time or (C) activated Bax after 60  
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(Figure 3.18 Continued) hrs, and (D) assayed for caspase activity after 60 hrs.  Values represent the means 
+/- standard deviations of triplicate samples (D) or triplicate experiments (B).  Statistical significance is 
indicated with an *: p < 0.05. 

 

Akt-driven metabolic inhibition of Puma expression may, therefore, contribute to cancer 

cell survival.  To determine whether glucose metabolism inhibits Puma expression in 

cancer cells, we withdrew glucose from three independent human T-ALL cell lines.  

Glucose deprivation of Jurkat cells did not affect phospho-Akt levels, but did lead to a 

distinct induction of Puma (Figure 3.18A).  Despite Bim induction but consistent with the 

pro-apoptotic role of Puma, addition of MePyr only inhibited Puma induction amongst 

Bcl-2 family members tested (Figures 3.18A, 3.19A, and 3.19B) and provided protection 

from apoptosis in the three lines (Figures 3.18B – 3.18D, 3.19C and 3.19D). 

 

Figure 3.19  MePyr Rescues Puma Induction and Death After Glucose Deprivation of Molt4 and 
CCRF-CEM Cells 
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(Figure 3.19 Continued) Molt4 (A and C) and CCRF-CEM (B and D) cells were cultured as indicated 
and harvested after 24 hrs for immunoblot (A and B) or assayed for cell death by PI exclusion over time (C 
and D).  Values represent the means +/- standard deviations of duplicate experiments.  Statistical 
significance is indicated with an *: p < 0.05. 

 

Like FL5.12 cells expressing myrAkt, rescue of glucose-deprived Jurkat cells by MePyr 

was mitochondria-dependent as cells underwent rapid cell death when sub-lethal doses of 

oligomycin were provided with MePyr (Figure 3.20A).  Cell death upon glucose-

withdrawal was partially Puma-dependent, as Puma-deficiency in Jurkat cells delayed 

cell death in the absence of glucose (Figure 3.20B).  These data show conservation of the 

metabolic regulation of Puma and suggest this molecular pathway may contribute to 

survival of human cancer cells that have constitutively active Akt.   

 

Figure 3.20  MePyr Provides Mitochondrial Fuel to Prevent Puma-Dependent Cell Death in Glucose 
Starved Jurkat Cells 
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(Figure 3.20 Continued) (A) Jurkat cells were cultured without glucose with or without MePyr and 
oligomycin (50 ng/ml) and assayed for cell death by PI exclusion over time.  (B) Jurkat cells were 
transfected with control or Puma shRNAi plasmids and cultured in the absence of glucose and assayed for 
cell death by PI exclusion over time.  Values represent the means +/- standard deviations of triplicate 
experiments.  Statistical significance is indicated with and *: p < 0.05. 

 

3.2.8 Metabolic Control of Puma Transcriptional Induction and 
Protein Stability   

Puma has been primarily described as transcriptionally regulated.  To test whether 

the metabolic checkpoint for regulation of Puma upregulation occurred at the 

transcriptional level, we examined metabolic regulation of a reporter construct consisting 

of 2kb of the Puma promoter in Bcl-xL or myrAkt expressing FL5.12 cells (Figure 3.21).  

Upon IL-3 withdrawal in the presence of glucose, Puma promoter activity increased in 

both Bcl-xL and myrAkt expressing cells, although only modestly in myrAkt expressing 

cells (Figure 3.21).   

 

Figure 3.21  Glucose Deprivation Induces Puma Promoter Activity That is Not Inhibited by MePyr 

Bcl-xL and myrAkt expressing FL5.12 cells were transfected with a Puma promoter-reporter construct, 
treated as indicated, and harvested for luciferase assays after 10 hrs.  Values represent the means +/- 
standard deviations of triplicate samples.  Statistical significance is indicated with an *: p < 0.05.   
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In contrast, glucose deprivation enhanced Puma promoter activity in both Bcl-xL and 

myrAkt expressing cells equivalently.  Interestingly, although MePyr reduced Puma 

protein levels, it did not significantly affect Puma promoter activity in either cell type.  

Consistent with this regulatory pattern for Puma transcription in cells with active Akt, 

Puma mRNA levels did not increase following IL-3 withdrawal but were strongly 

induced following glucose deprivation of myrAkt expressing cells (Figure 3.22A) or 

activated T cells (Figure 3.22B).  In neither case did addition of MePyr prevent the 

accumulation of Puma mRNA (Figures 3.22A and 3.22B).   

 

Figure 3.22  Puma mRNA Levels are Increased in a Partially p53-Dependent Fashion After Glucose 
Deprivation but are not Inhibited by MePyr 
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(Figure 3.22 Continued) Puma mRNA levels were measured by qRT-PCR after culture as indicated in (A) 
myrAkt expressing FL5.12 cells after 8 hrs and (B) wild-type or p53-/- stimulated T cells after 12 hrs.  
Values represent the means +/- standard deviations of (A) seven or (B) two independent experiments.  
Statistical significance is indicated with an *: p < 0.05. 

 

Transcriptional regulation of Puma in glucose deprivation could be mediated by p53, 

Foxo3a, and/or CHOP (Ishihara et al., 2007; Nakano and Vousden, 2001; You et al., 

2006; Yu et al., 2001), each of which has can induce Puma after a variety of cell stresses.  

CHOP responds to ER stress and glucose-withdrawal did lead to modest ER stress and 

CHOP induction (Figure 3.23A). 

 

Figure 3.23  Glucose Deprivation Causes ER Stress That is Not Entirely Responsible for Puma 
Expression 

myrAkt expressing FL5.12 cells were cultured as indicated for 10 hrs and harvested for immunoblot.  For 
(A), 2 µg/ml final concentration tunicamycin was used. 
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This stress was not alleviated by provision of MePyr (Figure 3.23B) and was less than 

treatment of cells with the ER stress activator tunicamycin, but nevertheless led to lesser 

induction of Puma than glucose-withdrawal (Figure 3.23A).  CHOP did not appear 

essential for Puma transcriptional upregulation, as shRNAi against CHOP had no effect 

on Puma mRNA or survival of glucose-deprived cells (Figures 3.24A – 3.24C).   

 

Figure 3.24  CHOP Does Not Contribute to Puma Induction After Glucose Deprivation 

myrAkt expressing FL5.12 were transfected with control or CHOP shRNAi plasmids and cultured as 
indicated and harvested for (A) immunoblot or (B) qRT-PCR after 10 hrs or (C) assayed for cell death by 
PI exclusion over time.  Values represent the means +/- standard deviations of duplicate experiments.   

 

Likewise, Foxo3a was not essential for Puma upregulation or cell death upon glucose 

withdrawal (Figures 3.25A and 3.25B).  In contrast, activated T cells did require p53 to 
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maximally induce Puma mRNA upon glucose withdrawal, as p53-/- T cells showed only 

partial Puma upregulation (Figures 3.22B and 3.26A).   

 

Figure 3.25  Foxo3a Is Not Required for Puma Induction or Cell Death After Glucose Deprivation 

myrAkt expressing FL5.12 cells were transfected with control or Foxo3a shRNAi plasmids, treated as 
indicated, and (A) harvested for immunoblot after 10 hrs or (B) assayed for cell death by PI exclusion over 
time.  Values represent the means +/- standard deviations of duplicate experiments. 

 

Figure 3.26  p53 is Required for Puma Protein Expression After Glucose Deprivation 

Activated wild-type and p53-/- T cells were cultured as indicated and harvested for immunoblot after 12 hrs.   

 

That p53 was important but not fully required for this metabolic checkpoint was 

confirmed in the p53-null T-ALL line Jurkat (Figure 3.18).  However, re-expression of 

p53 in Jurkat cells promoted more rapid and greater accumulation of Puma protein upon 

glucose deprivation (Figure 3.27). 
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Figure 3.27  Re-Expression of p53 in Jurkat Cells Increases Puma Expression 

Jurkat cells were transfected with control or p53 expression plasmids and cultured in the absence of glucose 
and harvested for immunoblot at the indicated times.   

 

Interestingly, MePyr reduced Puma protein levels in p53-/- cells (Figure 3.26B) 

despite not affecting mRNA expression (Figure 3.22B).  Metabolic rescue of Puma by 

MePyr, therefore, was not transcriptional.  While not previously described, regulation of 

Puma protein stability by MePyr may have also contributed to the metabolic suppression 

of Puma.  To directly measure Puma protein half-life, myrAkt expressing cells were 

treated with the protein synthesis inhibitor cycloheximide (CHX) either in the presence or 

absence of MePyr.  In the presence of glucose, insufficient Puma was detected to measure 

protein stability.  Puma was readily detected and stable with ~70% remaining after 3 

hours of CHX treatment and a half-life of over four hours in the absence of glucose 

(Figure 3.28).  Addition of MePyr to glucose-deprived cells, however, greatly reduced 

Puma protein stability with less than 20% remaining after 3 hours and a half-life of 

approximately one hour.  Stimulation of glucose metabolism by Akt, therefore, appears to 

promote cell survival by controlling dual metabolic checkpoints that regulate Puma 

transcription and protein stability. 
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Figure 3.28  MePyr Promotes Puma Protein Degradation 

myrAkt expressing FL5.12 cells were treated –IL3 in the presence or absence of glucose or MePyr for 10 
hrs after which 25 µg/ml cycloheximide (CHX) was added and cells were harvested for immunoblot at the 
indicated times.  Values represent the means +/- standard deviations of triplicate experiments.  Statistical 
significance is indicated with an *: p < 0.05. 

 

3.3 Discussion 

T cell homeostasis is regulated by extracellular signals in the form of growth 

factors (Jameson, 2002; Plas et al., 2002), many of which signal through the PI3K/Akt 

pathway to regulate metabolism and survival in T cell activation.  Similarly, constitutive 

activation of the PI3K/Akt pathway is common in cancer to promote glucose metabolism 

and survival (Yuan and Cantley, 2008).  It is important, however, that cell metabolism be 

coordinated directly with apoptotic pathways to allow cell survival only when nutrients 

meet cellular demands.  Consistent with this notion, it is well established that Akt cannot 

elicit its pro-survival functions when glucose is limiting (Buzzai et al., 2005; Elstrom et 

al., 2004; Plas et al., 2001).  Metabolic checkpoints, therefore, ensure that cells that fail to 
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obtain sufficient nutrients undergo apoptosis rather than necrosis and its accompanying 

inflammation (Sauter et al., 2000).  Here we examined the role of Akt-driven glucose 

metabolism in the regulation of Bcl-2 family proteins to establish a molecular basis for 

this metabolic checkpoint.  Surprisingly, analyses of a panel of Bcl-2 family proteins 

showed that Puma was the only pro-apoptotic family member that responded directly to 

nutrient availability and mitochondrial metabolism to promote apoptosis.  Bim was also 

induced and together with Noxa, which was stably expressed, can play a key role to 

initiate apoptosis of nutrient-deprived cells.  Akt can phosphorylate and inhibit Bim (Qi 

et al., 2006), however, and we found that Bim- but not Puma-induced apoptosis was 

suppressed by activated Akt.  Thus, Akt appears to prevent cell death through direct 

phosphorylation and inhibition of Bim and indirect suppression of a metabolic checkpoint 

that controls Puma upregulation via p53 and protein stabilization. 

Glucose plays a variety of roles to support cell metabolism and biosynthesis that 

may inhibit Puma induction or stability.  Akt can strongly promote aerobic glycolysis and 

limit alternative metabolic pathways such as autophagy or lipid oxidation (Altman et al., 

2009; Deberardinis et al., 2006).  Thus, cells with constitutively active Akt were highly 

dependent on glucose to maintain mitochondrial metabolism whereas cells surviving 

through expression of Bcl-xL had remarkably small changes in mitochondrial metabolites 

when deprived of glucose.  Importantly, addition of alternative fuels to support 

mitochondrial metabolism of myrAkt expressing cells including pyruvate, long-chain 

fatty acids, or fructose could prevent apoptosis.  These data suggest that in addition to 

regulation of cell death via hexokinase and glucose-6-phosphate (Gottlob et al., 2001; 
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Majewski et al., 2004b), glucose and its immediate derivatives are not uniquely required 

to prevent death of cells with activated Akt.  Rather, activation of Akt renders cells 

highly dependent on glucose as a source of mitochondrial fuel that controls a metabolic 

checkpoint for Puma expression. 

The precise mechanisms that control Puma expression remain uncertain.  

Transcription of Puma is increased partially through p53 activity, which may be activated 

by the AMP activated protein kinase (AMPK).  Glucose deprivation and energy-depletion 

have been shown to activate AMPK, leading to p53 phosphorylation to promote cell 

cycle arrest (Jones et al., 2005), and AMPK may also lead to apoptosis via this pathway 

with longer periods of glucose deprivation.  In support of this notion, ATP levels were 

decreased upon glucose withdrawal of myrAkt expressing cells consistent with AMPK 

activation (Figure 3.13).  Further, just as MePyr did not affect Puma mRNA induction, 

the dose of MePyr used here did not rescue cellular ATP in glucose depletion.  The p53-

independent transcriptional mechanism responsible for the remaining induction of Puma 

mRNA is not clear.  Foxo3a and CHOP do not appear to be involved, but the p53-related 

transcription factor p73 has also been shown to regulate Puma (Melino et al., 2004) and 

may become activated upon glucose deprivation. 

Metabolic control of Puma expression was also mediated in part through 

regulation of Puma protein stability.  The ability of diverse nutrients including pyruvate, 

fructose, and long-chain fatty acids to control Puma protein expression suggests that 

mitochondrial metabolism plays a critical role to regulate Puma degradation.  To our 

knowledge, this is the first evidence of post-translational regulation of Puma stability.  It 
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remains unclear what proteolytic pathways or proteases may account for rapid Puma 

degradation in nutrient-rich conditions, but nutrient regulation of proteolysis may provide 

a mechanism to control a variety of other processes in addition to regulation of Puma 

expression. 

It was unexpected that MePyr treatment could rescue the survival of leukemic but 

not non-transformed activated lymphocytes.  This difference may have been due to 

events in cellular transformation that lead to aberrant PI3K/Akt activation, such as loss of 

PTEN (Stambolic et al., 1998).  Akt became dephosphorylated in glucose-deprived 

primary T cells but was maintained by myrAkt expression and in Jurkat T cells that lack 

PTEN.  Akt can phosphorylate and inhibit Bim, and we found that myrAkt cells resisted 

Bim toxicity.  Puma, however, was highly cytotoxic to cells regardless of Akt activity.  

Other Bcl-2 family proteins, such as Noxa or Bad, also contribute to cell death and set a 

threshold for apoptosis (Alves et al., 2006; Strasser, 2005), but only Bim and Puma were 

strongly induced by glucose deprivation.  By selective inhibition of Bim, higher levels of 

Akt activation would lead to a greater dependence on Puma to initiate cell death.  Thus 

cancer cells with constitutive activation of Akt may be particularly dependent on 

metabolic inhibition of Puma expression and sensitive to mechanisms that induce Puma 

transcription or protein stabilization. 

The multi-nodal metabolic checkpoint for Puma expression and the critical role of 

Puma that we describe here appears to be an essential element of Akt-mediated cell 

survival and may play an important role to promote cell survival in cancer and immunity. 

Ultimately, examining how metabolic pathways interact and regulate cell death pathways 
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may determine how to exploit cell metabolism and target metabolic pathways to promote 

cell death.  Importantly, because Puma transcriptional induction was only partially p53-

dependent, this metabolic checkpoint for Puma protein stability was intact in p53-null 

Jurkat T cells and p53-/- T cells.  Thus, it may be possible to exploit metabolic regulation 

of Puma to promote apoptosis in a wide variety of tumors despite p53 status.  Consistent 

with this notion, pharmacological inhibitors of Akt have recently been shown to induce 

Puma and cell death in chronic lymphocytic leukemia cells irrespective of p53 status (de 

Frias et al., 2009), and Puma protein stability may be involved.  Together these data have 

defined a metabolic checkpoint mechanism that may be suitable for such metabolic 

approaches to Puma induction in immunosuppression or cancer treatment and provide 

novel insight into Akt regulation and connections between cell metabolism and apoptosis.
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4 Akt-Dependent Glucose Metabolism Promotes Mcl-1 
Synthesis to Maintain Cell Survival and Resistance to 
Bcl-2 Inhibition 

 

4.1 Introduction 

Mcl-1 is an anti-apoptotic Bcl-2 family member that was first identified as a Bcl-2 

homolog overexpressed in a myeloid cell leukemia cell line (Kozopas et al., 1993), and 

was later characterized for its anti-apoptotic function (Bodrug et al., 1995; Reynolds et 

al., 1994).  In addition to myeloid cell leukemia, Mcl-1 is overexpressed in many cancers 

of the hematopoietic system, including B and T cell malignancies (Warr and Shore, 

2008).  In many cases, reducing Mcl-1 by RNA interference or drug treatments can cause 

death or sensitize cancer cells to treatment with other agents (Chen et al., 2007; Lin et al., 

2007; Yecies et al., 2010).  In addition to its pathological role in cancer, Mcl-1 also plays 

an important physiological role in normal immune cell function (Opferman, 2007).  

While genetic ablation of Mcl-1 in mice causes embryonic lethality (Rinkenberger et al., 

2000), conditional knock-out studies have demonstrated that Mcl-1 is necessary for the 

survival of hematopoietic stem cells (Opferman et al., 2005) as well as for the 

development and maintenance of mature T and B lymphocytes (Opferman et al., 2003).  

Mcl-1 expression is tightly regulated by extrinsic signals, and this dynamic 

regulation has identified it as an important stress responder relative to the more stable 

anti-apoptotic Bcl-2 family members Bcl-2 and Bcl-xL.  Several growth factors, 

including the cytokines IL-2, IL-3, and IL-7, have been shown to regulate Mcl-1 
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expression (Maurer et al., 2006; Opferman et al., 2003; Zhao et al., 2007).  When cells 

are deprived of these growth factors, GSK3 becomes activated and phosphorylates Mcl-1 

at serine 159 which primes Mcl-1 for ubiquitination by the E3 ligases Mule or β-TRCP, 

thus targeting it for degradation in the proteasome (Ding et al., 2007; Maurer et al., 2006; 

Zhong et al., 2005).  Mcl-1 is considered a highly unstable protein, with several 

additional mechanisms regulating its ubiquitin-dependent (Schwickart et al., 2010; Zhong 

et al., 2005) and -independent degradation (Stewart et al., 2010).  Growth factors can also 

regulate Mcl-1 transcription (Opferman et al., 2003).  Importantly, Mcl-1 protein 

synthesis is also a highly regulated process.  Mcl-1 synthesis is inhibited by several 

microRNAs (miRNA) (Crawford et al., 2009; Mott et al., 2007), including a potential 

role for miRNA-dependent regulation of Mcl-1 in acute myeloid leukemia (Garzon et al., 

2009).  Mcl-1 protein synthesis is also regulated by a more traditional mechanism 

downstream of the cell growth and protein synthesis regulator mTOR (Mills et al., 2008). 

Several lines of evidence suggest that growth factor regulated glucose metabolism 

exerts its anti-apoptotic effects through regulation of Bcl-2 family proteins including 

Mcl-1.  Several BH3-only Bcl-2 family members, including Puma and Bim, are affected 

by metabolism (Altman et al., 2009; Zhao et al., 2008), as is Mcl-1.  Increased glucose 

metabolism similar to that observed in cancer cells can be anti-apoptotic, and these 

effects are in part due to regulation of Mcl-1 turnover.  Maintenance of glucose 

metabolism in the absence of extrinsic signals by overexpressing Glut1 and hexokinase 

initiates an anti-apoptotic signaling pathway that inhibits GSK3, resulting in stabilization 

of Mcl-1 protein and increased cell survival (Zhao et al., 2007).  Further, Mcl-1 
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expression is reduced when glucose metabolism is inhibited (Alves et al., 2006; Pradelli 

et al., 2010; Zhao et al., 2008).   

Because of their importance in regulating cell death and propensity to be 

overexpressed in cancer, anti-apoptotic Bcl-2 family members are a promising 

chemotherapeutic target.  Several drugs targeting the anti-apoptotic Bcl-2 family 

members have been developed, including ABT-737 from Abbott Laboratories (Oltersdorf 

et al., 2005).  ABT-737 is a BH3-mimetic that functions by binding to and inhibiting the 

anti-apoptotic function of Bcl-2, Bcl-xL, and Bcl-w, but not Mcl-1 or A1 (Oltersdorf et 

al., 2005).  Despite promising clinical success and ability to cause death of some tumor 

cells, ABT-737 is not able to kill cancer cells that express high levels of Mcl-1 

(Konopleva et al., 2006; van Delft et al., 2006; Yecies et al., 2010), although reduction of 

Mcl-1 expression by RNAi or drug treatment can prevent this resistance (Chen et al., 

2007; Lin et al., 2007).  Importantly, resistance to ABT-737 can arise due to upregulation 

of Mcl-1 and A1 (Yecies et al., 2010), highlighting the importance of Mcl-1 in the action 

of this anti-cancer agent. 

We have previously demonstrated that Akt metabolically influences expression of 

the BH3-only protein Puma to regulate survival of leukemic T cells (Chapter 3).  In 

addition to Puma, we have observed that glucose metabolism also affects Mcl-1 

expression (Figures 3.3 and 3.15) (Zhao et al., 2007; Zhao et al., 2008).  Here, we 

investigated the role of Akt-dependent glucose metabolism in the regulation of Mcl-1.  

We show that inhibition of glucose metabolism leads to a decrease in Mcl-1 protein 

expression.  Further, active Akt prevents the loss of Mcl-1 after growth factor deprivation 
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in a glucose-dependent fashion, and this maintenance of Mcl-1 is required to prevent 

Bim-induced apoptosis.  Akt and glucose metabolism appear to regulate Mcl-1 at the 

level of protein synthesis via the mTOR pathway, with a particular dependence on 

maintaining inhibition of 4EBP.  Finally, we show that targeting glucose metabolism can 

sensitize ABT-737 resistant cancer cells by modifying expression levels of Mcl-1 and 

other Bcl-2 family members.  These results suggest that cancer cell metabolism can 

promote increased Mcl-1 expression, and that therapies directed at glucose metabolism 

may selectively reduce Mcl-1 to sensitize cancer cells to apoptosis.   

 

4.2 Results 

4.2.1 Inhibition of Glucose Metabolism Causes Decreased Mcl-1 
Expression and Cell Death 

Enhanced glucose metabolism can promote Mcl-1 protein stability (Zhao et al., 

2007), and glucose deprivation can lead to decreased Mcl-1 expression (Alves et al., 

2006; Pradelli et al., 2010; Zhao et al., 2008), demonstrating that glucose metabolism is a 

key rheostat controlling Mcl-1 protein levels.  To investigate the metabolic regulation of 

Mcl-1 and if Akt regulated this pathway, we cultured FL5.12 cells either in the absence 

of glucose or in the presence of glucose and 2DG to inhibit glycolysis and monitored cell 

death and Mcl-1 expression.  Complete glucose deprivation caused rapid cell death 

(Figure 4.1A) and decreased Mcl-1 expression (Figure 4.1B) after 12 hours, while as little 

as 0.1 mM glucose protected Mcl-1 at this time point.  However, reduced Mcl-1 and 

significant cell death was observed after 36 hours of culture in 0.1 mM glucose, 
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suggesting that glucose consumption over time and near complete glucose deprivation 

was required to cause Mcl-1 loss and apoptosis.  Similarly, loss of Mcl-1 and cell death 

was most significant with high doses of 2DG (Figures 4.1C and 4.1D).   

 

Figure 4.1  Inhibition of Glucose Metabolism Causes Cell Death and Decreased Mcl-1 Expression 

Control FL5.12 cells were treated as indicated +IL-3 with varying concentrations of glucose (A and B) or 
2DG (C and D) and assayed for cell death by PI exclusion over time (A and C) or harvested for 
immunoblot after 10 hrs (B and D).  Values represent the means +/- standard deviations of triplicate 
samples.  Statistical significance is indicated with an *: p < 0.05. 

 

The loss of Mcl-1 after glucose deprivation was not a result of cell death, as glucose 

deprivation of Bcl-xL expressing FL5.12 cells that resisted cell death (Figure 3.1C) also 

showed a dramatic decrease in Mcl-1 expression following glucose withdrawal (Figure 

4.2A).  Glucose deprivation of both the T-ALL cell line Jurkat (Figure 4.2B) as well as 

stimulated primary murine T cells (Figure 4.2C) also caused decreased Mcl-1 expression, 

demonstrating that glucose-dependent regulation of Mcl-1 is a conserved process.   
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Figure 4.2  Glucose Deprivation Causes Decreased Mcl-1 Expression in Multiple Cell Types 

Bcl-xL expressing FL5.12 cells, Jurkat T cells, and stimulated primary murine T cells were starved of 
glucose and harvested for immunoblot at the indicated times (A) or after 48 (B) or 12 hrs (C).  G = glucose, 
N = no glucose. 

 

4.2.2 Fructose, But Not MePyr, Can Rescue Mcl-1 and ATP After 
Glucose Deprivation 

We have shown that induction of Puma upon glucose deprivation can be rescued 

by the mitochondrial fuel MePyr (Figure 3.8B) (Zhao et al., 2008).  To determine 

whether provision of mitochondrial fuel could similarly rescue Mcl-1 expression, FL5.12 

cells were cultured with glucose, no glucose, the alternative sugar fructose, or MePyr.  In 

contrast to myrAkt expressing cells where MePyr largely suppressed cell death after 

glucose deprivation (Figure 3.8B), MePyr provided only a very slight survival advantage 

in control FL5.12 cells and did not rescue Mcl-1 (Figures 4.3A and 4.3B).  Fructose, 

however, could completely replace glucose for both survival (Figure 4.3A) and Mcl-1 

expression (Figure 4.3B).  Glucose deprivation can lead to loss of ATP that has been 

suggested to play a role in the regulation of Mcl-1 (Pradelli et al., 2010).  Consistent with 

this, glucose deprivation caused a statistically significant decrease in ATP levels that 

could be completely rescued by fructose but not MePyr (Figure 4.3C).   
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Figure 4.3  Fructose But Not MePyr Rescues Survival, Mcl-1, and ATP After Glucose Deprivation 

Control FL5.12 cells were treated +IL-3 in the presence and absence of glucose, fructose, and MePyr and 
(A) assayed for cell death by PI exclusion over time and harvested for immunoblot (B) and ATP (C) after 
10 hrs.  G = glucose, N = no fuel, F = fructose, MP = MePyr.  Values represent the means +/- standard 
deviations of triplicate experiments (A) or triplicate samples (C).  Statistical significance is indicated with 
an *: p < 0.05. 

 

4.2.3 Active Akt Must Maintain Mcl-1 in a Glucose-Dependent 
Fashion to Prevent Cell Death After IL-3 Deprivation 

We and others have shown that IL-3 deprivation of FL5.12 cells causes a dramatic 

reduction in glucose uptake and glycolysis that is prevented by myrAkt expression 

(Figure 3.1B) (Plas et al., 2001).  Further, myrAkt requires maintenance of glucose 

metabolism to regulate expression of Puma and Mcl-1and to prevent cell death (Figures 
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3.1C and 3.3).  To further examine Akt-dependent regulation of Mcl-1, we cultured 

FL5.12 cells expressing Bcl-xL or myrAkt in the presence and absence of IL-3 and/or 

glucose and observed Mcl-1 and Bim expression levels.  IL-3 deprivation caused 

decreased Mcl-1 expression that myrAkt could prevent in a glucose dependent fashion 

(Figures 4.4A and 3.3).  Unlike Puma, myrAkt did not inhibit Bim induction after IL-3 

withdrawal, as Bim induction occurred in IL-3 or glucose withdrawal regardless of 

myrAkt expression (Figure 4.4A and 3.3). 

 

Figure 4.4 myrAkt and Glucose-Dependent Maintenance of Mcl-1 After IL-3 Withdrawal is Essential 
for Survival 

(A) Bcl-xL and myrAkt expressing FL5.12 cells were treated as indicated and harvested for immunoblot 
after 10 hrs.  (B and C) myrAkt cells were transfected with control and Mcl-1 shRNAis and treated –IL3 
and assayed for (B) cell death by PI exclusion over time or (C) harvested for immunoblot after 10 hrs.  C = 
control, M = Mcl-1.  Values represent the means of duplicate experiments.  Statistical significance is 
indicated with an *: p < 0.05. 
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Importantly, inhibition of Mcl-1 loss after cytokine withdrawal was essential for Akt-

mediated survival, as reduction of Mcl-1 expression by shRNAi significantly reduced 

survival after IL-3 withdrawal (Figures 4.4B and 4.4C).  This data suggests that Akt-

dependent glucose metabolism is necessary to prevent cell death by both inhibiting Puma 

induction (Chapter 3) and by preventing the loss of Mcl-1.  

 

4.2.4 Maintenance of Mcl-1 is Required to Inhibit Bim-Induced 
Apoptosis After IL-3 withdrawal 

Expression of active Akt is sufficient to prevent the induction of Puma after IL-3 

withdrawal, but does not significantly inhibit Bim expression (Figures 3.3 and 4.4A).  

Akt may inhibit Bim-induced death by direct or indirect phosphorylation and inhibition 

of Bim (Qi et al., 2006), or through maintenance of Mcl-1 that can bind and prevent 

Bim’s apoptotic function.  Indeed, shRNAi knock-down of Bim partially reversed the cell 

death observed after IL-3 withdrawal and Mcl-1 knock-down in myrAkt expressing 

FL5.12 cells (Figures 4.5A and 4.5B).  myrAkt expression also provides moderate 

protection relative to control cells from transient Bim expression (Figure 3.5), but did not 

do so when Mcl-1 expression was reduced (Figures 4.5C and 4.5D).  Finally, co-

immunoprecipitation with an anti-Mcl-1 antibody revealed increased Bim binding to 

Mcl-1 after IL-3 withdrawal, strongly suggesting that Akt and glucose-dependent 

maintenance of Mcl-1 is necessary to inhibit Bim-induced apoptosis (Figure 4.5E).  Puma 

binding to Mcl-1 was also detectable, although at much lower levels. Therefore, myrAkt 
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can prevent Puma and Bim induced death after IL-3 withdrawal by suppressing Puma 

expression and Bim function.   

 

Figure 4.5  Maintenance of Mcl-1 is Required to Inhibit Bim-Induced Apoptosis 

(A and B) myrAkt cells were transfected with control, Mcl-1, and/or Bim shRNAis and treated –IL-3 and 
(A) assayed for cell death by PI exclusion over time or (B) harvested for immunoblot after 10 hrs.  C = 
control, M = Mcl-1, B = Bim.  (C and D) Control, myrAkt, and Bcl-xL cells were transfected with control 
or Bim expression plasmids with or without Mcl-1 shRNAi and (C) harvested for immunoblot and (D) 
assayed for cell death by PI exclusion after 24 hrs.  C = control, B = Bim, shM = Mcl-1 shRNAi.  (E) Mcl-
1 was immunoprecipitated from control and myrAkt cell lysates treated in the presence and absence of IL-3 
for 10 hrs, and Bim, Puma, and Mcl-1 expression was analyzed by immunoblot.  Values represent the 
means +/- standard deviations of triplicate samples.  
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4.2.5 Maintenance of Glucose Metabolism by Akt Inhibits Decreased 
Mcl-1 Protein Synthesis After Cytokine Withdrawal 

The most frequently observed Mcl-1 regulatory step is at the level of protein 

stability, including glucose metabolism-dependent inhibition of Mcl-1 degradation upon 

cytokine withdrawal (Zhao et al., 2007).  To determine whether Akt-dependent glucose 

metabolism prevented Mcl-1 degradation, we cultured myrAkt expressing FL5.12 cells in 

the absence of IL-3 and the presence and absence of glucose followed by treatment with 

CHX to inhibit new protein synthesis. 

 

Figure 4.6  Glucose Deprivation Does Not Alter Mcl-1 Degradation or mRNA Expression 

(A) myrAkt cells were treated –IL-3 in the presence or absence of glucose for 10 hrs, after which 25 µg/ml 
CHX was added and cells were harvested at the indicated times for immunoblot.  (B) myrAkt cells were 
treated as indicated for 8 hrs and cells were harvested for RNA and Mcl-1 mRNA was analyzed by qRT- 
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(Figure 4.6 Continued) PCR.  Values represent the means +/- standard deviations of triplicate 
experiments.  Statistical significance is indicated by an *: p < 0.05. 

 

Surprisingly, while Mcl-1 turnover was rapid, glucose deprivation did not dramatically 

decrease Mcl-1 half-life (Figure 4.6A).  Mcl-1 mRNA can also be unstable (Yang et al., 

1996) and Mcl-1 transcription is highly regulated, but real-time PCR did not reveal 

significant changes in Mcl-1 mRNA levels upon glucose deprivation (Figure 4.6B).   

Akt can control protein synthesis through the indirect activation of mTOR, and 

interruption of this pathway might be responsible for the inhibition of Mcl-1 synthesis.  

Further, glucose deprivation has been suggested to inhibit of Mcl-1 protein synthesis 

rates by AMPK activation and inhibition of mTOR (Pradelli et al., 2010).  To directly 

measure the rate of Mcl-1 protein synthesis in control and myrAkt expressing FL5.12 

cells, we treated cells in the presence and absence of IL-3 and 2DG to inhibit glucose 

metabolism and conducted a 35S-cysteine and methionine pulse experiment.  In a 

preliminary experiment, labeling cells over a 0, 30, and 60 minute time course, we 

observed that IL-3 deprivation led to a decrease in Mcl-1 synthesis in control cells that 

was inhibited by myrAkt expression (Figures 4.7A and 4.7B).  Inhibition of glycolysis in 

control cells +IL-3 by treatment with 2DG decreased the rate of Mcl-1 synthesis.  

Importantly, the ability of myrAkt to prevent the decrease in Mcl-1 synthesis was 

dependent on glucose metabolism, as treatment of myrAkt cells with 2DG decreased 

Mcl-1 synthesis.  Normalization of Mcl-1 synthesis to the +IL3 condition in either cell 

type (Figure 4.7C) clearly revealed that myrAkt could maintain Mcl-1 synthesis in the 

absence of IL-3 in a glucose-dependent fashion.   
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Figure 4.7  Inhibition of Glucose Metabolism Inhibits Mcl-1 Protein Synthesis 

(A) Control and myrAkt cells were treated as indicated for 8 hrs, washed, and placed in cysteine and 
methionine free media for 30 mins after which 35S labeled cysteine and methionine was added for the 
indicated times.  Cells were harvested and Mcl-1 was immunoprecipitated and analyzed by SDS-PAGE for 
35S incorporation.  Quantitation of Mcl-1 synthesis over time normalized to 0 min (B) and Mcl-1 synthesis 
rates normalized to +IL-3 (C) are represented.  N = 1. 

 

4.2.6 Mcl-1 Synthesis is Controlled by the mTOR/4EBP Pathway 

Akt promotes protein synthesis through the activation of mTOR (Ruggero and 

Sonenberg, 2005).  mTOR, in turn, promotes protein synthesis by activating ribosomal 

protein S6 via S6 kinase and through inhibition of 4EBP.  To investigate whether glucose 

deprivation inhibits Mcl-1 synthesis by disrupting mTOR-dependent control of protein 

synthesis, we first examined the phosphorylation status of S6 in control and myrAkt 
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expressing FL5.12 cells.  In control FL5.12 cells, glucose deprivation caused a distinct 

decrease in S6 phosphorylation (Figure 4.8A) that fructose, but not MePyr, could 

rescue—consistent with the metabolic regulation of Mcl-1.  To further investigate the 

role of S6, we treated glucose deprived FL5.12 cells with the protein phosphatase 1 

(PP1)/protein phosphatase 2a (PP2a) inhibitor okadaic acid (OA).  Both PP2a and PP1 

have been implicated in regulation of the S6K/S6 pathway (Belandia et al., 1994; 

Westphal et al., 1999).  OA treatment at doses that inhibit PP2a (0.1 µM) or both PP2a 

and PP1 (1 µM) was able to prevent the loss of P-S6 upon glucose deprivation (Figure 

4.8B).  Surprisingly, however, OA did not rescue Mcl-1, and instead caused a further 

decrease in Mcl-1 expression.  Additionally, use of the mTOR inhibitor rapamycin 

caused a near complete loss of P-S6 even in the presence of glucose, but did not reduce 

Mcl-1 expression (Figure 4.8B).  Importantly, expression of myrAkt was not able to 

prevent the loss of P-S6 after IL-3 deprivation, despite maintaining Mcl-1 expression 

(Figure 4.8C).  Further, co-expression of myrAkt and a constitutively activated form of 

S6K (p70 S6K E389) was able to largely maintain S6 phosphorylation after glucose 

deprivation, but did not rescue Mcl-1 (Figure 4.8C).  These data suggest that Akt and 

mTOR-dependent regulation of S6 phosphorylation was not essential for regulating Mcl-

1 synthesis and expression.   
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Figure 4.8  S6 Phosphorylation is Not Essential for Mcl-1 Synthesis 

(A) Control FL5.12 cells were treated +IL-3 with the indicated fuels for 10 hrs and harvested for 
immunoblot (Mcl-1 and Actin data is also presented in Figure 4.3B).  (B) Control cells were treated as 
indicated in the presence and absence of glucose and okadaic acid (0.1 or 1.0 µM) or rapamycin (25 or 100 
nM) for 10 hrs and harvested for immunoblot.  (C) myrAkt and myrAkt + active S6K expressing cells were 
treated as indicated and harvested for immunoblot after 10 hrs.  G = glucose, N = no fuel, F = fructose, MP 
= MePyr, OA = okadaic acid, Rap = rapamycin. 

 

Recent data has suggested that mTOR-dependent inhibition of 4EBP is more important 

for protein synthesis than the S6K/S6 pathway (Hsieh et al., 2010).  Indeed, IL-3 

deprivation of control FL5.12 cells caused a decrease in P-4EBP that myrAkt expression 

prevented (Figure 4.9A).  Further, glucose deprivation of myrAkt cells inhibited Akt’s 

ability to prevent loss of P-4EBP, correlating directly with Mcl-1 expression levels.  

Recent studies have demonstrated that while rapamycin efficiently inhibits mTOR 

dependent activation of S6K, it does not completely block 4EBP phosphorylation (Choo 

et al., 2008).  Therefore, we utilized an active site kinase inhibitor of mTOR, PP242, that 
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efficiently inhibits both S6 and 4EBP phosphorylation (Janes et al., 2010).  In both 

control and myrAkt expressing FL5.12 cells, PP242 treatment readily inhibited both S6 

and 4EBP phosphorylation, but unlike rapamycin (Figure 4.8B), PP242 led to decreased 

levels of Mcl-1 (Figure 4.9B). 

 

Figure 4.9  4EBP is Essential for Mcl-1 Synthesis Downstream of Akt 

(A, B, and D) Control and myrAkt cells were treated in the presence and absence of IL-3 and glucose with 
or without PP242 (1 µM) or rapamycin (25 nM) as indicated and harvested for immunoblot after 10 hrs.  
(C) myrAkt cells were treated –IL-3 with or without PP242 and analyzed for cell death by PI exclusion 
over time.  Values represent the means +/- standard deviations of triplicate samples.   
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In addition, PP242 efficiently inhibited myrAkt-mediated survival in the absence of IL-3 

(Figure 4.9C), demonstrating that Akt and mTOR-dependent regulation of 4EBP, but not 

S6, was important for the regulation of Mcl-1 expression and cell survival. Importantly, 

treatment of both control cells in the presence of IL-3 and myrAkt expressing cells in the 

absence of IL-3 with PP242 caused a more significant decrease in P-4EBP than 

rapamycin, while both drugs equivalently reduced P-S6 (Figure 4.9D).  Unlike glucose 

deprivation (Figure 3.3), PP242 and (to a lesser degree) rapamycin treatment caused a 

decrease in both phospho- and total Akt expression (Figure 4.9D).  

 

4.2.7 Inhibition of Glycolysis Synergizes With ABT-737 to Kill ABT-
737 Resistant DLBL Cells 

As previously discussed, the Bcl-2, Bcl-xL, and Bcl-w inhibitor ABT-737 has 

shown promise in killing cancer cells, but overexpression of Mcl-1 can cause resistance 

(Yecies et al., 2010).  Therefore, we reasoned that inhibition of glycolysis to reduce Mcl-

1 might restore sensitivity to ABT-737.  To directly address this question, we acquired 

three ABT-737 resistant variants of the diffuse large B cell lymphoma (DLBL) cell lines 

Ly.1 and DHL4 (A kind gift from Dr. Anthony Letai, Dana Farber).  Using increasing 

doses of ABT-737, we verified that these cell lines are indeed more resistant to ABT-737 

treatment than the parental strains (Figure 4.10A and 4.10B) (Yecies et al., 2010).   
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Figure 4.10  ABT-737 Resistant DLBL Cell Lines 

DHL4 Par, DHL4 R2 (A) and Ly.1 Par, Ly.1 R7, and Ly.1 R10 (B) cells were treated with increasing doses 
of ABT-737 and assayed for cell death by PI exclusion after 24 hrs.  Values represent means +/- standard 
deviations of triplicate samples.   

 

In both Ly.1 R7 and Ly.1 R10 cells, neither 2DG nor ABT-737 had significant effects on 

cell survival alone, but combined treatment led to rapid and near complete cell death 

(Figures 4.11A and 4.11B).  Similarly, 2DG or ABT-737 treatment alone did not kill 

DHL4 R2 cells, but a combination of the two treatments did cause significant cell death, 

albeit to not as great a degree as the Ly.1 lines (Figure 4.11C).  That 2DG and ABT-737 

treatment does not as effectively kill DHL4 R2 cells might be explained by the 

observation that, unlike the Ly.1 derivatives, this line also expressed the anti-apoptotic 

Bcl-2 family member A1 (Figure 4.11D), which can also contribute to ABT-737 

resistance (Yecies et al., 2010).  Protection of these cells suggests that the synergy of 

2DG and ABT-737 occurred through specific suppression of Mcl-1. 
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Figure 4.11  Inhibition of Glycolysis Reverses Mcl-1-Mediated ABT-737 Resistance 

Ly.1 R7 (A), Ly.1 R10 (B) and DHL4 R2 (C) cells were treated with 2DG (5 mM for Ly.1 R7 and R10, 1 
mM for DHL4 R2), ABT-737 (0.1 mM for Ly.1 R7 and R10, 1 mM for DHL4 R2), or both drugs and 
assayed for cell death by PI exclusion over time.  (D) Lysates from the indicated cells were harvested for 
immunoblot.  Values represent the means +/- standard deviations of at least duplicate experiments.  
Statistical significance is indicated with an *: p < 0.05.   

 

If inhibition of mTOR dependent protein synthesis of Mcl-1 is indeed the 

mechanism responsible for reduced Mcl-1 after glycolysis inhibition, then treatment with 

mTOR inhibitors should also restore sensitivity to ABT-737.  Further, treatment with 

PP242, due to its enhanced ability to inhibit 4EBP phosphorylation, should reverse ABT-

737 resistance more efficiently than rapamycin.  While neither PP242 nor rapamycin 

treatment alone caused significant death of Ly.1 R7 or Ly.1 R10 cells, combined 

treatment with ABT-737 caused significant cell death (Figure 4.12A and 4.12B).  
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Importantly, PP242 was more efficient than rapamycin in inhibiting ABT-737 resistance 

in these two lines.  Possibly due to the specific effects on Mcl-1 and not A1, inhibition of 

mTOR did not synergize with ABT-737 to kill DHL4 R2 cells (Figure 4.12C).   

 

Figure 4.12  mTOR Inhibitors Reverse Mcl-1-Mediated ABT-737 Resistance 

Ly.1 R7 (A), Ly.1 R10 (B), and DHL4 R2 (C) cells were treated with PP242 (1 µM), rapamycin (25 nM), 
ABT-737 (0.1 mM for Ly.1 R7 and R10, 1 mM for DHL4 R2), or the indicated combinations and assayed 
for cell death by PI exclusion over time.  Values represent the means +/- standard deviations of duplicate 
experiments.   

 

4.3 Discussion 

The highly glycolytic metabolic phenotype of cancer cells was first observed by 

Otto Warburg nearly a century ago (Warburg, 1956).  While this unique form of 
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metabolism has been useful to image tumors in the clinic, this distinct difference between 

normal and cancer cells has not been exploited therapeutically.  Further, the potential 

pathological role, if any, of this form of metabolism has not been sufficiently 

investigated.  The reemergence of cancer cell metabolism research has sparked a renewed 

interested in taking advantage of this form of metabolism to kill cancer cells, and 

researchers are beginning to appreciate both the proliferative and anti-apoptotic effects 

that aerobic glycolysis provides.  It is critical, however, to understand how inhibition of 

this metabolic program may most efficiently lead to cell death to allow rationale design 

of therapies that exploit cancer metabolism. 

Here we demonstrate that inhibition of glucose metabolism leads to a decrease in 

Mcl-1 expression that can promote or sensitize cancer cells to apoptotic cell death.  We 

have also demonstrated that Akt requires its ability to promote glucose metabolism in 

order to maintain Mcl-1 synthesis and survival in the absence of growth factors.  These 

observations further our understanding of the metabolic control of cell death, and directly 

connect cellular metabolism, protein synthesis, and the apoptotic pathways.  Further, this 

study enhances our mechanistic understanding of how Akt promotes survival, 

highlighting the metabolic dependence of Akt’s control of protein synthesis as yet 

another pro-survival aspect downstream of growth factor signals.   

Mcl-1 is a highly regulated protein that is important for rapid responses to cell 

stress to induce apoptosis.  This feature of Mcl-1 distinguishes it from the more stable 

Bcl-2 and Bcl-xL, whose expression patterns appear more stable in short-term responses.  

In fact, the rapid regulation of Mcl-1 is more closely reminiscent of BH3-only proteins, 
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which are traditionally thought of as the first responders of cell stress.  While many 

studies have focused on the regulation of Mcl-1 protein stability (Maurer et al., 2006; 

Stewart et al., 2010; Zhao et al., 2007; Zhong et al., 2005), here we show that Mcl-1 

synthesis is also regulated in response to metabolic stress.  Decreased rates of Mcl-1 

synthesis, coupled with its rapid turnover even under normal conditions can lead to 

dramatic changes in Mcl-1 expression levels that can have profound effects on cell fate.  

This study has also confirmed the importance of the mTOR/4EBP pathway in 

regulating protein synthesis.  However, the mechanism by which inhibition of glucose 

metabolism inhibits mTOR dependent phosphorylation of 4EBP remains unclear.  

Previous reports have suggested that inhibition of glycolysis causes decreased ATP levels 

and activation of AMPK (Pradelli et al., 2010).  Active AMPK can then phosphorylate 

and activate TSC2, leading to inhibition of mTOR activity (Bolster et al., 2002; Inoki et 

al., 2003; Shaw et al., 2004).  Indeed, our studies of ATP levels in response to glucose 

deprivation correlate with Mcl-1 expression, suggesting that AMPK may be involved in 

the metabolic regulation of mTOR.  Complete inactivation of mTOR, however, would 

cause decreased Akt phosphorylation, as mTORc2 is the Akt serine 473 kinase.  We have 

demonstrated that glucose deprivation of myrAkt expressing FL5.12 cells does not cause 

a reduction in Akt serine 473 phosphorylation (Figure 3.3).  In contrast, both rapamycin 

and PP242 led to decreased phospho-Akt.  These observations suggest that a glucose 

deprivation causes inhibition of mTOR in a manner different than both rapamycin and 

PP242.  Rather than decreasing overall mTOR kinase activity, perhaps glucose 

deprivation alters mTOR binding partners such that mTORc1 can no longer bind to and 
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phosphorylate 4EBP but can maintain Akt phosphorylation through mTORc2.  Indeed, a 

more detailed understanding of how glucose deprivation can affect mTOR activity in the 

context of cancer cells will be essential in understanding how metabolism-targeted 

therapies might cause effects on cell death as well as the numerous other important 

functions of mTOR.   

Upon cytokine deprivation, both Puma and Bim are induced and Mcl-1 is 

decreased.  While myrAkt expression can prevent the induction of Puma in a glucose 

dependent manner, it does not inhibit increased Bim expression, making inhibition of 

Bim a necessity that may be fulfilled by maintaining Mcl-1.  Akt has been shown to 

control Mcl-1 turnover through inhibitory phosphorylation of GSK3, but we highlight an 

additional mechanism of Mcl-1 control by Akt.  In addition to the likely stabilization of 

Mcl-1 by Akt-mediated phosphorylation of GSK3 (Cross et al., 1995; Maurer et al., 

2006), Akt must maintain glucose uptake to promote Mcl-1 synthesis to prevent Bim-

induced death.  By maintaining Mcl-1 synthesis, the increased Mcl-1 expression is able to 

bind to and inhibit Bim activity.  This, in addition to other potential mechanisms of Bim 

inhibition including phosphorylation of Bim by Akt (Qi et al., 2006), would allow 

survival despite Bim expression.  This novel mechanism by which Akt prevents cell 

death adds to our understanding of how activation of the PI3K/Akt pathway can promote 

cell survival downstream of growth factors or in cancer cells.  

Expression of oncogenic Akt in a mouse model of lymphoma leads to an increase 

in global protein synthesis that inhibition of mTOR/4EBP, but not mTOR/S6K/S6 can 

inhibit (Hsieh et al., 2010).  This suggests that the Akt/mTOR/4EBP pathway is essential 
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for global protein synthesis and that disruption of this pathway leads to decreased Mcl-1 

due to its rapid turnover.  Whether inhibition of glucose metabolism leads to an overall 

block in protein synthesis or a specific reduction in Mcl-1 translation remains uncertain.  

It is clear that not all protein synthesis halts in the absence of glucose, as both Puma and 

Bim are synthesized in response to glucose deprivation (Chapter 3).  Glucose deprivation 

has been shown to suppress cap-dependent protein synthesis (Pradelli et al., 2010), 

perhaps adding a level of specificity to the metabolic control of protein synthesis.  

Importantly, however, selective inhibition of the translation of cell proliferation mRNAs 

downstream of the mTOR/4EBP pathway has been observed (Dowling et al., 2010), 

demonstrating that specific control of mRNA translation is possible.   

The unique metabolic program of cancer cells makes metabolism-targeted 

therapies a promising pharmacological target.  This makes an understanding of cell death 

pathways in response to metabolic inhibition a priority.  It is becoming clear that the Bcl-

2 family members Puma, Bim, and Mcl-1 are sensitive to changes in glucose metabolism.  

By targeting the unique metabolism of cancer cells, we were able to reverse Mcl-1-

mediated resistance to the Bcl-2 inhibitor ABT-737, suggesting that inhibition of glucose 

metabolism might be a useful as a co-treatment with other chemotherapeutics.  Further, 

our studies have confirmed that the mTOR/4EBP pathway is a critical regulator of Mcl-1 

protein synthesis (Hsieh et al., 2010), and inhibition of this pathway may account of the 

increased efficacy of mTOR kinase site inhibitors over rapamycin (Janes et al., 2010).  

Together, these studies have demonstrated that metabolic control of Mcl-1 is essential for 
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growth factor independent survival, and that metabolism-targeted therapies may provide 

useful options for novel cancer treatments.   
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5 Fructose Metabolism in Normal and Leukemic T Cells 
 

5.1 Introduction 

Ever since Otto Warburg first observed that cancer cells utilize more glucose than 

non-transformed cells (Warburg, 1956), cancer cell metabolism research has focused 

primarily on this sugar.  18FDG-PET, which takes advantage of the increased glucose 

uptake in cancer cells, has provided clinical utility to locate, stage, and monitor the 

reoccurrence of tumors in patients.  In recent years, improvements in mass spectrometry 

and nuclear magnetic resonance technology has allowed researchers to better understand 

how glucose is utilized by cancer cells, and to what extent they use glucose differently 

than normal cells.  This research has provided great insight into the metabolic 

requirements of cell proliferation (Deberardinis et al., 2008; Vander Heiden et al., 

2009a), and has identified several new potential metabolic targets for cancer therapy 

(Vander Heiden et al., 2010).  Recent work has also demonstrated the importance of 

glucose metabolism in regulating cell survival, with observations that Warburg-like 

metabolism can provide cells with protection from apoptotic cell death (Rathmell et al., 

2003; Zhao et al., 2007; Zhao et al., 2008).  Despite the importance of glucose in most 

cancers, approximately 30% of tumors are not 18FDG-PET positive (Fletcher et al., 

2008).  Whether these 18FDG-PET negative tumors are not metabolically active, or 

whether they utilize fuels other than glucose remains uncertain.   



 

 123 

The Glut family of glucose transporters consists of fourteen structurally and 

functionally related proteins (Manolescu et al., 2007).  The name Glut, however, is 

somewhat of a misnomer, as most Gluts are capable of transporting other 

monosaccharides such as galactose and fructose in addition to glucose. For example, 

Gluts 1, 2, and 3 can transport galactose and glucose; and Gluts 2, 7, and 9 can transport 

both glucose and fructose.  Others Glut family members, such as Glut5, which is a 

fructose-only transporter, do not transport glucose efficiently but are capable of 

transporting other sugars.  Early studies characterizing Glut family members utilized the 

non-hydrolysable glucose analog 2-deoxyglucose (2DG) that can be transported into the 

cell and phosphorylated but not further metabolized.  Use of this non-hydrolysable 

glucose analog permitted quantitation of glucose uptake without the variable of glucose 

catabolism.  While useful in characterizing Glut function, 2DG cannot be transported by 

all Gluts and led to the erroneous labeling of some Gluts as non-functional (Manolescu et 

al., 2007).   

Several Glut family members can be overexpressed in cancer cells, which could 

directly lead to increased glucose uptake and the Warburg effect.  Foremost among these 

is Glut1, which has been observed as overexpressed in a wide variety of cancers 

including colon and breast malignancies (Brown and Wahl, 1993; Godoy et al., 2006; 

Younes et al., 1996).  Glut1, however, is not the only deregulated Glut in cancer, as 

several studies have identified both Glut2 and Glut5 to also be overexpressed in cancer 

cells (Godoy et al., 2006).  In fact, Glut5 expression is undetectable in normal breast 

tissue but is dramatically increased in both breast cancer cell lines as well as tumor tissue 



 

 124 

samples (Godoy et al., 2006; Zamora-Leon et al., 1996).  Both Glut2 and Glut5 are 

capable of transporting fructose, suggesting that increased fructose metabolism might 

play an important role in cancer cells. 

An understanding of fructose metabolism in cancer might improve PET-based 

imaging of tumors.  PET utilizes 18FDG, which can be taken up by cancer cells but not 

further metabolized, leading to significant 18FDG buildup within cells that can be easily 

detected by PET.  This assay assumes, however, that all cancers are able to efficiently 

take up 18FDG.  Importantly, 18FDG is an analog of 2DG and as such cannot be 

transported by the class II Gluts (Gluts 5, 7, 9, and 11) (Trayner et al., 2009).  As 

discussed, Glut5 (a class II Glut) is commonly overexpressed in breast cancer (Godoy et 

al., 2006; Zamora-Leon et al., 1996), but its fructose transporting ability would not be 

detected by 18FDG.  While over 70% of cancers can efficiently take up 18FDG, (Fletcher 

et al., 2008), it may be that the remaining 30% still utilize excess glucose but they cannot 

efficiently transport 18FDG.  It is also possible that some 18FDG-PET negative tumors do 

not utilize large amounts of glucose, but rather utilize fructose at high rates.  Because of 

this possible problem, researchers have recently developed radiolabeled fructose tracers 

that may be useful for PET imaging of 18FDG-PET negative cancers (Trayner et al., 

2009).   

Upon T cell stimulation, glucose uptake and glycolysis are dramatically increased 

and are essential for proper lymphocyte activation and function (Frauwirth et al., 2002; 

Jacobs et al., 2008).  Whether or not lymphocytes can utilize other sugars such as 

fructose, however, has not been investigated.  Our previous data has suggested that 
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fructose can replace glucose in certain circumstances in the metabolic regulation of cell 

survival in lymphocytes (Figures 3.11, 3.16, and 4.3).  Here we conducted a series of 

preliminary experiments in an attempt to better understand the potential role of fructose 

metabolism in lymphocytes.  We determined that both normal and leukemic T cells are 

capable of survival and proliferation in fructose alone, suggesting that fructose 

metabolism may play an important role in both normal an pathogenic immune cell 

function.  

 

5.2 Results 

5.2.1 Stimulated but Not Naïve T Lymphocytes Can Utilize Fructose 
to Prevent Cell Death After Glucose Deprivation 

We have previously observed that stimulated T cells are capable of utilizing 

fructose as a fuel to protect against the induction of Puma and the loss of Mcl-1 (Figure 

3.16).  To further investigate the use of fructose in T lymphocytes, both naïve and 

activated T lymphocytes were cultured in media containing the necessary survival signals 

(IL-7 for naïve cells, IL-2 for stimulated cells) and either glucose, fructose, or neither 

sugar (Figures 5.1A and 5.1B).  Naïve T cells rapidly underwent apoptosis in the absence 

of glucose beginning within six hours of glucose deprivation (Figure 5.1A).  Addition of 

fructose in place of glucose provided only a very mild survival advantage for naïve cells.  

Stimulated T cells also required sugar but survived identically in either glucose or 

fructose (Figure 5.1B), suggesting that T cells acquire the ability to utilize fructose as a 

metabolic fuel during the process of T cell stimulation. 
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Figure 5.1  Stimulated But Not Naive T Cells Can Utilize Fructose to Prevent Cell Death 

Naïve (A) and stimulated (B) T cells were cultured in the presence or absence of glucose or fructose and 
cell death was assayed by PI exclusion over time.  Values represent means +/- standard deviations of 
triplicate samples. 

 

5.2.2 T Cells Express the Necessary Machinery to Metabolize 
Fructose  

Fructose metabolism is unique among sugars.  Upon transport into the cell, 

fructose is phosphorylated by ketohexokinase (KHK) to give rise to fructose-1-phosphate 

(F1P) (Figure 5.2).  Fructose is then split by aldolase into glyceraldehyde and 
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dihydroxyacetone phosphate (DHAP).  DHAP can then enter the glycolytic pathway 

immediately, but glyceraldehyde must first be phosphorylated by trioskinase to generate 

glyceraldehyde-3-phosphate.  Fructose can also be phosphorylated by hexokinase to 

generate fructose-6-phosphate, but this reaction is much less efficient than KHK 

mediated fructose phosphorylation (Mayes, 1993). 

 

Figure 5.2  Pathway of Ketohexokinase-Mediated Fructose Metabolism 

 

To our knowledge, fructose metabolism in lymphocytes has never been evaluated, 

and it is unknown whether or not lymphocytes express the necessary molecular 

machinery to carryout fructose metabolism.  To determine whether T cells contain KHK, 

we utilized RT-PCR to determine KHK mRNA levels.  Indeed, both naïve and stimulated 

T cells displayed expression of KHK mRNA (Figure 5.3A).  KHK levels did not appear 
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to dramatically change upon T cell stimulation or after culture in the presence or absence 

of the cytokine IL-2, which controls glucose uptake (Figure 3.14).  In addition to KHK, 

only a subset of Gluts are capable of transporting fructose.  To determine the Glut 

expression profile of naïve versus stimulated T cells and establish if fructose transporters 

were expressed in T cells, we utilized qRT-PCR and primers specific for eleven of the 

fourteen Gluts.  Significant mRNA expression of Gluts 1, 3, 6, and 9 were observed, 

while Gluts 2, 4, 5, 7, 8, 10, and 12 were not detected (Figure 5.3B).  Importantly, 

expression of Gluts 1, 3, and 6 were increased to varying degrees upon T cell stimulation, 

while Glut9 expression remained constant.   

 

Figure 5.3  T Cells Express the Molecular Machinery Needed to Utilize Fructose 

Murine T cells were harvested for RNA when naïve, after stimulation, and after 12 hours of culture in the 
presence and absence of IL-2 and RT-PCR (A) and qRT-PCR (B) were conducted to determine KHK and 
Glut mRNA expression.  For (B) the fold change between naïve and stimulated T cells is displayed.  Values 
represent the means of duplicate experiments. 
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5.2.3 T-ALL Cells Can Utilize Fructose for Survival and Proliferation 

T-ALL cells, like many cancers, utilize glucose at high rates (Barata et al., 2004).  

We sought to determine whether, like activated T cells, T-ALL cells had the ability to use 

fructose.  Two T-ALL cell lines, Jurkat and Molt4, were cultured in the presence or 

absence of glucose or fructose and assayed for cell death (Figures 5.4A and 5.4B) and 

cell accumulation (Figures 5.5A and 5.5B). 

 

Figure 5.4  Fructose Can Rescue Jurkat and Molt4 Cells After Glucose Deprivation 

Jurkat (A) and Molt4 (B) T-ALL cells were cultured in the presence and absence of glucose or fructose and 
assayed for cell death by PI exclusion over time.  Values represent the means +/- standard deviations of 
triplicate samples. 
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Surprisingly, not only could these T-ALL cell lines survive in fructose-only media, they 

were able to proliferate in fructose and the complete absence of glucose, albeit not at the 

same rate as in glucose.  Thus, fructose metabolism may provide an alternate fuel to 

support both activated T cells and T cell leukemias. 

 

Figure 5.5  Jurkat and Molt4 Cells Can Proliferate in Fructose 

Jurkat (A) and Molt4 (B) cells were cultured in the presence and absence of glucose or fructose and cell 
accumulation was counted over time.  Values represent the means of triplicate samples. 
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5.3 Discussion 

The role of glucose in cancer cell metabolism has been the subject of intense 

research in the last decade.  Researchers have identified several regulatory mechanisms 

that control the highly glycolytic cancer metabolic phenotype, as well as important roles 

for glucose metabolism in regulating both cell proliferation and survival.  While the 

importance of glucose is unquestionable, cancer cells exist within the body where they 

have access to a diverse array of nutrients supplied by the bloodstream.  Here we 

demonstrate that both stimulated and leukemic T cells are capable of utilizing the 

alternative sugar fructose for both survival and proliferation.  While the role of fructose 

in cancer is unclear, fructose metabolism could have a litany of effects on both normal 

and cancer cell function that are worthy of further investigation. 

Interestingly, both activated T lymphocytes and T-ALL cell lines were capable of 

survival in the complete absence of glucose but abundant fructose.  Both of these cell 

types are known to be very highly glycolytic and have Warburg-like metabolism.  This is 

in contrast to naïve T lymphocytes, which utilize much less glucose than activated cells 

and could not survive in fructose alone.  This suggests that the ability to metabolize 

fructose is gained during T cell stimulation and possibly during oncogenic 

transformation.  This data fits with the observation that cancerous but not normal breast 

epithelial cells express the fructose transporter Glut5 (Zamora-Leon et al., 1996).  In 

lymphocytes, however, Glut5 was not detectable, suggesting that another Glut must be 

responsible for fructose uptake in this tissue.  This metabolic pattern suggests that control 

of fructose uptake and metabolism might be similar to that of glucose metabolism.  While 
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several oncogenes can promote Warburg-like metabolism (Ciofani and Zuniga-Pflucker, 

2005; Elstrom et al., 2004), their role in promoting fructose metabolism remains 

uncertain.   

As previously discussed, fructose is metabolized differently than glucose.  This 

unique form of metabolism might allow cancer cells to bypass normal metabolic 

checkpoints and may permit unrestrained metabolism in cancer cells.  A key regulatory 

point in the glycolytic pathway is feedback inhibition of PFK1.  PFK1 is inhibited 

allosterically both by ATP and citrate, allowing slowing of glycolysis when cells are 

bioenergetically satisfied.  Importantly, fructose, which is phosphorylated by KHK at the 

one-position, enters the glycolytic pathway downstream of PFK1, and therefore is not 

subject to this feedback inhibition mechanism.  This might allow introduction of fructose-

derived carbon into the pool of macromolecular precursors without the restraints to which 

glucose is subject.  Further, a recent study demonstrated that pancreatic cancer cells 

utilize fructose dramatically different than glucose (Liu et al., 2010).  This study showed 

that relative to glucose, fructose was not efficiently converted into lactate or lipids, nor 

was it oxidized to CO2 in the mitochondria.  Rather, fructose was preferentially converted 

into ribose sugars and nucleotides through the non-oxidative branch of the PPP.  This 

unique metabolism was accompanied by fructose-induced expression of transketolase, an 

essential enzyme in the non-oxidative PPP.  While the significance of this metabolic 

program is not clear, it suggests that cancer cells may preferentially utilize fructose to 

synthesize the nucleotides that are required for genome replication and cell division.    
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Studies on the regulation of cellular metabolism have demonstrated that normal 

cells require extrinsic factors to maintain normal metabolism (Rathmell et al., 2000; 

Vander Heiden et al., 2001).  Important in the growth factor dependent regulation of 

metabolism is regulation of nutrient transporter expression and sub-cellular localization.  

Glucose and amino acid transporters are controlled by extrinsic factors, as are several 

other essential nutrient transporters such as cholesterol and iron transporters (Edinger, 

2007).  The PI3K/Akt pathway is essential downstream of many growth factor signals, 

and is mutated in a wide variety of cancers (Yuan and Cantley, 2008).  The PI3K/Akt 

pathway promotes the expression and/or activity of essential nutrient transporters 

including amino acid, cholesterol, and iron transporters (Edinger and Thompson, 2002).  

However, Akt is best characterized for its ability to regulate expression and trafficking of 

glucose transporters.  Akt is important in the trafficking of the glucose transporter Glut4 

to the cell surface after insulin binding in traditionally metabolic tissues (Jessen and 

Goodyear, 2005).  Further, the PI3K/Akt pathway has been shown to regulate trafficking 

of the glucose transporter Glut1 in response to cytokine signaling in the hematopoietic 

system (Bentley et al., 2003; Boxer et al., 2006; Wieman et al., 2007).  Akt’s role in 

regulating fructose metabolism is unknown, although given the numerous corollaries 

between glucose and fructose metabolism, an understanding of Akt’s role in fructose 

metabolism may be of interest.   

Glucose is essential for normal T cell activation and function.  However, the role 

of fructose in normal immunity remains unclear.  Here we demonstrate that activated but 

not naïve T cells are capable of utilizing fructose as a metabolic fuel.  The mechanism by 
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which T cells utilize fructose, however, requires further exploration.  T cells express 

KHK that would allow fructose metabolism, although this expression was not regulated 

by activation or by IL-2.  The transporter responsible for fructose uptake into the cell also 

is unclear.  We confirmed previous reports that Glut1 mRNA expression is induced upon 

T cell activation (Rathmell et al., 2000), and were also able to detect expression of Glut3, 

Glut6, and Glut9.  Of these, only Glut6 and Glut9 are thought to transport fructose.  

While Glut9 expression did not increase upon T cell stimulation, Glut9 may be trafficked 

to the cell surface during activation, allowing fructose transport into the cell without 

changes in mRNA expression.  Indeed, differential trafficking of Glut9 has been 

demonstrated (Augustin et al., 2004).  Very little is understood about Glut6, and its 

ability to transport fructose has not been demonstrated.  Glut6 does, however, share 

critical amino acid residues with the fructose transporter Glut7 and has been predicted to 

transport fructose (Funari et al., 2007).  While the role of fructose metabolism in 

immunity remains unclear, the importance of glucose and the clear ability to utilize 

fructose as a metabolic fuel suggests that fructose metabolism may also be relevant in 

normal immune cell function and worthy of further study. 

Fructose consumption has risen dramatically in the last decades with the increased 

use of high-fructose corn syrup in Western diets, placing a premium on understanding 

what effects it can have on our health.  While no direct connections between fructose and 

cancer have been made, epidemiological studies of have suggested that high rates of 

fructose consumption can confer risk to pancreatic cancer (Larsson et al., 2006; Michaud 

et al., 2002).  In addition, pancreatic cancer patients were observed to have higher 
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circulating fructose concentrations than healthy individuals (Hui et al., 2009).  

Interpretation of these trends is difficult, however, as sugar and fructose consumption is 

most strongly related to obesity, which itself can increase risk to a variety of cancers.  

Nevertheless, fructose is a relevant fuel in vivo, and a complete understanding of cancer 

cell metabolism necessitates knowledge of fructose metabolism.
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6 Conclusions and Future Directions 
 

6.1 Mechanism of Akt-Dependent Survival 

The PI3K/Akt pathway has a well-defined role as a pro-survival signaling 

pathway (Downward, 2004).  Akt accomplishes this, in part, through regulation of Bcl-2 

family proteins.  Akt can directly phosphorylate the pro-apoptotic BH3-only protein Bad 

to promote its sequestration in the cytosol by 14-3-3 proteins, thus inhibiting its apoptotic 

function (Datta et al., 1997; del Peso et al., 1997).  Akt also promotes stability of the anti-

apoptotic Bcl-2 family member Mcl-1 through inhibitory phosphorylation of GSK3 

(Cross et al., 1995; Maurer et al., 2006).  Further, Akt has been shown to inhibit the 

transcriptional induction of several BH3-only proteins through its phosphorylation and 

inhibition of Foxo family transcription factors (Brunet et al., 1999).  Akt-dependent 

phosphorylation prevents the nuclear localization of Foxo, which when de-

phosphorylated can translocate to the nucleus where it induces target genes such as Bim 

(Gilley et al., 2003) and Puma (You et al., 2006).  Akt can also inhibit p53-dependent 

apoptosis by activating MDM2, an ubiquitin E3 ligase that ubiquitinates and thus targets 

p53 for degradation in the proteasome (Mayo and Donner, 2001).   

In addition to these direct mechanisms, Akt is a strong induced of glycolytic 

metabolism (Elstrom et al., 2004), and appears to require glucose to prevent cell death 

(Gottlob et al., 2001; Plas et al., 2001; Rathmell et al., 2003), although the contribution of 

metabolic control of Bcl-2 family members is unclear.  While several studies have 
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suggested that Akt-dependent metabolic control of cell death does not require input from 

Bcl-2 family members (Gottlob et al., 2001; Majewski et al., 2004a), our previous studies 

showing glucose-dependent control of both Puma and Mcl-1 suggested that Akt might 

require glucose to regulate Bcl-2 family members to prevent cell death (Mason et al., 

2010; Zhao et al., 2007; Zhao et al., 2008).  Here, we demonstrate that an oncogenic form 

of Akt must regulate both Puma and Mcl-1 in a metabolism-dependent fashion to prevent 

apoptosis after growth factor deprivation.  

It has been appreciated for years that control of glucose metabolism contributes to 

growth factor-dependent survival.  However, experimental separation of the metabolic 

and direct signaling functions of growth factors and their receptors has remained difficult.  

To address this question, our laboratory has demonstrated that maintenance of glucose 

metabolism by overexpression of Glut1 and hexokinase can delay cell death after growth 

factor deprivation.  Maintenance of glucose metabolism in the absence of growth factors 

inhibited the loss of Mcl-1 expression through PKC-dependent inhibitory 

phosphorylation of GSK3 (Zhao et al., 2007) and prevented Puma induction via PKCδ-

dependent inhibition of p53 (Mason et al., 2010; Zhao et al., 2008).   This unique 

approach of establishing growth factor-independent glucose metabolism allowed for 

separation of the metabolic and direct-signaling effects of growth factors to demonstrate 

the mechanistic contribution of glucose metabolism to cell survival.   

While Glut1 and hexokinase can both be overexpressed in cancer (Rempel et al., 

1996; Younes et al., 1996), it is thought that aberrant activation of oncogenes is the 

primary cause of the increased glucose uptake observed in cancer cells.  Indeed, the 
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PI3K/Akt pathway is often induced in cancer and can promote aerobic glycolysis 

(Elstrom et al., 2004; Yuan and Cantley, 2008).  To determine the metabolic contribution 

to Akt-mediated cell survival, we utilized the approach of glucose deprivation to inhibit 

Akt-dependent glucose metabolism while maintaining other Akt-dependent signaling 

mechanisms.  This approach has complimented our previous studies and has 

demonstrated that Akt must regulate both Puma and Mcl-1 in a glucose-dependent 

fashion to prevent cell death upon growth factor deprivation.  These findings enhance our 

understanding of how Akt, and possibly other oncogenes, prevent apoptosis in the 

absence of the extrinsic signals that other cells rely on for metabolism and survival.   

 

6.1.1 Akt- and Metabolism-Dependent Regulation of Puma 

The studies described in this thesis demonstrate that active Akt requires its ability 

to promote glucose uptake to inhibit the induction of Puma after growth factor 

withdrawal.  Metabolic control of Puma was essential, as myrAkt could protect against 

exogenous Bim, but not Puma expression.  Glucose-dependent control of Puma 

expression was two-fold, accomplished by inhibiting both p53-dependent and -

independent induction of Puma transcription as well as by regulating Puma protein 

stability.  While Akt’s dependence on glucose metabolism to control Puma is an 

important mechanistic advance in our understanding of Akt-mediated survival, these 

studies have identified new questions regarding the precise mechanism of metabolic 

control of Puma.   
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6.1.1.1 Transcriptional Control of Puma 

Puma was originally identified as a p53 transcriptional target (Nakano and 

Vousden, 2001) and glucose deprivation has been shown previously to activate p53 

(Jones et al., 2005), thus making p53 involvement in metabolic control of Puma 

interesting if not altogether surprising.  p53 was not, however, entirely responsible for the 

transcriptional induction of Puma after glucose deprivation, suggesting that additional 

transcriptional mechanisms are involved.  Two other transcription factors known to 

promote Puma expression—Foxo3a (You et al., 2006) and CHOP (Ishihara et al., 

2007)—were analyzed and determined to not be involved in metabolic control of Puma.  

Thus, a full understanding of the transcriptional induction of Puma after inhibition of 

glucose metabolism remains to be determined.   

While our candidate-based approach has been fruitful in identifying p53 as a 

component of glucose-withdrawal induced Puma expression, a broader approach might 

be necessary to identify the remaining components of Puma transcriptional regulation.  

We have developed a Puma promoter-reporter construct containing 2 kb of the Puma 

promoter upstream of a luciferase gene.  This promoter-reporter construct behaves 

similarly to the pattern of Puma mRNA expression, and may be useful in a “promoter-

bashing” approach to identifying transcriptional components of Puma.  In this approach, 

the Puma promoter could be dissected to determine which regions control Puma 

transcription in response to glucose deprivation.  Once specific sequences have been 

identified, analysis of potential transcription factor DNA binding sites might identify new 

candidates for Puma regulation.   
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6.1.1.2 Control of Puma Protein Stability 

In addition to the transcriptional component, control of Puma protein stability 

contributed to metabolic regulation of Puma expression.  To our knowledge this is the 

first demonstration of specific regulation of Puma turnover, although the mechanism 

remains uncertain.  Interestingly, murine Puma protein does not contain any lysine 

residues, suggesting that the traditional ubiquitin/proteasome pathway of protein 

degradation may not be involved.  In certain circumstances, however, lysine-independent 

ubiquitination of proteins including N-terminal ubiquitination (Ishihara et al., 2007) has 

been observed, and as such ubiquitin-mediated degradation cannot be ruled out.  Further, 

ubiquitin-independent proteasomeal degradation in the 20S proteasome may be 

responsible for Puma degradation.  Interestingly, Mcl-1 can be degraded in the 20S 

proteasome (Stewart et al., 2010), demonstrating that 20S proteasome-mediated protein 

stability can regulate Bcl-2 family proteins.   

Another common metabolism-regulated mechanism of protein degradation is 

autophagy.  Although the pattern of autophagy in these circumstances would suggest that 

macroautophagy would not be involved (i.e. – glucose deprivation can induce autophagy, 

and addition of MePyr would likely inhibit its induction), more specific mechanisms of 

autophagy-dependent protein degradation such as chapterone-mediated augophagy (Kon 

and Cuervo, 2010) may contribute to Puma degradation.  Our laboratory is in possession 

of genetic models of autophagy inhibition, and these models could be utilized to assess 

the contribution of autophagy to Puma degradation.   
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6.1.2 Akt- and Metabolism-Dependent Regulation of Mcl-1 

In addition to Puma, we have demonstrated that Akt must also metabolically 

regulate Mcl-1 to prevent cell death after growth factor deprivation.  Mcl-1 is a highly 

regulated protein, with control of protein degradation being the most frequently observed 

mechanism.  Surprisingly, we observed that Akt and metabolism-dependent control of 

Mcl-1 was at the level of protein synthesis.  Growth factor deprivation of control FL5.12 

cells led decreased Mcl-1 synthesis that was not observed in myrAkt expressing cells, and 

treatment of with 2DG to inhibit glycolysis prevented myrAkt-dependent maintenance of 

Mcl-1 synthesis.  While glucose deprivation has previously been suggested by polysome 

analysis of Mcl-1 mRNA to inhibit Mcl-1 synthesis (Pradelli et al., 2010), this is the first 

direct measurement of inhibition of Mcl-1 by disrupting glucose metabolism.   

It was surprising that myrAkt expression did not inhibit Bim induction after IL-3 

withdrawal in FL5.12 cells, given that Akt is known to mediate Foxo-dependent Bim 

expression downstream of other cytokines such as IL-2 (Stahl et al., 2002).  Even more 

surprising was that myrAkt expressing cells were able to persist despite the expression of 

Bim.  Here we demonstrate that myrAkt-mediated maintenance of Mcl-1 expression was 

at least in part responsible for the resistance to Bim-induced death.  Our thorough 

analysis of myrAkt’s effects on Bcl-2 family members demonstrated that active Akt 

expression primarily regulates Puma and Mcl-1 expression.  That the mechanism of both 

Mcl-1 and Puma were dependent on glucose metabolism highlights the importance of 

Akt’s metabolic function in regulating cell survival.   
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Our laboratory has now observed two distinct mechanisms of metabolic control of 

Mcl-1.  Growth factor independent glucose metabolism inhibited Mcl-1 degradation by 

inhibiting GSK3-dependent Mcl-1 phosphorylation (Zhao et al., 2007).  The work 

described in this thesis, however, is in the context of strong activation of Akt such as that 

which might occur in cancer cells.  Here, highly active Akt is itself able to maintain 

GSK3 phosphorylation after growth factor deprivation, thus making control of Mcl-1 

synthesis the key regulatory mechanism.  That multiple mechanisms of metabolic control 

of Mcl-1 have evolved suggest the importance Mcl-1 plays as a connection between 

metabolism and cell death pathways.   

The Akt-dependent control of Mcl-1 observed here also raises significant 

questions about the control of protein synthesis downstream of mTOR.  Our results 

suggest that mTOR dependent inhibition of 4EBP is more essential than activation of the 

S6K/S6 pathway.  This confirms a recent report utilizing genetic systems to analyze 

control of protein synthesis and leukemogenesis induced by active Akt (Hsieh et al., 

2010).  This work may explain why rapamycin and its analogs have been a relative 

disappointment in cancer clinical trials.  Rapamycin’s inability to inhibit 4EBP 

phosphorylation prevents it from dramatically inhibiting both Mcl-1 and general protein 

synthesis.  The newly developed mTOR kinase site inhibitors such as PP242 are capable 

of inhibiting both S6 and 4EBP phosphorylation, and this ability may explain their 

enhanced efficacy as anti-cancer treatments in mouse models (Janes et al., 2010).   

As unanswered question is precisely how inhibition of glucose metabolism 

inhibits mTOR dependent phosphorylation of 4EBP.  In myrAkt expressing FL5.12 cells, 
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glucose deprivation did not lead to a decrease in phosphorylation of Akt.  This is in 

contrast to PP242, which efficiently inhibited P-Akt as would be predicted since PP242 

can inhibit both mTORc1 and mTORc2.  This suggests that while both glucose 

deprivation and PP242 function by inhibiting mTOR dependent phosphorylation of 

4EBP, they accomplish this effect by different mechanisms.  To investigate this question, 

an mTOR activity assay could be conducted to determine whether glucose deprivation 

causes decreased overall mTOR activity, or whether more specific interactions are 

involved.  Co-immunoprecipitation studies could then determine whether glucose 

deprivation alters essential mTOR binding partners that may affect mTOR substrate 

access. 

 

6.1.3 The Metabolic Signal 

The metabolic signals controlling Mcl-1 and Puma expression are also not fully 

understood.  While ATP levels and AMPK activation have been suggested to control 

mTOR activity and Mcl-1 synthesis after glucose deprivation (Pradelli et al., 2010), 

further investigation would be required to completely understand this mechanism.  Our 

laboratory possesses several tools that would be useful for studying the contribution of 

AMPK in control of Mcl-1 synthesis including AMPK shRNA, LKB1 conditional knock-

out mice, and pharmacological agents such as AICAR and Compound C (an AMPK 

inhibitor).  In addition to regulation of Mcl-1, Puma mRNA correlated with ATP, 

suggesting that the AMPK pathway might be involved in the transcriptional regulation of 

Puma.   
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The metabolic control of Puma degradation, however, is not likely to involve 

AMPK, as addition of pyruvate promoted degradation of Puma protein without rescuing 

cellular ATP.  How mitochondrial metabolism communicates with protein degradation 

machinery remains unknown, but several retrograde signals from the mitochondria are 

understood and may contribute (Butow and Avadhani, 2004).  In this case, an unbiased 

metabolomics approach could be taken to determine the potential metabolic signals 

controlling Puma degradation.  The metabolome of cells grown in the presence and 

absence of glucose and pyruvate could be compared to determine what signals are lost 

upon glucose deprivation and which of these can be rescued by pyruvate.  This approach 

may narrow down pathways controlling Puma expression that could then be individually 

tested for their contribution to control of Puma protein stability.   

Activation of the PI3K/Akt is well described to induce glucose uptake and 

glycolysis (Elstrom et al., 2004).  In addition, Akt can prevent the use of other fuels such 

as lipids and autophagy-derived nutrients (Altman et al., 2009; Arico et al., 2001; 

Deberardinis et al., 2006).  Thus, Akt may cause a metabolic addition to glucose.  The 

data described in this thesis suggests that glycolysis is not sufficient to prevent cell death, 

but a portion of the glucose-derived pyruvate must enter the mitochondria to prevent the 

stabilization of Puma protein.  That lipids, pyruvate, and fructose can rescue cell death 

after glucose deprivation implies that Akt may not necessarily inhibit the use of other 

fuels, but rather may inhibit their availability.  The Akt-induced addiction to glucose, 

whether it be via inhibition of the use of alternative fuels or their availability, may 

represent an Achilles’ heel of cancer cells that can be exploited therapeutically. 
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6.1.4 Implications in Cancer Treatment 

By furthering our understanding of metabolic control of cell death in cancer, this 

study may have implications for metabolism based targeted cancer therapies.  There is a 

great deal of interest in exploiting the metabolic differences between normal and cancer 

cells for cancer therapy.  This study and previous studies from our laboratory and others 

suggest that metabolic inhibition causes cell death through regulation of the Bcl-2 family.  

In particular, the Bcl-2 family members that have been implicated in metabolic control of 

cell death are Mcl-1 (Alves et al., 2006; Pradelli et al., 2010; Zhao et al., 2007), Puma 

(Mason et al., 2010; Zhao et al., 2008), Bim (Zhao et al., 2008), and possibly Noxa 

(Alves et al., 2006).  Importantly, cells that overexpress anti-apoptotic Bcl-2 family 

members such as Bcl-2 and Bcl-xL are resistant to glucose deprivation induced cell death 

(Plas et al., 2001; Zhao et al., 2008).  Further, cells lacking Bax and Bak are resistant to 

apoptotic cell death upon glucose deprivation, although alternative apoptotic mechanisms 

may exist (Caro-Maldonado et al., 2010).  This suggests that metabolic treatments might 

not be effective against cancer cells that overexpress Bcl-2 or Bcl-xL.  Several new drugs 

have been developed that specifically target the anti-apoptotic Bcl-2 family members, and 

our data suggests that one of these drugs, ABT-737, may be useful as a co-therapy with 

metabolic inhibition to kill cancer cells.  Interestingly, data from another study in our 

laboratory suggests that inhibition of glucose metabolism may synergize with other 

targeted therapies in addition to ABT-373 (Mason et al., 2010).  Thus, it will be 

important for future studies to determine whether newly developed metabolism-targeted 
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therapies kill similarly to glucose deprivation and whether they are useful as single agents 

or are best suited for combination therapies.   

Another interesting aspect of the studies described here is that investigation of 

metabolic control of cell death has uncovered a novel mechanism by which mTOR 

regulates cell survival—control of Mcl-1 synthesis.  Targeting mTOR in cancer therapy 

has been an area of intense research since its discovery.  While rapamycin and its analogs 

have been marginally unsuccessful in clinical trials, the development of PP242 and other 

mTOR kinase site inhibitors hold great promise for clinical treatment (Janes et al., 2010).  

In this regard, an understanding of the effects of metabolism on cancer cell survival may 

not have identified metabolism-specific therapeutic targets, but rather identified key 

pathways that control survival of cancer cells that can be targeted in other ways.   

 

6.2 Fructose Metabolism in Cancer and Immunology 

Intense research on the role of glucose metabolism in normal immunity and 

cancer has provided an appreciation of the role of this important metabolic fuel in the 

regulation of cell function.  While the importance of glucose is unquestioned, many other 

nutrients have been identified to be essential for normal cellular activity.  An example of 

such a nutrient is glutamine, which is now appreciated to be essential in cancer cell 

metabolic function, and glutamine metabolic pathways may provide viable cancer 

therapeutic targets (DeBerardinis and Cheng, 2010).  Thus, a complete understanding of 

all aspects of cancer cell metabolism is essential.  Here, we provide preliminary evidence 
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that fructose, in addition to glucose and glutamine, may also play an important role in 

both normal and pathological lymphocyte function.  

 

6.2.1 Fructose in Normal Immunity 

The majority of studies on fructose metabolism have focused on traditional 

metabolic tissues and whole-body metabolic function, including the role of fructose in 

obesity and diabetes.  To our knowledge, the preliminary data described here is the first 

demonstration that T lymphocytes are capable of utilizing fructose as a metabolic fuel to 

replace glucose.  Despite the obvious ability of these cells to utilize fructose, the role of 

fructose in immune cell function is unclear.  Given the immaturity of our knowledge of 

fructose metabolism in lymphocytes, many of the same initial studies of glucose 

metabolism could be performed to further our understanding of fructose metabolism.  

Several radiolabeled fructose products are commercially available that would allow 

adaptation of our current glucose metabolism protocols—including glucose uptake, 

glycolysis, and glucose oxidation—to analyze fructose metabolism.  These studies would 

confirm what is implied from our studies of survival in fructose to determine actual rates 

of fructose utilization as well as the biochemical nature of fructose metabolism pathways 

in lymphocytes. 

Our preliminary studies have also identified the potential mechanism of fructose 

uptake into stimulated T cells.  T cells express ketohexokinase that would allow for 

phosphorylation of fructose at the one position and entry into the glycolytic pathway.  

Further, our glucose transporter profiling has identified two potential Gluts as fructose 
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transporters, Glut6 and Glut9.  While genetic manipulation of primary T cells is difficult, 

confirmation of the expression of these molecules in genetically malleable cell line 

systems would allow knockdown of fructose metabolism machinery to determine which 

pathways are essential for fructose utilization.  If successful, more thorough analysis 

using mouse models could be developed to enhance our understanding of fructose 

metabolism in vivo.   

A particularly interesting aspect of these studies would be determination of the 

Glut responsible for fructose uptake.  We clearly identified that stimulated, but not naïve 

T cells are capable of fully utilizing fructose as a metabolic fuel.  This suggests that T cell 

stimulation causes changes in fructose uptake and metabolism.  Of the two potential 

Gluts identified, Glut6 mRNA was dramatically induced upon activation.  Use of 

commercially available Glut6 antibodies could confirm protein expression, and genetic 

manipulation could determine its role in fructose uptake.  Importantly, Glut6 is poorly 

understood, and confirmation of its ability to transport fructose would be an interesting 

contribution in and of itself.  The other potential fructose transporter identified is Glut9.  

Glut9 mRNA expression, however, was not increased upon T cell stimulation, suggesting 

that potential Glut9 trafficking to the cell surface might be involved.  Our laboratory is 

well equipped to study Glut trafficking from our previous studies on Glut1 (Wieman et 

al., 2007), and many of the same techniques could be utilized to determine Glut9’s role in 

fructose metabolism.  Further, the signaling pathways controlling fructose metabolism are 

unknown, but given the inducible nature of fructose utilization, signals downstream of the 
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T cell receptor and co-stimulatory pathways could be investigated for their role of 

controlling fructose uptake.   

The most important question is the functional consequences of fructose 

metabolism on T cell function.  Our laboratory has demonstrated that glucose is required 

for proper T cell function and that manipulation of glucose metabolism can alter the fate 

of T cell development (Jacobs et al., 2008; and unpublished data).  Further, other 

laboratories have demonstrated that fructose is metabolized uniquely from glucose in 

pancreatic cancer cells (Liu et al., 2010).  This suggests that the presence of fructose 

could alter the development of different T cell effector populations such as inflammatory 

or regulatory T cells.  To test this hypothesis, T cells could be stimulated and skewed 

towards different T cell fates in the presence and absence of fructose to ascertain whether 

the presence of fructose alters T cell development.  In vivo models of T cell responses 

could then be utilized with mice on high-fructose diets to determine whether or not 

fructose metabolism has any functional effects on lymphocyte function.  These studies 

would clearly define the role, if any, of fructose in normal immune cell function. 

 

6.2.2 Fructose Metabolism in Cancer 

Several studies have identified a potentially important role of fructose metabolism 

in cancer.  The majority of these studies have focused on breast and pancreatic 

malignancies (Liu et al., 2010; Zamora-Leon et al., 1996), and our preliminary data 

expands the potential importance of fructose metabolism to cancers of the immune 

compartment.  As discussed, an understanding of fructose metabolism in cancer might 
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improve PET-based imaging techniques and shed light on 18FDG-PET negative tumors 

(Trayner et al., 2009).  It is also possible that the unique metabolism of fructose 

compared to glucose might have effects on the rampant metabolism of cancer cells, due 

to the ability of fructose to bypass several normal glycolytic regulatory mechanisms such 

as feedback inhibition of PFK1.   

An understanding of fructose metabolism in cancer might be particularly relevant 

in the development of metabolism-targeted therapies.  As discussed, the primary focus of 

cancer metabolism research has been on glucose metabolism.  As such, the majority of 

potential therapeutic targets currently being investigated reside in the glycolytic pathway.  

If cancer cells are able to use fructose in the place of glucose, however, therapies 

intervening upstream of fructose entry points may not be effective.  This is particularly 

true given the presence of fructose in human diets, but not necessarily in tissue culture 

conditions.  Thus, a complete understanding of fructose metabolism in cancer might be 

necessary to choose the best therapeutic targets.  Alternatively, limited fructose 

consumption could enhance the effectiveness of glucose metabolism-targeted therapies 

and may be necessary to fully exploit cancer cell metabolism in the clinic.   

 

6.3 Concluding Remarks 

The work described here enhances our understanding of how metabolic and cell 

death pathways interact to control cell fate.  In particular, we have determined the 

mechanistic contribution and the critical importance of Akt’s ability to promote glucose 

metabolism to prevent cell death.  These results are important on a basic science level in 
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understanding how growth factor-induced signaling pathways control cell survival, as 

well as in the pathological condition of cancer where aberrant activation of the PI3K/Akt 

pathway can promote aerobic glycolysis and survival in the absence of extrinsic growth 

factor signals.  An understanding of metabolic control of cell death through the control of 

Bcl-2 family proteins will improve our ability to target cellular metabolism for cancer 

therapy and provide mechanistic insight into how these treatments might kill cancer cells.  

In addition, our preliminary studies on fructose metabolism emphasize the importance of 

a complete understanding of cancer cell metabolism in development of such therapies.  

Data spanning from the initial observations of Otto Warburg to the rapid expansion of 

cancer cell metabolism research in recent years has led to great interest in translating our 

knowledge into metabolism-based clinical treatments.  The following years will be an 

exciting time as novel drugs are developed and begin testing in clinical trials.  Regardless 

of the outcome, knowledge of cancer cell metabolism and its effects on cell survival are 

essential for a complete understanding of cancer biology, and the work described here 

provides important mechanistic advances in the relationship between metabolism and cell 

death.
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