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Abstract	
  
Healthy cells require input from growth factor signaling pathways to maintain
cell metabolism and survival. Growth factor deprivation induces a loss of glucose
metabolism that contributes to cell death in this context, and we have previously shown
that maintenance of glycolysis after growth factor deprivation suppresses the activation
of p53 and the induction of the pro-apoptotic protein Puma to prevent cell death.
However, it has remained unclear how cell metabolism regulates p53 activation and
whether this increased glycolysis promotes cell survival in the face of additional types of
cell stress. To examine these questions, we have utilized a system in which stable
overexpression of the glucose transporter Glut1 and hexokinase 1 in hematopoietic cells
drives growth-factor independent glycolysis. This system allows us to examine the
effects of glucose metabolism in the absence of other signaling events activated
downstream of growth factor receptors. Here, we demonstrate that elevated glucose
metabolism, characteristic of cancer cells, can suppress PKCδ-dependent p53 activation
to maintain cell survival after growth factor withdrawal. In contrast, DNA damageinduced p53 activation was PKCδ-independent and was not metabolically sensitive.
Both stresses required p53 serine 18 phosphorylation for maximal activity but led to
unique patterns of p53 target gene expression, demonstrating distinct activation and
response pathways for p53 that were differentially regulated by metabolism.
Unlike the growth factor-dependence of normal cells, cancer cells can maintain
growth factor-independent glycolysis and survival and often demonstrate dramatically
increased rates of glucose uptake and glycolysis, in part to meet the metabolic demands
associated with cell proliferation. Given the ability of elevated glucose metabolism to
suppress p53 activity in the context of metabolic stress, we examined the effect of
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increased glucose uptake on leukemogenesis using a mAkt-driven model of leukemia
and adoptive transfer experiments. We show here that elevated glucose uptake
promoted leukemogenesis in vivo, perhaps through suppression of p53 transcriptional
activity. During the process of leukemogenesis, cancerous cells can acquire growth
factor independent control over metabolism and survival through expression of
oncogenic kinases, such as BCR-Abl. While targeted kinase inhibition can promote
cancer cell death, therapeutic resistance develops frequently and further mechanistic
understanding regarding these therapies is needed. Kinase inhibition targets the
necessary survival signals within cancerous cells and may activate similar cell death
pathways to those initiated by growth factor deprivation. As we have demonstrated
that loss of metabolism promotes cell death after growth factor withdrawal, we
investigated whether cell metabolism played a role in the induction of apoptosis after
treatment of BCR-Abl-expressing cells with the tyrosine kinase inhibitor imatinib.
Consistent with oncogenic kinases acting to replace growth factors, treatment of BCRAbl-expressing cells with imatinib led to reduced metabolism and p53- and Pumadependent cell death. Accordingly, maintenance of glucose uptake inhibited p53
activation and promoted imatinib resistance, while inhibition of glycolysis enhanced
imatinib sensitivity in BCR-Abl-expressing cells with wild type p53 but had little effect
on p53 null cells. Together, these data demonstrate that distinct pathways regulate p53
after DNA damage and metabolic stress and that inhibition of glucose metabolism may
enhance the efficacy of and overcome resistance to targeted molecular cancer therapies.
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Introduction	
  	
  

1.1 Growth Factor Signaling Maintains Glucose Metabolism and
Cell Survival
Most cells within the body require environmental signals in the form of growth
factors to regulate glucose metabolism(Rathmell et al., 2000), proliferation and
survival(Raff, 1992). This social control model helps to ensure that only the proper
number of cells within a multicellular organism survives, and that these cells proliferate
only in the proper place. Likewise, cells that fail to receive necessary survival signals,
such as excess or damaged cells, will undergo programmed cell death, or apoptosis.
Such a system is required for embryogenesis, developmental patterning, and
maintenance of adult tissue homeostasis, and it serves to promote the proper
functioning of the various organ systems within the body. Dysregulation of this system
can lead to the development of various disease states: disproportionate amounts of
apoptosis can induce degenerative diseases, while excess survival can result in
neoplastic conditions. Thus, the social control system must be properly coordinated,
and it now appears that a key mechanism by which growth signals control cell growth
and cell death is through the regulation of cell metabolism.
This system has been examined extensively in hematopoietic cells, which, upon
activation, require growth factor signaling to traffic glucose transporters to the cell
surface(Wieman et al., 2007) and upregulate levels of glucose uptake and glycolysis,
which is required for optimal effector function(Jacobs et al., 2008). When withdrawn
from growth factors, these cells undergo a metabolic shift that involves internalization of
the glucose transporter Glut1, reduced glucose uptake and decreased rates of
glycolysis(Wieman et al., 2007). This loss of glucose metabolism is associated with a halt
in proliferation and a decrease in cell size, and cells deprived of growth factors will
1

eventually undergo programmed cell death, or apoptosis(Bauer et al., 2004; Kan et al.,
1994; Putcha et al., 2000; Vander Heiden et al., 2001).
Cell death upon growth factor withdrawal stems in part from the loss of glucose
metabolism, as glucose depletion leads to apoptosis even when cytokine levels are
maintained(Rathmell et al., 2003; Vander Heiden et al., 2001). Furthermore, maintenance
of glucose metabolism in the absence of growth factors via expression of Glut1 and
hexokinase suppresses cytokine withdrawal-induced cell death(Rathmell et al., 2003;
Vander Heiden et al., 2001). Increased glucose metabolism has also been shown to
protect neurons(Gupta et al., 2001) and cardiomyocytes(Lin et al., 2000) from death, as
well. Thus, mounting evidence suggests that growth factors may promote survival in
part by enhancing cell metabolism. However, the mechanisms by which glucose
metabolism impacts cell survival remain unclear.

1.2 Glucose Metabolism
Glucose is a preferred fuel source in both resting or differentiated cells and
actively proliferating cells. Glucose enters the cell through facilitative transporters
(Gluts), which transport glucose down its concentration gradient. Once in the cell,
glucose is phosphorylated by mitochondrial-bound hexokinase. This phosphorylation
event prevents glucose from re-entering transporters or crossing the plasma membrane
and thus traps glucose within the cell. In quiescent cells, glucose is primarily
metabolized through glycolysis and the tricarboxylic acid (TCA) cycle to produce carbon
dioxide and maximal amounts of ATP(Vander Heiden et al., 2009). This process of
oxidative phosphorylation occurs in the mitochondria and requires the presence of
oxygen to occur. Resting cells also oxidize additional substrates, such as glutamine and
lipids. In contrast, proliferating cells, including stimulated hematopoietic cells, shift
from oxidative metabolism to a primarily glycolytic metabolic program, in which
2

glucose is metabolized through glycolysis and is then converted to lactate or enters the
first step of the TCA cycle briefly before exiting again to fuel lipid synthesis(Frauwirth
and Thompson, 2004; Vander Heiden et al., 2009). Glycolysis does not require oxygen,
and is thus considered an anaerobic process thought to occur primarily in hypoxic
environments, such as exercising muscle. However, in proliferating cells, this process
occurs despite the presence of normal oxygen tension, and is thus termed aerobic
glycolysis.

1.2.1 Regulation of Metabolism
For cells to proliferate, they must successfully replicate every part of themselves.
Thus, unlike quiescent or differentiated cells, the metabolic needs of a proliferating cell
include not only ATP, but also large amounts of nucleotides, amino acids, and lipids. It
is perhaps not surprising, then, that growth factor signaling increases nutrient uptake
and activates metabolic pathways within cells to direct the use of these nutrients into
biosynthetic processes. In particular, growth factor-stimulated cells take up large
amounts of glucose, which is metabolized primarily through aerobic glycolysis to
produce lactate. Sufficient ATP is generated from glycolysis, and TCA cycle
intermediates, such as citrate, can exit the TCA cycle to provide carbon backbones for
lipid synthesis(DeBerardinis et al., 2008). Additionally, glucose molecules can be
diverted down the pentose phosphate pathway to produce NADPH, which used to
reduce glutathione and thereby control ROS stress, and 5 carbon sugars, used for
nucleotide synthesis. Thus, aerobic glycolysis allows proliferating cells to satisfy their
unique biosynthetic requirements. Because growth factor signaling pathways link
proliferation and metabolism, cells ensure adequate supplies of fuel and precursor
molecules to support their decision to divide.
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Central to the link between proliferation and metabolism is the
phosphatidylinositol-3-kinase (PI3K)/Akt signaling pathway (Figure 1.1). The
PI3K/Akt pathway lies downstream of growth factor receptors, and, in addition to
promoting cell cycle progression through a number of mechanisms, activation of
PI3K/Akt also stimulates glucose uptake and glyolysis. Akt has been shown to enhance
cell surface localization of the glucose transporters Glut1 and Glut4, both by promoting
translocation to the cell surface(Bentley et al., 2003; Jessen and Goodyear, 2005; Wieman
et al., 2007), and by inhibiting the internalization and degradation of Glut1(Wieman et
al., 2007). Akt activation also increases glycolysis by promoting the localization of
hexokinase (HK) on the mitochondria(Gottlob et al., 2001; Majewski et al., 2004a;
Majewski et al., 2004b), which increases hexokinase activity(Robey and Hay, 2006), and
by phosphorylating and activating the glycolytic enzyme phosphofructokinase 2
(PFK2)(Deprez et al., 1997).
To help meet the metabolic demands of proliferation, PI3K/Akt signaling
coordinates increased glycolytic flux with enhanced protein synthesis, through the
activation of mTOR, and with increased lipid synthesis, by promoting the expression of
lipogenic genes(Chang et al., 2005) and the activity of ATP citrate lyase (ACL), which is
required for the conversion of glucose to lipids(Bauer et al., 2005). Interestingly, in
addition to promoting glycolytic flux, signaling through the PI3K/Akt pathway also
suppresses the metabolism of other fuels, making cells particularly dependent on
glucose metabolism. Specifically, Akt downregulates mitochondrial β-oxidation by
inhibiting the expression of carnitine palmitoyltransferase 1A (CPT1A), which transports
lipids into the mitochondria(Deberardinis et al., 2006). Akt signaling also largely
suppresses the self-digestive process of autophagy, through activation of mTOR, and
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thereby prevents cells from acquiring nutrients through the bulk digestion of
intracellular components(Jung et al., 2010).

Figure 1.1: The regulation of glucose metabolism by Akt and Myc.
Akt and Myc enhance glucose metabolism downstream of growth factor receptors. Akt signaling
promotes the localization of glucose transporters at the cell surface and increases the activity of
HK and PFK. Increased glucose metabolism is coupled to protein synthesis through mTOR
activation and to fatty acid synthesis through ACL activation. Myc transcriptionally upregulates
multiple glycolytic genes and promotes the uptake and metabolism of glutamine, as well.

Similar to PI3K/Akt, the transcription factor c-Myc lies downstream of growth
factor signaling(Shibuya et al., 1992) and promotes cell proliferation and a glycolytic
metabolism(Dang et al., 2006; Fan et al., 2010) (Figure 1.1). Myc expression has been
shown to increase the mRNA levels of a number of genes involved in glucose uptake
5

and glycolysis, including Glut1, phosphofructokinase, phosphoglycerate kinase, enolase,
and lactate dehydrogenase, among others(Lewis et al., 2000; Osthus et al., 2000). Myc
has also been found to enhance the uptake and metabolism of glutamine, and in fact,
glutamine metabolism appears to be required for Myc-induced cell proliferation(Gao et
al., 2009). Myc promotes glutamine uptake through induction of genes involved in
glutamine transport(Dang, 2010; Wise et al., 2008) and regulates the expression of
mitochondrial glutaminase at the post-transcriptional level(Gao et al., 2009).
Interestingly, Myc can also enhance mitochondrial biogenesis and oxidative
phosphorylation, in addition to promoting increased glycolytic flux(Fan et al., 2010), and
may therefore provide tumor cells with a proliferative advantage in both normoxic and
hypoxic environments(Dang, 2010).

1.2.2 Glucose Metabolism and Cancer
Given the ability of these pathways to help provide the metabolic fuels required
for proliferation, it is perhaps not surprising that cancerous cells, which can proliferate
indefinitely, often demonstrate aberrant activation of PI3K/Akt and Myc and often
utilize aerobic glycolysis to meet their metabolic demands. Otto Warburg first noted
nearly a century ago that cancerous cells demonstrate markedly increased rates of
glucose uptake, glycolysis, and lactate production, even in the presence of normal
oxygen levels(Warburg, 1956), a phenomenon now known as ‘the Warburg effect.’
While Warburg suggested that cancer cells utilize aerobic glycolysis because damaged
oxidative machinery forces a compensatory use of glycolytic metabolism(Warburg,
1956), it is now clear that both tumor hypoxia and the very oncogenes that drive cancer
cell proliferation can induce these metabolic changes(Elstrom et al., 2004). Indeed,
activated oncogenes often signal through Akt, which can be activated through
amplification of PI3K, loss of the PI3K negative regulator PTEN, or downstream of
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various oncoproteins, such as Bcr-Abl and Ras. Additionally, because both Akt and Myc
lie downstream of growth factor receptors, oncogenic activation of receptors such as
Her2/neu and EGFR promote aerobic glycolysis.
While the increased glucose uptake and glycolysis seen in cancerous cells
certainly provides these cells with the fuels needed for constant proliferation, it is
becoming clear that this metabolic program also contributes to oncogenesis in another
way: by allowing cancer cells to evade apoptosis. A growing amount of evidence now
demonstrates that cellular metabolism can directly influence the Bcl-2 family of proteins,
which represent the major regulators of mitochondrial apoptosis and cell survival.

1.3 Apoptosis
The culmination of all pathways leading to apoptosis is the activation of cysteine
proteases called caspases. Caspases are the executioners of apoptosis, cleaving their
protein substrates and neatly disassembling cellular machinery. Activation of caspases
occurs through two apoptotic pathways. The first, known as the extrinsic or death
receptor pathway, is activated by cell surface receptors, such as Fas, TRAIL and TNF,
and signals through a death inducing complex to activate initiator caspases 8 and 10.
Once activated, caspases 8 and 10 can cleave and activate effector caspases 3 and
7(Wang and Youle, 2009). The second apopotic pathway is known as the intrinsic, or
mitochondrial, pathway and is activated in response to various cellular stresses,
including DNA damage, heat shock, UV irradiation, and cytokine withdrawal(Pradelli
et al., 2010b). In the intrinsic pathway, the initiator caspase 9 is activated via the
apoptosome, a multiprotein complex containing caspase 9, Apaf1 and cytochrome c, and
once activated, caspase 9 cleaves and activates effector caspases 3 and 7(Li et al., 1997).
The activation of caspase 9 by the apoptosome depends on the presence of
cytochrome c in this complex(Li et al., 1997). In healthy cells, cytochrome c resides
7

within the intermembrane space of the mitochondria, and it is released into the cytosol
during apoptosis via permeabilization of the outer mitochondrial membrane(Pradelli et
al., 2010b). The exact mechanisms underlying mitochondrial outer membrane
permeabilization (MOMP) remain uncertain(Kroemer et al., 2007). However, it is clear
that this process requires and is regulated by members of the Bcl-2 family of proteins.

1.3.1 Bcl-2 Family Proteins
Proteins in the Bcl-2 family are localized to intracellular membranes, including
mitochondria, and are defined by both structure and function. Each member contains
one or more Bcl-2 homology (BH) domains, and most contain a C-terminal
transmembrane domain. Functionally, all members of this family contribute to the
regulation of mitochondrial apoptosis but can have opposing effects on MOMP(Youle
and Strasser, 2008). The family is divided into three groups, the anti-apoptotic, multidomain pro-apoptotic, and BH3-only subfamilies(Cory and Adams, 2002). The function
of Bcl-2 family proteins is regulated largely by protein interactions between members of
the various subgroups (Figure 1.2). Members of the anti-apoptotic group, which
includes Bcl-2, Bcl-xL, Mcl-1, Bcl-w and A1, contain four BH domains and directly bind
to and inhibit the action of multi-domain pro-apoptotic proteins. The multi-domain proapoptotic proteins, Bax, Bak and Bok, contain BH domains 1-3, and the presence of Bax
or Bak at the mitochondrial membrane is required for MOMP and the induction of
mitochondrial apoptosis(Wei et al., 2001). Bax is found primarily in the cytosol in
healthy cells, but changes conformation and translocates to and integrates into the outer
mitochondrial membrane in response to cell stress. Bak resides on the outer
mitochondrial membrane, where it is bound to and inhibited by Mcl-1 in healthy
cells(Youle and Strasser, 2008). Upon activation induced by cell stress, Bax and Bak
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homo-oligomerize to form proteolipid pores in the mitochondrial outer membrane and
initiate MOMP and cytochrome c release (Chipuk et al., 2010).

Figure 1.2: The Bcl-2 family.
The Bcl-2 family is composed of anti-apoptotic, multi-domain pro-apoptotic, and BH3-only
proteins. Family members interact with each other to control the induction of apoptosis. The fate
of a cell depends on the balance between pro- and anti-apoptotic Bcl-2 proteins.

The activation of Bax/Bak to induce MOMP is regulated by the third Bcl-2
subfamily, the BH3-only proteins. These proteins, which contain a single BH domain,
function through interactions with both anti-apoptotic Bcl-2 proteins and Bax/Bak to
signal that a cell stress has occurred(Chipuk and Green, 2008). In unstressed cells, BH39

only proteins, if expressed at all, are sequestered or in zymogen form. When cells are
stressed, such as after DNA damage, growth factor withdrawal, or nutrient deprivation,
BH3-only proteins are induced or activated and respond by directly binding and
activating Bax and Bak or by binding and inhibiting anti-apoptotic proteins to allow the
release Bax and Bak(Chipuk and Green, 2008). As such, these proteins are prime
candidates to sense and respond to metabolic stress to initiate apoptosis.
The BH3-only proteins are divided into two groups, based on their potential Bcl2 family binding partners. The “direct activator” proteins, Bim and Bid, can directly
bind Bax/Bak to promote Bax/Bak oligomerization and MOMP. The “sensitizer” or
“derepressor” proteins, including Bad, BMF, Bik, HRK, Noxa, and Puma, can interact
with the anti-apoptotic Bcl-2 proteins, but not with Bax/Bak(Chipuk et al., 2010). The
mechanism by which BH3-only proteins induce Bax/Bak oligomerization and MOMP
remains controversial. Two models exist, the direct activation/derepression model and
the neutralization (also the indirect activation or displacement) model(Chipuk and
Green, 2008; Chipuk et al., 2010; Giam et al., 2008; Youle and Strasser, 2008).
The direct activation/depression model proposes that, in healthy cells, Bim and
Bid are unable to activate Bax/Bak and induce MOMP because they are bound to and
sequestered by anti-apoptotic Bcl-2 family members. When cellular stresses increase
levels of sensitizer BH3-only proteins, these sensitizers bind to anti-apoptotic Bcl-2
proteins, thereby liberating Bim and Bid to activate Bax/Bak. The neutralization model
suggests that anti-apoptotic Bcl-2 proteins constitutively bind and inhibit Bax/Bak in
healthy cells. An increase in the levels and/or activation of BH3-only proteins in
response to stress allows BH3-only proteins to bind to and neutralize anti-apoptotic Bcl2 proteins. This induces the liberation of Bax/Bak, allowing oligomerization and
MOMP.
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Most likely, both of these models occur within cells, perhaps under different types of
cell stress. Both models demonstrate, however, that a cell’s fate depends on the overall
balance of pro- and anti-apoptotic Bcl-2 family members. Therefore, cellular processes
that influence the levels of Bcl-2 proteins directly affect the induction of apoptosis.
Interestingly, growing evidence demonstrates that changes in cellular metabolism
regulate both pro- and anti-apoptotic Bcl-2 proteins and thereby directly impact
mitochondrial apoptosis and cell fate.

1.3.2 Cytokine Withdrawal and the Bcl-2 Family
Growth factors are prime regulators of cell proliferation and survival within
multicellular organisms, signaling through PI3K/Akt and Myc to promote cell
proliferation while also regulating cell metabolism to match energetic and biosynthetic
demands. When these growth signals are lost, Akt is inactivated, and cells internalize
nutrient transporters. As a result, glucose metabolism can decrease dramatically. While
autophagy can be activated to cushion this sudden metabolic crisis, the loss of glucose
metabolism nevertheless induces metabolic stress and activation of the intrinsic
apoptotic cascade(Zhao et al., 2008), as maintenance of glucose uptake by stable
expression of the glucose transporter Glut1 delays cell death after growth factor
withdrawal(Rathmell et al., 2003; Vander Heiden et al., 2001; Zhao et al., 2007).
Furthermore, glucose deprivation promotes Bax activation, even when cytokine levels
are maintained(Chi et al., 2000; Jensen et al., 2006; Rathmell et al., 2003).
When growth factors are withdrawn from cells dependent on these factors for
survival, Bax translocates from the cytosol to the mitochondria, undergoes a
conformational change, and oligomerizes to induce apoptosis(Gross et al., 1998). Bax
activation after cytokine withdrawal is regulated by changes in both anti- and proapoptotic Bcl-2 family members. Cells withdrawn from growth factors demonstrate
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rapid loss of the anti-apoptotic Bcl-2 protein Mcl-1(Chao et al., 1998), due to its
degradation by the proteosome(Maurer et al., 2006; Zhao et al., 2007; Zhong et al., 2005).
Cytokine withdrawal also promotes the dephosphorylation of the pro-apoptotic BH3only protein Bad, which increases the pro-apoptotic activity of Bad(Zha et al., 1996), as
well as the induction of the BH3-only proteins Bim and Puma. Bim levels increase in
bone marrow-derived cells withdrawn from interleukin 3 (IL-3)(Dijkers et al., 2000; Zhao
et al., 2008) and in activated T lymphocytes withdrawn from interleukin 2 (IL-2)(You et
al., 2006), as well as in sympathetic neurons deprived of nerve growth factor(Whitfield
et al., 2001). Puma levels have also been shown to increase following both IL-3 and IL-2
withdrawal(Zhao et al., 2008).
Studies from knockout mice have demonstrated that both Bim and Puma are
required for maximal cell death after cytokine withdrawal. Hematopoietic cells from
both Bim(Bouillet et al., 1999) and Puma(Villunger et al., 2003) single knockout animals
are resistant to cytokine withdrawal, as well as multiple other types of stress, and cells
lacking both Bim and Puma together show greatly enhanced survival over cells null for
either Bim or Puma alone(Erlacher et al., 2006). Given the critical role of these BH3-only
proteins in the regulation of apoptosis in hematopoietic cells, changes in metabolism
that affect these proteins will directly impact cell fate.
Transcriptional upregulation of these two BH3-only proteins has been shown to
depend on FoxO transcription factors(Dijkers et al., 2000; Stahl et al., 2002; You et al.,
2006). However, FoxO3a-nulls cells demonstrate upregulation of both Bim and Puma
after cytokine withdrawal(Ekoff et al., 2007), suggesting that other transcription factors
also play a role. Another factor likely involved in Puma induction after cytokine
withdrawal is the tumor suppressor p53. Puma was first identified as a p53 target gene,
and p53 null myeloid progenitor cells and activated T lymphocytes show decreased
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Puma induction after IL-3 or IL-2 withdrawal, respectively, as compared with wild type
cells(Jabbour et al., 2009; Zhao et al., 2008). However, it remains unclear how p53 might
be activated by cytokine withdrawal to induce cell death.

1.3.3 Glucose Metabolism and the Regulation of Apoptosis
It is becoming clear that increased metabolic flux, as is often seen in cancerous
cells, can protect cells from apoptosis through regulation of Bcl-2 family members
(Figure 1.3). Overexpression of the glucose transporter Glut1 alone(Gupta et al., 2001) or
in combination with hexokinase 1(Zhao et al., 2007; Zhao et al., 2008) increases glucose
uptake and glycolysis, and sustains glycolytic flux independently of growth factor input.
Thus, this type of system allows one to examine the effect of sustained metabolism in the
absence of other signaling pathways initiated by growth factors, to determine the extent
to which regulation of metabolism accounts for the pro-survival effects of growth factor
signaling. Importantly, the maintenance of metabolism has been shown to be protective
from apoptosis in hematopoietic precursor cells(Zhao et al., 2008) and T
lymphocytes(Zhao et al., 2007) after cytokine withdrawal. Furthermore, elevated
glucose metabolism can suppress apoptosis in cadiomyocytes(Lin et al., 2000), vascular
smooth muscle cells(Hall et al., 2001; Li et al., 2005), and neurons(Vaughn and
Deshmukh, 2008), as well.
The protection from cytokine withdrawal seen in hematopoietic cells is partially
dependent on the ability of cells with elevated glucose metabolism to maintain Mcl-1
levels after cytokine withdrawal(Zhao et al., 2007). In the presence of growth factor,
both Akt and members of the Protein Kinase C (PKC) family of kinases can
phosphorylate and inactivate the pro-apoptotic kinase glycogen synthase kinase 3 beta
(GSK3β). Growth factor withdrawal leads to loss of this inhibitory phosphorylation and
subsequent activation of GSK3β, which phosphorylates Mcl-1, promoting Mcl-1
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ubiquitination and degradation. This loss of a pro-survival Bcl-2 family member allows
the activation of Bax by BH3-only proteins. In contrast, cells with increased glucose
metabolism are able to maintain inhibitory phosphorylation of GSK3β after cytokine
withdrawal, likely through regulation of PKC-mediated phosphorylation. This allows
for Mcl-1 stabilization and promotes cell survival.

Figure 1.3: Anti-apoptotic signaling pathways active in glycolytic cells.
Maintenance of glucose metabolism in the context of cytokine withdrawal promotes the
stabilization of the pro-survival Bcl-2 family member Mcl-1, by inhibiting GSK-3-mediated
phosphorylation, and suppresses induction of the pro-apoptotic BH3-only protein Puma to
promote cell survival.
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Cells with increased glucose metabolism are also able to suppress the induction
of Puma after cytokine withdrawal (Figure 1.3), which also contributes to the protection
from cell death seen in these cells(Zhao et al., 2008). The mechanism underlying this
regulation of Puma is not well defined. Puma was originally discovered as a
transcriptional target of the tumor suppressor p53 and is known to be important in the
p53-dependent induction of apoptosis in response to DNA damage and oncogene
activation(Jeffers et al., 2003). However, it has remained unclear whether p53
contributes to Puma induction and cell death after cytokine withdrawal, and if so, how
p53 might be regulated by changes in glucose metabolism.

1.4 The Tumor Suppressor p53
The transcription factor p53 is well known to play a central role in the process of
tumor suppression. p53-null mice display high rates of lymphoma
development(Donehower et al., 1992), and approximately 50% of all human cancers
exhibit p53 mutations(Nakano and Vousden, 2001). Additionally, patients with LiFraumeni syndrome, who carry germline mutations in the p53 gene, are predisposed to
multiple types of cancer(Vousden, 2006). Interestingly, inactivating mutations in p53 are
seen in only 10% of leukemias (Murray-Zmijewski et al., 2008), which suggests that, in
leukemic cells, p53 inactivation may occur through other mechanisms. The pathways
controlling p53 activity in these cells remain undefined, however. The role of p53 as a
tumor suppressor lies largely in its ability to induce cell cycle arrest or apoptosis in
response to cellular stress. Thus, a detailed understanding of the regulation of p53
within normal and cancerous cells will be invaluable in determining the mechanisms of
current treatments to improve their efficacy and in the development of new cancer
therapeutic strategies.
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1.4.1 p53 and Apoptosis
The role of p53 in promoting DNA repair, senescence, and apoptosis has been
well established(Vousden and Ryan, 2009). p53 is a transcription factor that is activated
in response to a number of different cellular stresses, including DNA damage, oncogene
activation, loss of stromal support, hypoxia, and glucose limitation(Horn and Vousden,
2007; Jones et al., 2005; Vousden and Prives, 2009). Depending on the type of stress, p53
can induce distinct cellular outcomes, ranging from a reversible cell cycle arrest, which
might allow DNA repair and promote cell survival, to the irreversible processes of
senescence and apoptosis(Vousden, 2006). The result of p53 activation depends in large
part on which of the many p53 target genes are induced in response to a given stress.
Although it remains unclear exactly how p53 chooses which genes to activate, it is
thought that promoter selection can be influenced by the spacing and sequences of p53
binding sites within a promoter, the total levels of p53 protein, post-translational
modifications of p53, and interactions with transcriptional cofactors(Murray-Zmijewski
et al., 2008; Vousden, 2006).
Although the precise regulation of target gene induction remains unclear, p53
targets can be loosely grouped according to their function. For example, p53-dependent
cell cycle arrest involves activation of p21 and 14-3-3 gene expression. In the face of
severe stress, p53 activation can lead to cell death through the induction of pro-apoptotic
target genes, such as PERP, p53AIP1, and PIG3, as well as the Bcl-2 family members Bax,
Noxa, and Puma(Vogelstein et al., 2000; Vousden, 2006). p53 can also lead to apoptosis
by acting at the mitochondria to directly induce MOMP. Cytoplasmic p53 can bind antiapoptotic Bcl-2 family members(Mihara et al., 2003), and Puma, in addition to its
function as a BH3-only protein, has been shown to dislodge p53 from this
interaction(Chipuk et al., 2005). Cytoplasmic p53 can then directly activate Bax, leading
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to disruption of the outer mitochondrial membrane and induction of apoptosis(Chipuk
et al., 2004). Although this interaction with Bax allows cytoplasmic p53 to initiate
apoptosis, independent of its transcriptional activity, p53 relies heavily on Puma to kill,
as cells deficient in Puma are remarkably resistant to p53-induced cell death(Villunger et
al., 2003). This indicates that the induction of Puma is critical to the apoptotic response
mediated by p53.

1.4.2 Regulation of p53 Activation
The regulation of p53 function occurs primarily at the post-translational level,
through changes in p53 stabilization and modification (Figure 1.4). In the canonical
model of p53 activation, p53 levels are kept low under non-stress conditions by the
action of the Mdm2 protein, which binds to and ubiquitinates p53 on C-terminal lysines,
targeting it for proteosomal degredation(Momand et al., 2000). Incoming stress signals
typically lead to the stabilization of p53 by inducing p53 phosphorylation by several
stress-response kinases. Stabilization and accumulation of p53 allow for tetramerization
and sequence-specific DNA binding. The kinases ATM, ATR, DNA-PK, Chk1, and
Chk2, are known to phosphorylate p53 in response to DNA damage. The kinases
involved in phosphorylating p53 in the context of alternative types of cell stress remain
uncertain, but the general thought is that phosphorylation occurs rapidly in response to
stress in order to activate p53(Kruse and Gu, 2009).
Phosphorylation of p53 in the N-terminal region, particularly at Ser20 (mouse
Ser23)(Chehab et al., 1999; MacPherson et al., 2004), is thought to disrupt the interaction
between Mdm2 and p53, allowing for p53 stabilization and accumulation(Woods and
Vousden, 2001). In addition, phosphorylation of Ser15 (mouse Ser18) has been
implicated in promoting the accumulation of p53 in the nucleus(Zhang and Xiong, 2001).
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Figure 1.4: Regulation of p53 stability.
In unstressed cells, p53 protein levels are kept low through Mdm2-mediated ubiquitination
and degradation by the proteosome. Incoming stress signals phosphorylate p53, disrupting
the Mdm2-p53 interaction and allowing p53 stabilization and DNA binding.
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However, studies examining cells from p53 knock-in mice in which these serine residues
have been mutated to alanine, so that phosphorylation cannot occur, have called into
question the requirement of individual phosphorylation events for p53 stabilization. The
stabilization of p53 in response to stress was comparable in wild type and single mutant
mice, and changes in p53 stabilization in S18/23A mice were seen only in certain tissues
and were limited primarily to DNA-damage-induced cell death(Kruse and Gu, 2009).
These studies demonstrate that N-terminal phopshorylation and p53 stabilization are
not necessarily directly related. As stabilization of p53 can clearly occur in the absence
of phosphorylation, it would seem that phosphorylation could occur in the absence of
stabilization, although studies have yet to address this idea in depth.
Although changes in p53 stability clearly play a large role in regulating p53
function, p53 is able to activate transcription in the absence of increased protein
levels(Hupp et al., 1995), and post-translational modifications are also known to regulate
p53 activity(Oren, 2003; Woods and Vousden, 2001). A large number of residues within
p53 are substrates for a number of cellular kinases (Figure 1.5), in addition to the stressresponse kinases described above, including JNK, p38, CKII, GSK3β and PKCδ(Olsson et
al., 2007). While the physiological relevance of p53 phosphorylation by some of these
kinases remains to be clarified, phosphorylation is generally thought to represent an
activating modification of p53. Phosphorylation in the C-terminus, in particular, may
contribute to transcriptional activation of p53 by inducing a conformational change.
Under basal conditions, the C-terminal tail of p53 can fold back onto the protein and
mask the DNA binding domain located in the central core of p53. Phosphorylation in
the C-terminus, which presumably disrupts this folded conformation, has been shown to
enhance the DNA binding ability of p53(Vogelstein et al., 2000).
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Figure 1.5: Domain structure and selected post-translational modifications of p53.
p53 is subject to post-translational modification at multiple sites, in addition to the
phosphorylation and acetylation sites shown here. Post-translational modifications are thought
to activate p53 transcriptional activity in various ways. TAD: transactivation domain; PRD:
proline rich domain; Tetramer: tetramerization domain.

Acetylation of lysine residues in the C-terminus of p53 also promotes DNA
binding, potentially by interfering with the interaction between the C-terminus and
DNA binding domain, similar to C-terminal phosphorylation(Gu and Roeder, 1997)
(Figure 1.5). Furthermore, recent work examining p53 activation in an acetylationdeficient p53 mutant demonstrated that acetylation is required for the transcriptional
activation of p53(Tang et al., 2008). There are currently nine lysines within p53 that are
known to be acetylated (K120, K164, K320, K370, K372, K373, K381, K382, and K386) by
several acetyl-transferases, including p300/CBP, PCAF, hMOF, and TIP60(Olsson et al.,
2007). C-terminal acetylation of p53 by both p300/CBP and PCAF is thought to be
enhanced by phosphorylation of p53 in the N-terminus(Sakaguchi et al., 1998).
Additionally, reverse regulation pathways have also been shown, in which gain of
function acetylation mutants for various lysine residues can promote or inhibit
phoshporylation of p53 at Ser15(Knights et al., 2006). Thus, it remains unclear how each
of these modifications regulates p53 activity or where acetylation occurs within the
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pathway of p53 activation. Together, these data demonstrate the complex interactions
between post-translational modifications that are necessary for maximal p53 activation.
The large number of potential sites for p53 post-translational modification and
the many possible permutations of these modifications may reflect the fact that multiple
pathways are continuously converging on the p53 network to direct cell fate.
Furthermore, for each stress-response pathway that acts on p53, there are numerous
potential responses that p53 can initiate. Hence, the multiple different inputs into p53
signaling must be matched with the correct output. It seems possible that this is
accomplished through distinct patterns of p53 modification, as each variation in the
modification pattern of p53 might induce changes in co-factor binding or alterations in
target gene expression. This may allow p53 to differentiate one type of cell stress from
another and determine the appropriate transcriptional response.

1.4.3 p53 and Cell Metabolism
Emerging data now suggest that p53 has additional physiological functions,
beyond its roles in genomic repair, cell cycle progression and apoptosis, which include
the regulation of cellular metabolism(Vousden and Ryan, 2009). As a transcription
factor, p53 exerts many of its effects through the regulation of target genes. The p53
target gene synthesis of cytochrome c oxidase 2 (SCO2) is required for assembly of the
mitochondrial cytochrome c oxidase complex and is therefore necessary for
mitochondrial respiration. Cells deficient in p53 signaling show decreased levels of
SCO2, decreased mitochondrial oxygen consumption, and increased levels of
glycolysis(Matoba et al., 2006). Additionally, p53 is known to down-regulate expression
of the glycolytic enzyme phosphoglycerate mutase (PGM)(Kondoh et al., 2005) and upregulate the expression of TIGAR (TP53-induced glycolysis and apoptosis
regulator)(Bensaad et al., 2006). TIGAR decreases levels of fructose-2,6-bisphosphate
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(Fru-2,6-P2). Fru-2,6-P2 allosterically activates the glycolytic enzyme
phosphofructokinase. Thus, p53-mediated regulation of both PGM and TIGAR serve to
lower glycolytic flux.
In addition to regulating cell metabolism, p53 has also been shown to respond to
various types of metabolic stress(Vousden and Ryan, 2009). Changes in the ATP/ADP
ratio within cells can affect the ability of p53 to bind DNA, with ADP promoting DNA
binding and ATP promoting p53-DNA dissociation, both through direct interactions
with p53(Okorokov and Milner, 1999). Additionally, studies examining glucose
limitation or deprivation have shown that the metabolically sensitive kinase AMPactivated protein kinase (AMPK) can phosphorylate p53 on Ser15(Jones et al., 2005) and
Ser46(Okoshi et al., 2008), respectively. Ser15 phosphorylation led to the induction of
cell cycle arrest, while Ser46 phosphorylation was associated with p53-dependent
apoptosis. The discrepancies between these two studies may be explained by their
examination of limited vs. absent glucose uptake, which likely represent different levels
of cell stress. Nonetheless, they both highlight the role of p53 in the response to
metabolic stress.

1.5 Nutrient-sensitive Signaling Pathways
The studies described above regarding glucose deprivation demonstrate the
ability of cells to sense nutrient availability and the impact that changes in metabolic
status can have on cell fate. Indeed, both AMPK and the Protein Kinase C family of
kinases are known to translate changes in cellular metabolism into the activation of
intracellular signaling pathways.

1.5.1 AMP-activated Protein Kinase (AMPK)
AMPK is a heterotrimeric protein consisting of a catalytic α subunit and
regulatory β and γ subunits that acts as a cellular energy sensor. AMPK responds to
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changes in the cellular AMP:ATP ratio and is activated by a loss of ATP, resulting either
from decreased ATP production or increased ATP consumption(Fogarty and Hardie,
2010). Dual modes of regulation control AMPK kinase activity. The first involves
phosphorylation by one of two known upstream kinases, LKB1 or CAMKKβ, which
dramatically increases AMPK activity. LKB1 appears to be constitutively active, while
CAMKKβ is thought to phosphorylate AMPK in response to increased cellular Ca2+
levels. AMPK is also subject to dephosphorylation by protein phosphatases, which keep
the constitutive phosphorylation mediated by LKB1 in check. The second mode of
regulation is mediated by binding to AMP. Two nucleotide-binding pockets within
AMPK can reversibly bind AMP and ATP, and increasing levels of AMP within the cell
promote the exchange of ATP for AMP. Binding of AMP allosterically activates AMPK
and also protects AMPK from protein phosphatases to maintain LKB1-mediated
phosphorylation and AMPK activity. Because ATP antagonizes these effects of AMP,
AMPK activity depends not simply on high AMP levels, but on the ratio of AMP to ATP.
Upon activation, AMPK promotes a metabolic program that serves to restore
cellular ATP levels. This occurs both through the upregulation of catabolic pathways
that generate ATP and through the downregulation of anabolic pathways that consume
ATP. A key mode of increasing ATP production occurs through the stimulation of
glucose uptake, through increased transcription(Zheng et al., 2001) and translocation to
the cell surface(Kurth-Kraczek et al., 1999) of Glut4 and increased transport activity of
Glut1(Barnes et al., 2002). AMPK also increases fatty acid oxidation through regulation
of mitochondrial fatty acid uptake(Merrill et al., 1997). Conversely, AMPK activation
serves to decrease gluconeogenesis(Lochhead et al., 2000) and fatty acid synthesis(Zhou
et al., 2001), thereby reducing ATP consumption.
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In addition to maintaining cellular ATP levels, AMPK has also been implicated in
the induction of apoptosis in response to severe stress. As described above, AMPK can
induce the activation of p53 to promote either cell cycle arrest or apoptosis in the context
of glucose withdrawal. AMPK has also been shown to promote the loss of Mcl-1 after
glucose withdrawal. This is thought to occur through AMPK-mediated phosphorylation
and activation of the tuberous sclerosis complex (TSC) 1/2. TSC 1 and 2 negatively
regulate the small GTPase Rheb, which when active, promotes mTOR activation(Inoki et
al., 2003). Thus, AMPK-mediated activation of TSC1/2 inhibits mTOR, and the
inhibition of mTOR, in turn, leads to a loss of Mcl-1 protein translation(Pradelli et al.,
2010a). Given that AMPK is sensitive to changes in glucose metabolism, the loss of
glucose metabolism following cytokine withdrawal could potentially lead to the
activation of AMPK to promote p53-dependent cell death. However, the role of AMPK
in cytokine withdrawal-induced cell death remains unknown.

1.5.2 Protein Kinase C (PKC) Family
Also well known to respond to changes in cellular metabolism is the Protein
Kinase C (PKC) family of kinases. The PKC family is divided into three subclasses, the
classical (PKCα, β, and γ), novel (PKCδ, ε, η, and θ), and atypical (PKCζ and ι) PKCs,
based on domain structure(Newton, 2010). The domain structure of the proteins
determines their mode of regulation. Classical and novel PKCs bind and are activated
by diacylglycerol (DAG), which targets them to membranes, and members of these two
classes also bind to the anionic phospholipid phosphatidylserine. The classical PKCs are
unique in that they also bind phosphatidylinositol-4,5-bisphosphate (PIP2) in a Ca2+dependent manner, which targets these proteins predominantly to the plasma
membrane rather than to other membrane compartments within the cell. Atypical PKCs
do not bind DAG and are not regulated by Ca2+; instead, these proteins are regulated
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largely by protein-protein and protein-phospholipid interactions(Redig and Platanias,
2007). All three subclasses are also subject to phosphorylation on multiple residues,
which enhance kinase activity(Parekh et al., 2000).
The activation of PKCs through lipid binding allows these proteins to respond to
changes in glucose metabolism, because the de novo synthesis of lipids from glycolytic
intermediates results in elevated DAG levels within cells exposed to high levels of
glucose(Meier and King, 2000). Elevated glucose levels have been shown to increase
PKCε membrane association in cardiac myocytes(Malliopoulou et al., 2006).
Additionally, work from the diabetes field has demonstrated that PKC-mediated
signaling pathways mediate certain effects of hyperglycemia in pancreatic β cells(Kaneto
et al., 2002), endothelial cells(Cosentino et al., 2003), lymphocytes(Sakowicz-Burkiewicz
et al., 2009), and renal mesangial cells(Whiteside and Dlugosz, 2002; Wu et al., 2009).
Through their ability to activate signaling pathways in response to metabolic
changes, PKCs are able to link cell metabolism to cell survival. Elevated levels of
glucose metabolism are known to suppress apoptosis in certain contexts, and several
studies have demonstrated that this effect involves PKC family members. Culture in
elevated glucose concentrations suppresses apoptosis in vascular smooth cells through a
PKC-dependent mechanism(Hall et al., 2000). Increased glucose metabolism also
attenuates cell death after cytokine withdrawal, and this effect is thought to depend in
part on elevated levels of PKC activity in cells with high levels of glucose
metabolism(Zhao et al., 2007).
The activation of PKCs occurs through conformational changes induced by lipid
binding. Inactive PKCs generally localize to the cytosol and are folded such that the
kinase domain is concealed. Recruitment of PKCs to cellular membranes allows binding
to lipids, which induces a conformational change that exposes the kinase
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domain(Newton, 2010). Activated PKCs have been shown to relocalize to nearly all
compartments of the cell, including the plasma membrane, mitochondria, nucleus, the
ER and the Golgi(Redig and Platanias, 2007). Numerous cellular processes can activate
the PKCs, such as the release of lipid second messengers, binding of ceramide, ROS,
nitration, capsase-mediated cleavage, and binding of ligands to extracellular
receptors(Redig and Platanias, 2008). In particular, the PKC family has been implicated
in multiple cytokine signaling pathways(Redig and Platanias, 2007). Expression of both
PKCα(Li et al., 1999) and PKCε(Gubina et al., 1998) can protect against apoptosis in the
context of IL-3 withdrawal. Furthermore, the pro-apoptotic family member PKCδ is
upregulated in response to IL-3 withdrawal and contributes to cytokine withdrawalinduced cell death(Romero Rosales et al., 2009). PKCδ has also been shown to
translocate from the cytoplasm to the nucleus in the context of IL-2 withdrawal(ScheelToellner et al., 1999).
PKCδ is thought to induce cell death in some contexts through the activation of
p53. PKCδ has been shown to induce p53 activation indirectly, through the activation
of IKKa in the context of oxidative stress(Yamaguchi et al., 2007), while others have
demonstrated direction regulation of p53 by PKCδ. In response to DNA damage, PKCδ
has been shown to phosphorylate p53 on Ser46 and promote p53-dependent
apoptosis(Yoshida et al., 2006). Additionally, in dopaminergic neurons, PKCδ has been
reported to directly phosphorylate p53 on Ser15 to promote nitric oxide-induced cell
death(Lee et al., 2006). However, it remains unknown whether PKCδ plays a role in the
regulation of p53 in the context of IL-3 withdrawal.

1.6 Questions to be addressed
Studies examining the metabolic regulation of p53 activity and Puma induction
in the context of cytokine withdrawal have raised several questions that are addressed in
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this work. Given that cancerous cells acquire growth-factor independent control over
metabolism and that they frequently demonstrate elevated rates of aerobic glycolysis, it
is important to understand the effect of increased glycolysis on alternative cell death
pathways, particularly those targeted by conventional cancer therapeutics, such as the
DNA damage pathway. If increased glucose metabolism protects against cell death in
response to other stresses, in addition to growth factor withdrawal, this would suggest
that increased glucose metabolism itself could be considered pro-oncogenic.
Furthermore, more recently developed targeted cancer therapies, such as tyrosine kinase
inhibitors, aim to induce apoptosis in cancer cells by inhibiting aberrant growth signals
and may activate cell death pathways that resemble those activated by growth factor
withdrawal. Therefore, further insight into the mechanisms by which glucose
metabolism regulates cytokine withdrawal-induced cell death may help to clarify the
ways in which targeted therapies induce apoptosis and how cancer cells can develop
resistance to these treatments. Such understanding may help to increase the efficacy of
these important clinical tools.
Additionally, the activation of p53 and induction of Puma after cytokine
withdrawal remain poorly understood. Transcriptional activation of p53 after cytokine
withdrawal has not been demonstrated previously, and alternative transcription factors,
such as FoxO3a, have been implicated in the induction of Puma in this context.
Furthermore, in remains unclear how elevated glycolysis might regulate p53 activity.
While loss of glucose metabolism has been shown to activate p53 through AMPK,
increased glucose metabolism is not known to suppress p53 activity. Finally, given the
fundamental role of p53 as a tumor suppressor, the metabolic regulation of p53 could
have profound effects on tumor biology. While increased glucose metabolism
undoubtedly supports cancer cell growth and proliferation by satisfying energetic and
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biosynthetic demands, increasing evidence now suggests that elevated glycolysis may
also contribute to oncogenesis through the suppression of cell death pathways.
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Materials	
  and	
  Methods	
  

2.1 Cell Culture
Control, Glut1/HK1, and Bcl-xL-expressing FL5.12 murine pro-B cells were
cultured in RPMI 1640 media (Mediatech) with 10% FetalClone III serum (Thermo
Scientific), 100 units penicillin, 100 µg/mL streptomycin, 2 mM glutamine, 10 mM
Hepes, 55 nM 2-ME, and 0.5 ng/ml recombinant murine IL-3 (eBioscience). K562 cells, a
p53 null, Ph+ CML cell line, were cultured in RPMI 1640 supplemented with 10% Fetal
Bovine Serum (FBS) (Gemini Bio-Products), 100 units penicillin, 100 µg/mL
streptomycin, 2 mM glutamine, 10 mM Hepes, and 55 nM 2-ME. Nalm-1 cells, isolated
from a patient with blast phase Ph+ CML and expressing wild type p53, were obtained
from the American Tissue Culture Facility (ATCC) and were cultured in RPMI 1640
supplemented with 15% FBS, 100 units penicillin, and 100 µg/mL streptomycin. p53
LSL cells were generously provided by Andrea Ventura (Memorial Sloan Kettering
Cancer Institute) and Tyler Jacks (Massachusetts Institute of Technology, Cambridge,
MA) and were cultured in DMEM (Mediatech) supplemented with 10% FBS, 100 units
penicillin, and 100 µg/mL streptomycin. Murine T cells were isolated from the spleen
via negative selection (StemSep) and cultured in RPMI 1640 supplemented with 10%
FBS, 100 units penicillin, 100 µg/mL streptomycin, 2 mM glutamine, 10 mM Hepes, 55
nM 2-ME, and 10 ng/mL recombinant murine IL-2 (eBioscience). T cells were activated
by culture on 5 µg/ml anti-CD3ε and anti-CD28 antibody-coated plates with 10 ng/mL
IL-2 (BD Pharmingen) for 48 hours, followed by an additional 24 hours of culture in 10
ng/mL IL-2. For growth factor withdrawal assays, cells were washed three times with
PBS and cultured in the presence or absence of IL-3 or IL-2 at concentrations of 2 x
10^5/mL and 1 x 106/mL, respectively. For drug treatments, cells were resuspended in
fresh media containing 0.4 µM etoposide (Sigma), 10 µM Compound C (EMD
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Biosciences), 10 µM Rottlerin (Calbiochem), 1 µM imatinib (LC Laboratories), 5 mM 2Deoxyglucose (Sigma), or an equal volume of vehicle control.

2.2 Immunoblots
Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer supplemented
with protease (BD Pharmingen) and phosphatase (Sigma) inhibitors. Protein
concentrations were determined by bicinchoninic acid protein assay (Bio-Rad). Equal
protein amounts were run on either 10-20% or 4-20% SDS-PAGE gels (Bio-Rad).
Primary antibodies were: Puma (Cell Signaling), p53 1C12 (Cell Signaling), Actin
(Sigma), Bim (BD Pharmingen), phospho-p53 Ser15, phospho-p53 Ser20, and phosphop53 S392 (Cell Signaling), PKCδ (BD Pharmingen), phospho- and total AMPK (Cell
Signaling), HA (Roche), GAPDH 6C5 (Santa Cruz), Lamin B2 (Invitrogen), and Cterminal acetylated p53 (generously provided by Dr. Tso-Pang Yao, Duke University).
Secondary antibodies were anti-rabbit horseradish peroxidase-labeled (Cell Signaling),
anti-rat horseradish peroxidase-labeled (BD Pharmingen), and anti-mouse fluorescentlabeled (Licor) antibodies. Blots were imaged using Supersignal West Pico or Femto
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).

2.3 Transfection and Plasmids
Transient transfections were performed via nucleofection (Amaxa, Kit V,
Program G-16, Lonza), and shRNA plasmids were constructed as previously
described(Zhao et al., 2008). shRNA sequences were: p53 A: GAG TAT CTG GAA GAC
AGG CAG ACT TCC TCG AGC AAG TCT GCC TGT CTT CCA GAT ACTC; p53 B:
GAG ACA CAA TCC TCC CGG TCC CTT CCT CGA GCA AGG GAC CGG GAG GAT
TGT GTC TC; Bim: GAT CTG CGC CCG GAG ATA CGG ATT CCT CGA GCA ATC
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CGT ATC TCC GGG CGC AGA TC; Puma GAG GGT CAT GTA CAA TCT CTT CCT
CGA GCA AGA GAT TGT ACA TGA CCC TC; PKCδ: GAA GAT GAA GGA GGC ACT
CAG CCT CGA GCC TGA GTG CCT CCT TCA TCT TC. HA-tagged, wild type human
pcDNA3.1-p53 was expressed for acetylation studies.

2.4 Cell Viability Analysis
Cell viability was assessed via propidium iodide (PI) exclusion as
described(Zhao et al., 2008). Cells were treated with 1 µg/ml propidium iodide and
were analyzed on a FACScan flow cytometer (BD Biosciences). Triplicate samples of a
minimum of 5000 counts were analyzed using FlowJo software (TreeStar). Means +/standard deviations are shown. Data are representative of three or more independent
experiments.

2.5 Glycolysis Assays
Glycolytic flux (a combined measure of the amount of glucose taken into the cell
and metabolized through glycolysis) was assessed by measuring the conversion of 5-3Hglucose (Perkin Elmer) to [3H]2O by enolase in the penultimate step of glycolysis.
Briefly, 3 x 106 cells were washed once in PBS and resuspended in 1.5 mL Krebs buffer
(115mM NaCl, 2 mM KCl, 25 mM NaHCO3, 1 mM MgCL2, 0.25% BSA, pH 7.4). Cells
were plated in triplicate in a 24 well plate with 0.5 mL per well and incubated at 37oC for
30 minutes, after which 10 µCi 5-3H-glucose was added to each well. Cells were
incubated for 1 hr at 37oC. After 1 hr, 0.5 mL of 0.2 N HCl was added to each well to
stop the reaction. For each well, triplicate diffusion chambers were assembled in which
an uncapped PCR tube containing 0.1 mL of the cell solution was placed into a
scintillation vial containing 0.5 mL of water such that the contents of the PCR tube could
not mix with the water. Scintillation vials were capped and wrapped in parafilm.
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Diffusion was allowed to occur for a minimum of 48 hrs, so that 3H2O could be separated
from 3H-glucose through evaporation of the 3H2O. The amounts of diffused and
undiffused 3H were measured via scintillation counting, and glycolytic flux was
calculated based on the amount of 3H2O generated. Appropriate 3H-glucose-only and
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H2O-only controls were included. Means plus standard deviations are shown.

2.6 Luciferase Assays
Two and a half million cells were transfected with 15 µg of a p53 transcriptional
activity luciferase reporter (pG13-Luc), in which tandem p53 binding sites are cloned
upstream of luciferase, along with 10 ng of a Renilla luciferase control plasmid.
Eighteen hours after transfection, cells were washed and cultured in the presence or
absence of IL-3 or etoposide for eight hours or imatinib for ten hours. Luciferase activity
was measured using a Dual Luciferase Assay kit (Promega), following the
manufacturer’s instructions. Firefly luciferase values were normalized to Renilla
luciferase values to control for transfection efficiency. Values are means plus standard
deviations of triplicate samples. Data are representative of three independent
experiments.

2.7 Quantitative Real-time PCR Analysis
Total RNA was isolated using the Trizol (Invitrogen) method, and 2 µg of RNA
was reverse-transcribed using Superscript II (Invitrogen). Quantitative reverse
transcription-PCR (qRT-PCR) was performed using SYBR Green Supermix (Bio-Rad)
and was analyzed on an iCycler machine.
A p53 signaling reverse transcription-PCR (RT-PCR) SuperArray (SA
Biosciences) was performed according to the manufacturers instructions. Control and
Glut1/HK1 cells were transfected with control or p53 shRNAi. Twenty-four hours after
transfection, cells were cultured in the presence or absence of IL-3 or were treated with 4
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µM etoposide for 10 hours, and total RNA was collected. For validation of RT-PCR
Array results, control and Glut/HK1 cells were cultured for 10 hours in the presence or
absence of IL-3 or 4 µM etoposide for 10 hours, and total RNA was collected. Primer
sequences were: Puma: AGACAAGAAGAGCAGCATCGACAC,
TAGGCACCTAGTTGGGCTCCATTT; Gadd45: ATTTCACCCTCATCCGTGCGTTCT,
ATGAATGTGGGTTCGTCACCAGCA; Mdm2: GTTGTTAAAGTCCGTTGGAGCGCA,
CAATGTGCTGCTGCTTCTCGTCAT; Bax: CCGGCGAATTGGAGATGAACT,
CCAGCCCATGATGGTTCTGAT; p21: AATCCTGGTGATGTCCGACCTGTT,
GTGACGAAGTCAAAGTTCCACCGT; Zmat3: ATGACTACTGTAAGCTGTGCGA,
GGCCACCATCTTAAATTCACTCC; β2-microglobulin:
ACCGGCCTGTATGCTATCCAGAAA, GGTGAATTCAGTGTGAGCCAGGAT. Values
are means plus standard deviations of three independent experiments.

2.8 Mass Spectral Lipid Analysis
Cells were cultured in the presence or absence of IL3 or glucose for 10 hrs then
washed three times in PBS, and cell pellets were snap-frozen. Mass spectrometry was
performed at the Medical College of South Carolina Lipidomics Core Facility, as
previously described(Bielawski et al., 2006). Glycosylceramides and sphingomyelins
were normalized to total cellular lipid phosphates.

2.9 p53 Binding Studies
Cells cultured for 10 hrs in the presence or absence of IL-3 were lysed in CHAPS
buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 15% glycerol, 1 mM EDTA, 1% CHAPS)
containing protease and phosphatase inhibitors for 30 minutes on ice. Protein
quantifications were determined for whole cell lysates, and equal amounts of protein
were incubated with 0.75 µg recombinant GST-p53 (Millipore) in Assay Dilution Buffer
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II (20 mM MOPS, pH 7.2, 25 mM β-glycerol phosphate, 1 mM sodium orthovanadate, 1
mM dithiothreitol, 1 mM CaCl2) in a total volume of 50 µl for 10 minutes at 30oC with
constant agitation. After 10 minutes, 350 µl CHAPS buffer was added to each tube,
along with glutathione agarose beads (25 µl of beads per reaction were washed three
times in CHAPS buffer, then resuspended in 100 µl CHAPS per reaction). Tubes were
rotated at 4oC for three hours. Immunoprecipitations were washed three times with
CHAPS buffer, resuspended in sample buffer, and frozen for subsequent SDS-PAGE and
immunoblotting analysis.

2.10 Cell Fractionation Studies
Roughly 15 x 106 cells cultured in the presence or absence of IL-3 for 6 hrs were
washed once with PBS and were resuspended in 400 µl Buffer A (50 mM Hepes, pH 7.4,
10 mM KCl, 1 mM EDTA, 1 mM EGTA, 0.1% NP-40, 1 mM DTT, protease inhibitors).
Cells membranes were disrupted using a Dounce homogenizer, and cells were
centrifuged for 4 minutes at 4000 g at 4oC. The supernatant was transferred to a new
tube, centrifuged for 4 minutes at 12,500 g at 4oC, and the supernatant from this spin was
used as the cytosolic fraction. The pellet from the first spin was resuspended in 700 µl
Buffer B (Buffer A with 1.7 M sucrose) and was centrifuged for 30 minutes at 15,000 g at
4oC. The pellet from this spin was resuspended in 150 µl RIPA buffer and was sonicated
in 1 second pulses for a total of 10 pulses. The suspension was then centrifuged for 5
minutes at 15,000 g at 4oC, and the supernatant from this spin was collected as the
nuclear fraction. Protein concentrations were determined and equal amounts of protein
were subjected to SDS-PAGE and immunoblotting. GAPDH was used as a cytosolic
marker, and Lamin B was used as a nuclear marker.
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2.11 Leukemogenesis Assays
Whole bone marrow was isolated from C57L/B6 donor mice five days after
treatment with 5 mg 5-FU. Cells were cultured overnight in prestimulation media
(DMEM, 15% FBS, 5% WEHI-conditioned media, 100 units penicillin, and 100 µg/mL
streptomycin, 2 mM glutamine, 10 ng/mL IL-3, 10 ng/mL IL-6 and 50 ng/mL SCF) at a
concentration of 5 x 106/mL. The following morning, cells were infected with
retroviruses expressing mAkt or Glut1, or both mAkt and Glut1 retroviruses together,
along with the appropriate controls. For infections, cells were resuspended in fresh
prestimulation media at a concentration of 2-5 x 106/mL along with 2 µl Polybrene and
were plated in a 6-well plate with up to 4 mLs per well. Cells were spun for 1.5 hours at
2,500 rpm at room temperature and were then incubated at 37oC overnight. Infections
were repeated the following morning and returned to 37oC for at least one hour. Prior to
intravenous injections, cells were washed once in PBS and resuspended PBS containing
2% FBS. C57L/B6 recipient mice were irradiated 24 hrs prior to intravenous injections
with 700 rad of radiation. Each mouse received 750,000 donor cells transferred through
the tail vein.
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3.1 Introduction
Hematopoietic cells require input from growth factor signaling pathways to
regulate their metabolism, proliferation and survival. Loss of growth factor signaling
initiates a program of cellular atrophy, characterized by decreased levels of glucose
metabolism, followed by the induction of apoptosis(Rathmell et al., 2000). However,
maintenance of glucose metabolism in the absence of cytokines has been shown to
suppress apoptosis in hematopoietic cells withdrawn from IL-3(Rathmell et al., 2003).
Increased glucose metabolism has also been shown to protect neurons(Gupta et al., 2001)
and cardiomyocytes(Lin et al., 2000) from death, as well, suggesting that regulation of
metabolism is intricately linked to cell fate.
Consistent with this idea, many tumors dramatically increase their glucose
uptake, glycolysis and lactate production(Boag et al., 2006; Macheda et al., 2005; Smith,
2000) and adopt the metabolic program of aerobic glycolysis, known as the Warburg
effect(Warburg, 1956). Several oncogenes have been shown to drive increased glucose
metabolism, including Notch(Ciofani and Zuniga-Pflucker, 2005), BCR-Abl(Barnes et al.,
2005; Gottschalk et al., 2004), and Akt(Gottlob et al., 2001; Wieman et al., 2007), and
overexpression of glucose transporters has been seen in multiple types of
tumors(Macheda et al., 2005) and particularly in breast cancer(Brown and Wahl, 1993).
The fact that a wide variety of tumors, arising from different types of cells with different
oncogenic mutations, converge on this metabolic phenotype suggests that it provides
tumor cells with a growth and/or survival advantage. However, it remains unclear how
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changes in metabolism impact survival pathways, particularly tumor suppressor
pathways that function to inhibit carcinogenesis.
In contrast to healthy cells, cancerous cells are able to maintain cellular metabolic
processes independently of growth factor input, often through expression of oncogenic
kinases, such as BCR-Abl, which can substitute for external growth signals to maintain
glucose metabolism and survival(Barnes et al., 2005; Cambier et al., 1998). The tyrosine
kinase inhibitor imatinib blocks BCR-Abl signaling and is widely used to treat BCR-Ablpositive leukemias. Because imatinib inhibits the survival signal in cells expressing
BCR-Abl, treatment with imatinib resembles growth factor withdrawal. Thus, studies
examining the signaling pathways that initiate cell death after withdrawal of extrinsic
growth factors may provide insight into the mechanisms by which tyrosine kinase
inhibitors promote cell death and ways in which cells become resistant to these
therapies.
It is now clear that nutrient availability and cell metabolism can influence
signaling pathways that regulate cell survival. Several signaling pathways are well
described to directly regulate or respond to cellular metabolic state, including those
initiated by AMP-activated protein kinase (AMPK), which responds to changes in the
cellular AMP:ATP ratio and is activated by the loss of ATP that occurs in the context of
glucose withdrawal(Pradelli et al., 2010a). Additionally, the localization and activation
of the lipid-sensitive Protein Kinase C (PKC) family of proteins are known to be
regulated by changes in glucose metabolism(Malliopoulou et al., 2006; Whiteside and
Dlugosz, 2002; Zhao et al., 2007).
Furthermore, cellular metabolism can directly impact cell survival via regulation
of Bcl-2 family proteins. Loss of glucose uptake upon growth factor withdrawal(Zhao et
al., 2008) leads to degradation of the pro-survival Bcl-2 protein Mcl-1(Zhao et al., 2007)
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and induction of the pro-apoptotic BH3-only protein Puma(Zhao et al., 2008) to promote
cell death. However, loss of glucose metabolism can lead to apoptosis only when the
pro-apoptotic Bcl-2 family proteins Bax(Rathmell et al., 2003; Vander Heiden et al., 2001)
and Bim or Puma are present(Zhao et al., 2008). This indicates that metabolic pathways
that influence cell death ultimately converge on Bcl-2 family proteins.
The BH3-only protein Puma was first described as a transcriptional target of the
tumor suppressor p53(Nakano and Vousden, 2001). However, the role of p53 in the
induction of Puma and cell death in the context of cytokine withdrawal remains unclear.
Cytokine withdrawal in myeloid progenitor cells has been shown both to require
p53(Jabbour et al., 2009; Lotem and Sachs, 1993) and to be independent of p53(Eischen et
al., 2001). Additionally, the role of p53 in the induction of Puma after cytokine
withdrawal in lymphocytes has not been fully elucidated, as both p53(Zhao et al., 2008)
and FoxO3A(You et al., 2006) have been implicated in this process.
More well established are the roles of p53 in promoting DNA repair, senescence,
and apoptosis(Vousden and Ryan, 2009), and it is becoming clear that p53 plays a role in
the regulation of cellular metabolism as well(Bensaad et al., 2006; Kondoh et al., 2005;
Matoba et al., 2006). p53 is a transcription factor that is activated in response to a
number of different cellular stresses, including DNA damage, oncogene activation,
hypoxia, and glucose limitation(Horn and Vousden, 2007; Jones et al., 2005; Vousden
and Prives, 2009). Activation of p53 generally occurs through post-translational
modification, such as phosphorylation and acetylation, which often disrupt binding
between p53 and the ubiquitin ligase Mdm2 and allow for the stabilization and
activation of p53(Woods and Vousden, 2001). However, while it is clear that p53 can
regulate cell metabolism and respond to the loss of glucose metabolism, it remains
unclear how increased glucose metabolism, as seen in cancer cells, may affect p53
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activity.
In order for cells to become oncogenic, they must overcome all apoptotic signals
that might occur. While certain types of cancer cells evade the tumor suppressive effects
of p53 via inactivating mutations in the p53 gene, such mutations are seen in only
roughly 10% of leukemias(Murray-Zmijewski et al., 2008). This suggests that leukemic
cells may exploit alternative methods to suppress p53 activity. Therefore, we sought to
examine the metabolic regulation of p53 in response to cytokine withdrawal as well as
an additional p53-dependent cell death process, DNA damage. We found that p53 was
required for the induction of Puma and cell death in response to the loss of glucose
metabolism after cytokine withdrawal. p53 activation by growth factor withdrawal
occurred through post-translational modification of p53, which was dependent on
Protein Kinase C delta. While p53 contributed to cell death after both growth factor
withdrawal and DNA damage, elevated glucose metabolism attenuated p53 activation
and Puma induction only after cytokine withdrawal. Thus, elevated glucose metabolism
can itself suppress a specific pathway of p53 activation to attenuate cell death and may,
therefore, contribute to oncogenesis.

3.2 Results
3.2.1 Growth Factor Withdrawal Activates p53 Transcriptional
Activity
Growth factor-induced signals promote glucose metabolism(Vander Heiden et
al., 2001), and the early hematopoietic precursor cell line FL5.12 requires the cytokine IL3 for the maintenance of glucose metabolism and cell survival. Growth factor
withdrawal results in internalization and degradation of glucose transporters as well as
loss of Glut1 expression(Vander Heiden et al., 2001; Wieman et al., 2009; Wieman et al.,
2007), causing a loss of glucose uptake, which imposes a metabolic stress that leads to
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the activation of apoptosis(Zhao et al., 2007). The induction of apoptosis in this context
occurs, in part, due to loss of the pro-survival Bcl-2 family member Mcl-1(Zhao et al.,
2007). In addition to decreased expression of Mcl-1, however, pro-apoptotic Bcl-2 family
proteins are essential to initiate and carryout apoptosis. To investigate whether the
metabolic regulation of cell death in cells deprived of growth factor signals extended to
regulation of pro-death Bcl-2 family members, the induction of the BH3-only protein
Puma was examined, as this protein is known to be important in mediating cell stress
responses in hematopoietic cells(Villunger et al., 2003). Indeed, cytokine withdrawal in
FL5.12 cells lead to the induction of Puma (Figure 3.1a), demonstrating a role for this
protein in IL-3 withdrawal induced cell death.

Figure 3.1: Cytokine withdrawal activates p53 transcriptional activity.
A. FL5.12 cells were cultured in the presence of absence of IL-3 for 10 hrs and Puma induction
was assessed via immunoblot. B, C. p53 levels were knocked-down via shRNA (B) and Puma
induction was assessed in cells cultured in the presence or absence of IL-3 for 10 hrs (C). D. p53
transcriptional activity was measured in cells cultured in the presence or absence of IL-3 for 8 hrs.
Data are representative of three or more independent experiments.
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Puma was first described as a transcriptional target of p53. However, the role of
p53 in cytokine withdrawal-induced cell death remains uncertain. To determine
whether Puma induction after cytokine withdrawal was dependent on p53, p53 levels
were knocked-down via shRNA in FL5.12 cells (Figure 3.1b), and Puma induction in the
context of IL-3 withdrawal was examined. shRNA-mediated inhibition of p53
suppressed Puma induction (Figure 3.1c), demonstrating a role for p53 in the regulation
of Puma after cytokine withdrawal. The p53-dependent induction of Puma suggested
that p53 transcriptional activity increased following IL-3 withdrawal. To examine this
possibility, FL5.12 cells were transfected with a luciferase reporter construct containing
tandem p53 binding sites located upstream of the luciferase gene, which served as a
readout for p53 transcriptional activity. Cells withdrawn from IL-3 exhibited a large
increase in relative luciferase activity, as compared with cells grown in the presence of
IL-3 (Figure 3.1d). These results demonstrate that IL-3 withdrawal leads to the
activation of p53 transcriptional activity and the p53-dependent induction of Puma.

3.2.2 p53 is Required for Efficient Cell Death After Cytokine
Withdrawal and DNA Damge in Activated T Lymphocytes
Similar to FL5.12 cells, activated primary T lymphocytes are dependent on the T
cell growth factor IL-2 for glucose metabolism and survival. Activated primary T cells
undergo a dramatic increase in glycolytic metabolism upon activation that is
characteristic of aerobic glycolysis, and this elevation in glucose metabolism requires IL2 to be maintained (Figure 3.2a). To address the role of p53 in IL-2 withdrawal in
activated primary T cells, purified wild type or p53-/- T cells were activated and cultured
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Figure 3.2: p53 is required for Puma induction and cell death after growth factor
withdrawal and etoposide treatment in activated T lymphocytes.
A. Glycolysis was measured in resting primary splenic T cells and in anti-CD3 and anti-CD28
activated T cells cultured in the presence or absence of IL-2 for an additional 12 hrs. B, C. T cells
were isolated from wild type and p53-/- mice, activated as above, and cultured in the presence or
absence of IL-2 or 4 µM etoposide (D=DMSO control; E=etoposide). Cell viability was measured
over time (B), and Puma and p53 levels were analyzed by immunoblot after 12 hrs (C). D. T cells
from wild type, Bim-/- or Bim-/-p53-/- mice (bottom panel) were activated and withdrawn from IL2 or treated with 4 µM etoposide as above. Viability was measured over time and levels of Bim
and p53 were analyzed after 24 hrs. Data are representative of three or more independent
experiments.
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in IL-2, and cell death was observed after IL-2 withdrawal or treatment with the DNAdamaging chemotherapeutic agent etoposide (Figure 3.2b). In both cases, p53-/- T cells
exhibited a persistent survival advantage over control cells, demonstrating a
contribution by endogenous p53 to these cell death pathways.
Induction of Puma by p53 occurs following DNA damage(Yu et al., 2006; Yu et
al., 2001), and activated wild type T cells upregulated Puma expression upon both IL-2
withdrawal and etoposide treatment (Figure 3.2c). In contrast, p53-deficient T cells
failed to upregulate Puma in response to either IL-2 withdrawal or etoposide treatment.
Bim has also been strongly implicated in T cell death pathways(Erlacher et al., 2006), and
p53 may have regulated cell death through modification of Bim function. To determine
if p53 might regulate cell death in the absence of Bim, activated Bim-/- and Bim-/-p53-/- T
cells were analyzed (Figure 3.2d). Importantly, p53 deficiency provided protection from
both growth factor withdrawal and DNA damage, regardless of Bim expression, and
Bim-/-p53-/- T cells were highly resistant to apoptosis upon IL-2 withdrawal. Thus, p53
plays a critical role in apoptosis induced by both growth factor deprivation and DNA
damage pathways.

3.2.3 Cytokine Withdrawal Activates p53 Through Changes in Posttranslational Modifications
The requirement for p53 in the induction of Puma and apoptosis and the increase
in p53 transcriptional activity following cytokine withdrawal suggested that this cell
stress led to the activation of p53. In the canonical DNA damage response pathway, p53
phosphorylation leads to dissociation from the ubiquitin ligase Mdm2 to allow p53
stabilization. Despite increased p53 transcriptional activity, however, no increases in
total p53 protein were observed in either FL5.12 cells or primary T cells after cytokine
withdrawal (Figure 3.3a). As expected, p53 was stabilized and accumulated in both cell
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types upon treatment with etoposide (Figure 3.3a). Because p53 can be activated by
changes in post-translational modifications, we next examined whether, like DNA
damage, cytokine withdrawal induced p53 phosphorylation. Indeed, growth factor
withdrawal led to phosphorylation on serine 18 of p53 (mSer18, corresponding to
human Ser15), albeit to a lower level than that induced by DNA damage (Figure 3.3b).
Similarly, p53 was phosphorylated on mSer18 after both cytokine withdrawal and DNA

Figure 3.3: Growth factor withdrawal induces phosphorylation of p53.
A. Total p53 protein levels were assessed via immunoblot in FL5.12 cells and primary T cells
withdrawn from cytokine or treated with 4 µM etoposide for 10 or 12 hrs, respectively. B, C. The
same conditions were used to assess phosphorylation of p53 at mSer18 in FL5.12 cells (B) and
activated primary T cells (C). D, E. Phosphorylation of p53 at mSer23 (D) and mSer389 (E) was
assessed in FL5.12 cells after 10 hrs of IL-3 withdrawal or etoposide treatment. Data are
representative of three or more independent experiments.
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damage in activated primary T cells (Figure 3.3c). This phosphorylation event appeared
to be specific, as no increase in phosphorylation was seen on alternative sites examined,
including mSer23 (human Ser20) or mSer389 (human Ser392) (Figure 3.3d, e).
Given that p53 phosphorylation after cytokine withdrawal was weaker than that
seen in the context of canonical p53 activation after DNA damage, the contribution of
this phosphorylation to p53 activation after cytokine withdrawal was uncertain. To
directly address the role of this regulated phosphorylation, T lymphocytes were
examined from p53 S18A knock-in mice, in which serine 18 has been mutated to alanine
and can no longer be phosphorylated. Activated p53 S18A T cells were partially
resistant to cell death after cytokine withdrawal, as compared with wild type T cells
(Figure 3.4a). The survival effect in the p53 S18A T cells was intermediate between the
wild type and p53-/- T cells and was analogous to that seen after DNA damage induced
by etoposide treatment or gamma irradiation. Importantly, Puma induction was also
attenuated in activated p53 S18A T cells after both cytokine withdrawal and DNA
damage (Figure 3.4b). These data demonstrate that phosphorylation of p53 at Ser18 is
required for maximal activation of p53 and Puma induction after growth factor
deprivation.
The intermediate phenotype of p53 S18A T cells suggested that additional
metabolically regulated mechanisms also contribute to p53 activation. In addition to
phosphorylation, C-terminal acetylation can enhance p53 transcriptional activity(Gu and
Roeder, 1997; Sakaguchi et al., 1998) and is thought to be required for p53 function(Tang
et al., 2008). To examine p53 acetylation, cells were transfected with HA-tagged human
p53 and were cultured in the presence or absence of IL-3 for 10 hours. HA-tagged p53
was then immunoprecipitated and probed with anti-sera recognizing pan-C-terminalacetylated human p53(Ito et al., 2001). Consistent with p53 activation, cells withdrawn
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from IL-3 demonstrated an increase in C-terminal acetylation (Figure 3.5). Together,
these data demonstrate that growth factor deprivation induces the phosphorylation of
p53 at Ser18 and the acetylation of p53 in the C terminus. Although these studies do not
determine the hierarchy of these modifications in the regulation of p53 activity, they
demonstrate that cytokine withdrawal leads to the activation of p53 through regulation
of post-translational modifications.

Figure 3.4: Serine 18 phosphorylation is required for maximal p53 activation
following cytokine withdrawal.
A, B. T lymhpocytes were isolated from p53 wild type, p53 S18A/S18A, and p53-/- mice,
activated, and withdrawn from IL-2 or treated with 4 µM etoposide or 8 Gy gamma radiation. A.
Cell viability was measured after 36 hrs of IL-2 withdrawal or irradiation or 24 hrs of etoposide
treatment. B. Puma induction was assessed via immunoblot after 12 hrs. Data are representative
of three or more independent experiments.
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Figure 3.5: Cytokine withdrawal induces C-terminal acetylation of p53.
Cells were transfected with HA-p53 and cultured + IL-3 for 10 hrs. HA-p53 was immunoprecipitated and probed for C-terminal acetylation. Data represent three independent experiments.

3.2.4 Increased Glucose Metabolism Attenuates p53-dependent
Puma Induction and Cell Death After Growth Factor Withdrawal
but not DNA Damage
We have shown that maintenance of glycolysis maintains cell survival following
growth factor deprivation(Zhao et al., 2008). Cytokine withdrawal-induce cell death
was dependent on p53 (Figure 3.2a); however, it remained unclear whether p53 was
controlled by cell metabolism in this context and if this regulatory pathway was
common to other p53-responsive stresses, such as DNA damage. The role of metabolism
in regulating p53 after DNA damage was of particular interest, given that many
conventional chemotherapeutic agents promote caner cell death through the induction
of DNA damage. FL5.12 cells retain wild type p53(Minn et al., 1996), yet can be readily
transformed to cause leukemias in vivo(Karnauskas et al., 2003), and thus represent a
useful model to examine p53 regulation. To address the effect of glucose metabolism on
p53 directly, we established cells with growth factor-independent glucose uptake and
glycolysis by co-expressing the glucose transporter Glut1 and hexokinase
(HK1)(Rathmell et al., 2003). This drove glucose uptake and metabolism and maintained
glycolysis even in the absence of growth factor (Figure 3.6a). DNA damage, however,
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Figure 3.6: Maintenance of glucose metabolism suppresses Puma induction and cell
death after growth factor withdrawal but not after DNA damage.
A, B, C. Control cells and cells with stable expression of Glut1 and HK1 were cultured + IL-3 or
treated with 4 µM etoposide and (A) glycolysis was assessed after 8 hrs, (B) Puma induction was
assessed via immunoblot after 10 hrs, and (C) cell viability was measured. D. Control cells were
transfected with two p53 shRNA constructs and cultured –IL-3. Viability was measured over
time. (C=Control; GH=Glut1/HK1). Data are representative of three independent experiments.
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did not reduce glucose metabolism and glycolytic rates were instead modestly elevated
in both control and Glut1/HK1-expressing cells.
Importantly, maintenance of glucose metabolism delayed cell death upon growth
factor withdrawal (Figure 3.6b)(Zhao et al., 2007). In contrast, however, Glut1/HK1
expression did not provide protection against DNA damage by etoposide, and instead,
may have somewhat increased cell death (Figure 3.6b). Consistent with selective
protection from apoptosis, Puma induction in Glut1/HK1 cells was largely suppressed
upon growth factor withdrawal, but not following DNA damage (Figure 3.6c).
The induction of apoptosis after both cytokine withdrawal and DNA damage
was mediated by p53, as shRNA knockdown of p53 attenuated cell death after both cell
stresses (Figure 3.6d). These data support a role for p53 to promote apoptosis after
multiple cell stresses and demonstrate the selective regulation of p53 and Puma
induction by glucose metabolism after cytokine withdrawal.

3.2.5 Glucose Metabolism Selectively Regulates p53 Transcriptional
Activity After Cytokine Withdrawal but not After DNA Damage
The differential patterns of Puma induction suggested selective metabolic
regulation of p53 transcriptional activity after growth factor withdrawal but not DNA
damage. Cells were therefore transfected with a p53 luciferase reporter construct to
assess p53-dependent transcription. After cytokine withdrawal, p53 activity increased
in control cells, but this was prevented by maintenance of glycolysis in Glut1/HK1expressing cells (Figure 3.7a). In contrast, p53 transcriptional activity increased
equivalently in both control and Glut1/HK1 cells after DNA damage (Figure 3.7b).
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Figure 3.7: Glucose metabolism selectively suppresses p53 transcriptional activity
after cytokine withdrawal but not after DNA damage.
A, B. p53 transcriptional activity was measured in control and Glut1/HK1 cells using a luciferase
reporter construct driven by p53 binding elements in cells grown ± IL-3 (A) or in the presence of
DMSO or 4 µM etoposide (B). Data are representative of three independent experiments.

p53 can upregulate different target genes in response to various
stresses(Vousden, 2006), and differential regulation of p53 by growth factor deprivation
and DNA damage might activate p53 to induce distinct sets of target genes. To examine
this possibility, control cells were cultured in the presence or absence of IL-3 or the
presence of etoposide, and mRNA levels for a panel of p53 target genes were analyzed
using a quantitative real time PCR (qRT-PCR) array focused on p53 signaling pathways
(Figure 3.8, full results in Appendix A). Candidate genes were subsequently validated
using qRT-PCR (Figure 3.9a). Treatment with etoposide led to increased levels of the
p53 targets Puma, Mdm2, Bax, p21 and Zmat3, while IL-3 deprivation led to
upregulation of Puma and Gadd45. p53 target gene induction was also examined after
IL-2 withdrawal in activated T cells, which demonstrated increased Puma and Gadd45
mRNA levels, but unchanged or decreased levels of Mdm2 mRNA (Figure 3.9b). Thus,
p53 activation pathways are differentially sensitive to metabolic status and can induce
distinct sets of target genes (Figure 3.10).
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Figure 3.8: qRT-PCR Array demonstrating p53 target gene induction after
cytokine withdrawal and etoposide treatment.
RNA isolated from cells cultured in the presence or absence of IL-3 or treated with etoposide was
analyzed via a qRT-PCR Array focused on p53 signaling pathways.
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Figure 3.9: Cytokine withdrawal and DNA damage induce distinct sets of p53 target
genes.
A, B. Induction of multiple p53 target genes was measured by RT-PCR in (A) control cells grown
in the presence of IL-3 or withdrawn from IL-3 or treated with etoposide for 10 hrs or (B)
activated primary T cells cultured in the presence or absence of IL-2 for 12 hrs. Data are means
plus standard deviations of three independent experiments.
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Figure 3.10: Activation of p53 following growth factor withdrawal and DNA damage.
Growth factor withdrawal and DNA damage both induce phosphorylation on mSer18 of p53.
However, these two cell stresses activate p53 to induce distinct sets of target genes.

3.2.6 Glucose Metabolism Regulates Post-translational Modification
of p53 After Cytokine Withdrawal
Cells that maintained glucose uptake and metabolism suppressed the induction
of p53 transcriptional activity after cytokine withdrawal. As no difference was seen in
total p53 protein levels between control and Glut1/HK1 cells (Figure 3.11a), this effect
may have occurred through inhibition of p53 modification. To examine this possibility,
control and Glut1/HK1 cells were cultured in the presence or absence of IL-3 or the
presence of etoposide, and phosphorylation at mSer18 of p53 was examined. While
control cells showed p53 phosphorylation after IL-3 withdrawal, Glut1/HK1 expression
strongly suppressed this phosphorylation (Figure 3.11b). In contrast, both control and
Glut1/HK1 cells showed equivalently strong phosphorylation on mSer18 after etoposide
treatment, consistent with the findings that Glut1/HK1 cells did not suppress p53
transcriptional activity or Puma induction and were not protected from cell death after
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DNA damage. The regulation of p53 acetylation by glucose metabolism was also
examined, using the system described above. Similar to the effect on Ser18
phosphorylation, cells with increased glucose metabolism suppressed the increase in Cterminal acetylation seen in control cells after IL-3 withdrawal (Figure 3.11c).
The activation of p53 by cell stresses culminates in p53 tetramerization to allow
stable binding to target gene promoters(Weinberg et al., 2004). Tetramerization of p53
occurs post-translationally(Nicholls et al., 2002) and is thought to be influenced by posttranslational modifications(Sakaguchi et al., 1997). p53 tetramers have also been shown
to be metabolically regulated, through binding to NAD+(McLure et al., 2004). As cells
with increased glucose metabolism suppressed the modification and activation of p53
after cytokine withdrawal, the ability of p53 to oligomerize following growth factor
withdrawal was assessed in control and Glut1/HK1 cells using an in vitro binding
assay. Equal amounts of lysates from control and Glut1/HK1 cells cultured in the
present or absence of IL3 were incubated with recombinant GST-p53. After a 10-minute
incubation, glutathione-agarose beads were used to immunoprecipitate GST-p53, and
the amount of endogenous p53 co-immunoprecipitating with GST-p53 was assessed as a
measure of p53 oligomerization. As shown in Figure 3.11d, control cells demonstrated
an increase in p53 oligomerization after cytokine withdrawal. In contrast, Glut1/HK1
cells demonstrated decreased basal levels of p53 oligomerization and largely suppressed
oligomerization in the context of IL-3 withdrawal. Taken together, these results
demonstrate that aerobic glycolysis suppresses the phosphorylation and acetylation of
p53 after cytokine withdrawal and that loss of these modifications appears to impair p53
oligomerization.
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Figure 3.11: Glucose metabolism suppresses post-translational modification of p53
following cytokine withdrawal.
A-D. Control and Glut1/HK1 cells were used. A, B. Cells were cultured in the presence or
absence of IL-3 or treated with 4 µM etoposide for 10 hrs, and levels of total p53 (A) or mSer18
phosphorylation (B) were assessed via immunoblot. C. Cells were transfected with HA-tagged
human p53 and cultured in the presence or absence or IL-3 for 10 hrs, and HA-p53 was
immunoprecipitated and probed for p53 C-terminal acetylation. D. Lysates were incubated with
GST-p53 for 10 mins, incubated with glutathione-agarose for 3 hrs, and immunoprecipitations
were probed for total p53. Data are representative of three independent experiments.
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3.2.7 Protein Kinase C delta is Required for p53 Phosphorylation
After Cytokine Withdrawal
Regulation of p53 modification by glucose metabolism suggested that nutrientsensitive kinases might mediate p53 activation when cells are deprived growth signals.
AMPK has been well characterized as a glucose-sensitive kinase that can phosphorylate
p53 at Ser18 in the context of glucose limitation(Jones et al., 2005). However, we failed
to detect an increase in activating phosphorylation of AMPK after cytokine withdrawal
(Figure 3.12a). Furthermore, pharmacologic inhibition of AMPK by Compound C had
no effect or perhaps led to increased p53 phosphorylation upon growth factor
withdrawal (Figure 3.12b). These findings suggested that an alternative nutrientsensitive p53 activation pathway might be active in the context of cytokine withdrawal.

Figure 3.12: Cytokine withdrawal does not activate AMPK.
A. Primary T cells were activated and cultured in the presence or absence of IL-2 for 12 hours.
Levels of phospho- and total AMPK and Puma were assessed via immunoblot. B. Cells
expressing Bcl-xL were withdrawn from IL-3 in the presence or absence of 10 µM Compound C.
Levels of AMPK, mSer18 phosphorylation, total p53, and Puma were assessed via immunoblot.
Bcl-xL-expressing cells were used to prevent loss of cell viability over the treatment time course.
Data are representative of three independent experiments.

In addition to AMPK, members of the PKC family can respond to changes in
glucose metabolism via altered lipid availability(Malliopoulou et al., 2006; Whiteside
and Dlugosz, 2002; Zhao et al., 2007), and recent work has implicated the pro-apoptotic
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Figure 3.13: PKCδ is required for cytokine withdrawal-induced p53 phosphorylation.
A. Cells expressing Bcl-xL were withdrawn from IL-3 or treated with 4 µM etoposide. Levels of
phospho-p53 and Puma were assessed via immunoblot. Bcl-xL-expressing cells were used to
prevent loss of cell viability over the treatment time course. B. Control cells transfected with a
p53 transcriptional activity luciferase reporter were cultured + IL-3 for 8 hrs, and luciferase
activity was measured. C. Control cells expressing a PKCδ shRNA and CTLL-2 cells treated with
the PKCδ inhibitor Rottlerin were withdrawn from IL-3 and IL-2, respectively, and viability was
measured. Data are representative of three independent experiments.

PKC family member PKCδ in cytokine withdrawal-induced cell death(Romero Rosales
et al., 2009). Therefore, we examined whether PKCδ might play a role in p53
phosphorylation and activation after cytokine withdrawal. Cells were transiently
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transfected with control or PKCδ shRNA, and p53 phosphorylation and Puma induction
were analyzed. Indeed, p53 phosphorylation and Puma induction were markedly
reduced in growth factor-deprived cells expressing PKCδ shRNA (Figure 3.13a). In
contrast to growth factor withdrawal, PKCδ was dispensable for p53 phosphorylation
and Puma induction after DNA damage (Figure 3.13a). Consistent with an essential role
for p53 activation after growth factor withdrawal, PKCδ-deficient cells failed to increase
p53 transcriptional activity (Figure 3.13b) and resisted apoptosis (Figure 3.13c) upon IL-3
deprivation. PKCδ contributed to cell death after IL-2 withdrawal, as well, as treatment
of IL-2-dependent CTLL-2 T cells with the PKCδ inhibitor Rottlerin attenuated cell death
induced by cytokine deprivation (Figure 3.13c).
PKCδ may have phosphorylated p53 directly or promoted p53 phosphorylation
indirectly through regulation of additional cell stress pathways in response to decreased
glucose metabolism. PKCδ has been reported to phosphorylate p53 on human Ser15 and
Ser46(Lee et al., 2006; Yoshida et al., 2006). However, we were unable to detect direct
phosphorylation in vitro (data not shown), and fractionation experiments demonstrated
that PKCδ and p53 reside primarily in different cellular compartments (Figure 3.14).
Furthermore, in addition to promoting p53 activation, PKCδ seemed to contribute to cell
death after cytokine withdrawal through additional mechanisms, as knock-down of
PKCδ provided further protection beyond that seen with knock-down of p53 alone
(Figure 3.15a) or in combination with Bim knock-down (Figure 3.15b). Thus, PKCδ
enhanced cell death after growth factor withdrawal through both p53-dependent and
p53-independent mechanisms.
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Figure 3.14: PKCδ and p53 localize to distinct subcellular compartments.
Nuclear and cytoplasmic fractions were isolated from control and Glut/HK1 cells cultured in the
presence or absence of IL-3 for 6 hrs. Equal amounts of protein were used to probe fractions for
PKCδ and p53.

Figure 3.15: PKCδ induces cell death following cytokine withdrawal through p53dependent and p53-independent pathways.
A, B. Control cells were transfected with shRNA against PKCδ, p53, and/or Bim, as indicated.
Viability was assessed over time. Data are representative of three independent experiments.
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3.2.8 Altered Lipid Profiles in Glycolytic Cells May Regulate PKCδ
The PKCδ-dependent phosphorylation of p53 following cytokine withdrawal
was suppressed in cells expressing exogenous Glut1 and HK1 (Figure 3.11b). This might
have indicated that PKCδ promoted the loss of glucose metabolism after cytokine
withdrawal and that Glut1/HK1 cells could suppress the PKCδ-dependent decrease in
glucose metabolism. Indeed, PKCδ has recently been shown to regulate the small
GPTase Rab7(Romero Rosales et al., 2009), which is involved in nutrient transporter
localization(Edinger et al., 2003). However, knock-down of PKCδ did not have a
significant effect on glycolytic flux in resting or growth factor-starved cells (Figure
3.16a), suggesting that PKCδ did not promote the loss of glucose metabolism after
growth factor withdrawal and instead promoted p53 activity through an alternate
pathway.
It was possible that PKCδ responded to changes in glycolysis and cellular
metabolism to promote p53 phosphorylation, as the localization and activity of multiple
PKC family members have been shown to be altered by elevated glucose(Malliopoulou
et al., 2006; Whiteside and Dlugosz, 2002; Zhao et al., 2007). The effect of glucose on
PKCs is likely mediated by changes in de novo lipid synthesis in cells exposed to high
levels of glucose(Meier and King, 2000). In support of this hypothesis, we found that
changes in glucose metabolism had striking effects on cellular lipid species, particularly
glucosylceramides and sphingomyelins, as examined via mass spectrometry.
Specifically, cells with elevated glucose metabolism were found to have elevated
levels of glucosylceramides and decreased levels of sphingomyelins, as compared with
control cells (Figure 3.16b). In contrast, cells withdrawn from glucose were found to
have decreased glucosylceramides and increased sphingomyelins, as compared with
control cells (Figure 3.16b). Both glucosylceramides and sphingomyelins are generated
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Figure 3.16: Altered lipid metabolism may regulate PKCδ after cytokine withdrawal.
A. Control cells were transfected with control or PCKδ shRNA, and glycolysis was assessed in
cells cultured in the presence or absence of IL-3 for 8 hours. B. Metabolomic analysis was used to
measure various lipid species in control and Glut1/HK1 cells cultured in the presence of IL-3 or
in control cells cultured in the presence or absence of glucose for 10 hrs. Data are presented as
fold change over control cells cultured in the presence of IL-3 (white bars) and control cells
cultured in the presence of glucose (black bars).
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from ceramide, through alternate pathways. Glucosylceramides are generated through
the transfer of a glucose residue onto ceramide by glucosylceramide synthase(GCS)(Xie
et al., 2008), and this inverse pattern of glucosylceramide and sphingomyelin levels
could indicate that cells with increased glucose metabolism preferentially shuttle
ceramide into glucosylcerarmide synthesis. While the effect of increased
glucosylceramide levels on PKCδ activity is unknown, these data demonstrate that
increased glucose metabolism alters lipid metabolic pathways and could potentially
represent one mechanism by which PCKδ-dependent phosphorylation is suppressed in
highly glycolytic cells.

3.3 Discussion
We have previously shown that activation of p53 and induction of Puma to
promote apoptosis after growth factor withdrawal can be prevented by maintenance of
glucose uptake and aerobic glycolysis. However, it remained unclear how cytokine
withdrawal activated p53 and whether p53 inhibition by glucose metabolism was
specific to cytokine deprivation or was generally applicable to other cell death stresses.
Here, we show that withdrawal of hematopoietic cells from cell extrinsic growth factors
leads to a specific PKCδ-dependent metabolic stress pathway that activates p53 and
elicits Puma-dependent apoptosis. However, the metabolic protection from p53
activation seen upon loss of growth factor-stimulated glucose metabolism did not
extend to the DNA damage response (Figure 3.17).
The involvement of p53 in the death of growth factor-deprived cells
demonstrates that p53 is not solely involved in the maintenance of genomic stability, but
that alternative stress pathways also activate p53 to control cell viability. The
mechanisms of p53 activation studied here were specific for each cell stress, and the
phosphorylation and activation of p53 in the context of cytokine deprivation occurred in
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the absence of any observable changes in p53 protein levels. This is in contrast to DNA
damage, in which the canonical mode of p53 activation and stabilization was
apparent(Kruse and Gu, 2009). The pathway of p53 activation by cytokine withdrawal
outlined here represents a novel mode of p53 regulation, whereby p53 transcriptional
activity increases in response to p53 modification alone, without protein stabilization,
adding an additional level of complexity to the regulation of p53 activity.

Figure 3.17: Glucose metabolism selectively regulates p53 activation following growth
factor withdrawal.
Growth factor deprivation induces a metabolic stress that leads to p53 phosphorylation on
mSer18. This phosphorylation requires PKCδ and can be suppressed by maintenance of glucose
metabolism. In contrast, p53 phosphorylation following DNA damage leads to p53 stabilization
and does not require PKCδ. Furthermore, the activation of p53 in this context is not metabolically
sensitive. These two cell stress pathways lead to the activation of distinct sets of p53 target genes.

63

As a transcription factor, p53 functions by regulating the expression of various
target genes. However, the mechanisms governing which p53 target genes are induced
in response to certain types of cell stress remain unclear. Here, we show that distinct
pathways of p53 activation induced unique sets of target genes, despite the fact that both
cell stresses led to phosphorylation of p53 on mSer18. This disparity could be explained
by differences in the degree of phosphorylation on mSer18 or the modification of other
residues of p53. These variations in modification likely affected recruitment of
coactivators and/or corepressors of p53 activity, which could promote differential target
gene selection.
Specific regulation of p53-transcriptional cofactors may also contribute to the
increase in p53 transcriptional activity seen after cytokine withdrawal. Indeed, the
multi-stress transcription factor CHOP has been shown to contribute to Puma
upregulation following cytokine withdrawal(Altman et al., 2009). CHOP could
potentially cooperate with p53 to induce Puma in this context. The transcription factor
FoxO3a has also been implicated in Puma induction following cytokine withdrawal(You
et al., 2006). While FoxO3a may indeed regulate Puma in certain contexts, the striking
lack of Puma induction in p53-/- T lymphocytes suggests that p53 is responsible for the
majority of Puma induction in this cell type.
Glucose metabolism can influence cell death through multiple mechanisms, and
our results outline a novel glucose-sensitive signaling pathway, distinct from the welldescribed activation of AMPK in response to glucose withdrawal, in which PKCδ
responds to cellular metabolic status to elicit cell death. Glucose metabolism can
regulate several PKC isoforms, which relocate to cell membranes in response to altered
lipid metabolism caused by hyperglycemia(Cosentino et al., 2003; Wu et al., 2009). Cells
with intrinsically high rates of glucose uptake, such as growth factor-stimulated or
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cancerous cells, may utilize similar mechanisms to regulate PKCs. Indeed, we found
that PKCµ and PKCε localization are altered in Glut1/HK1-expressing cells(Zhao et al.,
2007) (and data not shown). In fractionation experiments presented here, PKCδ
appeared to localize to the cytosolic rather than the nuclear fraction in both control and
Glut1/HK1 cells. Translocation to other membrane compartments, such as the plasma
membrane or lysosomes, after cytokine withdrawal remains a possibility, however.
Preliminary studies examining PKCδ localization via fluorescence microscopy, through
expression of the PKCδ regulatory domain fused to GFP, suggested that Glut1/HK1
cells might demonstrate increased cell surface localization of PKCδ compared with
control cells. However, and it remains unclear how glucose metabolism might alter the
localization of PKCδ in the context of cytokine withdrawal.
The alterations in ceramide metabolism seen in Glut1/HK1 cells could
potentially alter PKCδ localization or activity within these cells, as studies have shown
that changes in glucosylceramide levels can alter PKC activity(Abe et al., 1992; Shayman
et al., 1991). Additionally, the preferential trafficking of ceramide into glucosylceramide
rather than sphingomyelin could affect PKC activity, as the synthesis of sphingomyelin
from ceramide produces diacylglycerol (DAG)(Cerbon and del Carmen Lopez-Sanchez,
2003), a known activator of PKCs. Therefore, the decreased sphingomyelin production
and concomitant decreased DAG production could suppress PKCδ activity and cell
death in glycolytic cells. The differential ceramide metabolism seen in glycolytic cells is
particularly interesting as elevated levels of glucosylceramide and glucosylceramide
synthase (GCS) activity have been shown in multiple types of drug-resistant cancer
cells(Lavie et al., 1996; Liu et al., 1999b; Xie et al., 2008), and inhibition of GCS can
reverse drug resistance(Lavie et al., 1997). These findings suggest that the increased
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glucose metabolism of cancerous cells could contribute to therapeutic resistance through
glycolsylceramide-mediated suppression of PKCδ-dependent p53 activation.
A key finding here was that glycolytic metabolism provides selective protection
against cell death after cytokine withdrawal but not DNA damage. These specific
modes of p53 and apoptotic regulation by glucose metabolism may allow cells to adjust
their apoptotic sensitivity and response to stress based on nutrient availability. The high
glucose uptake of activated lymphocytes may suppress cytokine withdrawal-induced
stress pathways in the face of transient limitations in growth factor. In contrast, the
activation of p53 in response to DNA damage appears to occur regardless of cell
metabolic state. Indeed, initiating a response to damaged DNA and halting the cell cycle
or initiating apoptosis is likely critical in nutrient-replete conditions, which may
otherwise favor cell growth and proliferation. The data presented here suggest that loss
or inhibition of growth signals induces apoptosis through a metabolically-regulated
pathway involving PKCδ and p53. Given these findings, it seems possible that strategies
that manipulate metabolism may be particularly effective when used in combination
with molecularly targeted therapies, which inhibit aberrant growth signals within
cancerous cells.
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4 The	
  Effect	
  of	
  Increased	
  Glucose	
  Metabolism	
  on	
  
Leukemogenesis	
  
4.1 Introduction
During normal hematopoiesis, developing cells require input from
microenvironmental cues and growth factor signaling pathways to support sufficient
glucose metabolism for cell survival and proliferation(Raff, 1992; Rathmell et al., 2000).
In contrast, cancer cells become independent of cell extrinsic growth factors and gain
autonomous control over metabolism and survival(Hanahan and Weinberg, 2000). This
can occur through the activation of molecular pathways that mimic growth factor
signaling. Expression of the oncogenic fusion protein BCR-Abl, for example, can
substitute for cytokine signaling to maintain glucose uptake and cell survival(Cambier et
al., 1998; Kabarowski et al., 1994).
The BCR-Abl fusion protein results from a balanced translocation between the
long arms of chromosomes 9 and 22 and possesses amplified Abl kinase activity that is
essential to its role as an oncoprotein(Druker, 2008). Multiple pathways activated
downstream of BCR-Abl are thought to promote transformation, including the
Ras(Pendergast et al., 1993) and PI3K(Kharas and Fruman, 2005) pathways. The
activation of the PI3K/Akt pathway, in particular, represents one mechanism by which
BCR-Abl expression can promote increased glucose metabolism and cell survival.
Because all downstream effects of BCR-Abl signaling depend in its tyrosine kinase
activity(Druker, 2008), the tyrosine kinase inhibitor imatinib, which binds within the
ATP binding pocket of BCR-Abl, blocks the survival signal in BCR-Abl-positive cancer
cells, causing decreased glycolysis and cell death(Gottschalk et al., 2004). Because cells
expressing BCR-Abl are dependent on this oncoprotein for maintenance of glucose
metabolism and cell survival, imatinib treatment exploits oncogene addiction(Chen et
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al., 2006) and induces a cell stress analogous to growth factor withdrawal. However,
whether these two stresses initiate similar cell death pathways remains unknown.
Imatinib is widely used to treat BCR-Abl-positive leukemias, and additional
tyrosine kinase inhibitors (TKIs) have recently been developed for the treatment of a
number of solid cancers, including breast, colorectal and lung cancer. However,
resistance to these small molecule inhibitors represents a major obstacle to long-term
remission(Kruser and Wheeler, 2010). While kinase domain mutations account for many
cases of resistance, other mechanisms, such as loss or inhibition of p53, are also thought
to contribute(Hammerman et al., 2009; Mauro, 2006; Wendel et al., 2006; Williams et al.,
2006). Recent data have shown that imatinib-resistant cells exhibit elevated levels of
glucose metabolism(Kominsky et al., 2009), and we have found that the activation of p53
after cytokine withdrawal is suppressed by aerobic glycolysis, which is characteristic of
cancerous cells. Thus, the metabolic regulation of p53 may play a critical role in the
induction of cell death by imatinib. Undoubtedly, further insight into the mechanistic
basis for target therapies will reveal new approaches to improve these treatments.
Cancer cells commonly adopt the metabolic program of aerobic
glycolysis(Warburg, 1956) that is characterized by increased glucose uptake, glycolytic
flux, and lactate production(Semenza et al., 2001), and is reminiscent of growth factorstimulated cells(Vander Heiden et al., 2001). It is now clear that aerobic glycolysis is not
a secondary effect of increased metabolic demand, but rather, can be directly initiated by
growth factor signals and oncogenes known to cause hematologic malignancies,
including Notch(Ciofani and Zuniga-Pflucker, 2005), Akt(Gottlob et al., 2001; Wieman et
al., 2007), and BCR-Abl(Barnes et al., 2005; Gottschalk et al., 2004).
There are a number of potential reasons why utilizing aerobic glycolysis might
be beneficial for tumor cells. This metabolic program allows cells to divert carbons from
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glucose towards the synthesis of macromolecules to generate the biomass required for
cell growth and proliferation(DeBerardinis et al., 2008; Vander Heiden et al., 2009). This
switch also allows cells to decrease the production of reactive oxygen species and can
increase cell survival under hypoxic conditions(Denko, 2008). Additionally, although
glycolysis yields a lower number of ATP per molecule of glucose than oxidative
phosphorylation, the rate of ATP production is higher during glycolysis, allowing for
faster energy production(DeBerardinis et al., 2008). Finally, we have demonstrated that
increased glucose metabolism can suppress apoptosis in response to growth factor
withdrawal through the regulation of both pro- and anti-apoptotic Bcl-2 family proteins
and the tumor suppressor p53(Zhao et al., 2007; Zhao et al., 2008). Collectively, these
findings suggest that the Warburg effect promotes cancer cell proliferation and survival.
However, the extent to which this metabolic phenotype impacts oncogenesis remains
unclear.
The finding that changes in cell metabolism can regulate Bcl-2 family members to
suppress apoptosis in cells withdrawn from extrinsic growth factors suggested that
aerobic glycolysis, characteristic of the Warburg effect, may itself promote oncogenesis,
potentially through suppression of the central tumor suppressor p53. Therefore, we
sought to investigate the effect of elevated glucose metabolism on leukemogenesis, p53
signaling within tumors, and therapeutic resistance. We found that enhanced glucose
uptake promoted leukemogenesis in vivo in an Akt-driven model of leukemia and
suppressed p53 activity in leukemic cells. Furthermore, consistent with the fact that
BCR-Abl plays a key role to mimic growth factors and support cell metabolism and
survival in chronic myelogenous leukemia (CML), we found that increased glucose
metabolism could attenuate p53 activation and cell death in response to imatinib
treatment in BCR-Abl-expressing cells. Together, these data demonstrate that elevated
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glucose metabolism, characteristic of cancerous cells, can suppress p53 activation to
promote leukemogenesis and therapeutic resistance to targeted therapies.

4.2 Results
4.2.1 Increased Glucose Metabolism Accelerates Leukemogenesis in
vivo
Akt signaling drives glycolysis in part by promoting the localization of Glut1 on
the cell surface and by preventing the internalization and degradation of Glut1(Bentley
et al., 2003; Wieman et al., 2007). Thus, stable expression of Glut1 or an activated form of
Akt, myristoylated Akt (mAkt), in T cells will increase glucose uptake, while coexpression of Glut1 and mAkt together synergistically increases glucose uptake in these
cells(Jacobs et al., 2008). Glut1 expression in combination with mAkt in FL5.12 cells also
imparts protection from apoptosis following growth factor withdrawal above that seen
with expression of mAkt alone (Figure 4.1). Furthermore, while FL5.12 cells are not
leukemogenic when transferred into immunodeficient mice via tail vein injection,
expression of mAkt confers these cells with the ability to induce leukemias in adoptive
transfer experiments(Karnauskas et al., 2003).

Figure 4.1: Increased glucose uptake in mAkt-expressing cells provides further
protection from cytokine withdrawal.
Control FL5.12 cells or FL5.12 cells expressing mAkt or mAkt in combination with Glut1 were
withdrawn from IL-3. Viability was measured over time.
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Many tumors demonstrate elevated levels of glucose uptake and glycolysis, and
this is often driven by the activation of oncogenes. However, Glut1 has been found to be
overexpressed in many types of cancer(Macheda et al., 2005), most notably in breast
cancer(Brown and Wahl, 1993), and this can occur independently of oncogene
signaling(Macheda et al., 2005). Given the synergism seen with co-expression of Glut1
and mAkt, we examined the affect of enhanced glucose metabolism on leukemogenesis
using an mAkt-driven model of leukemia. Whole bone marrow was isolated from 5-FUtreated B6 mice and cultured for 24 hours in IL-3, SCF and IL-6. Cells were transduced
with retroviruses expressing Glut1 or mAkt, or both Glut1- and mAkt-expressing
retroviruses together, two times throughout the following 24 hours (Figure 4.2), and
were transferred through the tail vein into lethally irradiated B6 mice.

Figure 4.2: Retroviral infection of whole bone marrow.
Whole bone marrow from 5-FU-treated B6 mice was infected with control retroviruses and
viruses expressing mAkt-IRES-GFP and Glut1-IRES-NGFR.
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In the pilot experiment performed using this system, the transferred cells failed
to engraft in some of the recipient mice, and these mice subsequently suffered bone
marrow failure. However, of the mice in which engraftment occurred successfully,
expression of Glut1 enhanced leukemogenesis, as the mice receiving cells expressing Akt
in combination with Glut1 developed leukemia with decreased latency, as compared
with mice receiving cells expressing Akt alone (Figure 4.3). In a subsequent experiment,

Figure 4.3: Glut1 expression promotes leukemogenesis in vivo.
Latency to leukemia after transplantation of whole bone marrow expressing mAkt or mAkt and
Glut1 into lethally irradiated recipient mice (top panel). Representative sections demonstrating
leukemic cells (bottom panel).
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while no mice experienced bone marrow failure, the penetrance of leukemia was quite
low, potentially due to decreased viral infection efficiency. However, again, the data
suggested that increased glucose metabolism promotes leukemogenesis in vivo (Figure
4.4). Although these experiments differed in their scale of leukemia development,
making direct comparisons difficult, together, these data are consistent with a model in
which increased glucose uptake increases leukemia.

Figure 4.4: Glut1 expression enhances leukemogenesis.
Latency to leukemia after transplantation of whole bone marrow expressing mAkt or mAkt and
Glut1 into lethally irradiated recipient mice (top panel). Representative sections demonstrating
leukemic cells (bottom panel).
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4.2.2 Increased Glucose Metabolism Suppresses p53 Activity in
Tumor Cells
For malignancies to develop, the pro-apoptotic functions of p53 must be
suppressed. Genetic deletion of p53 in mice leads primarily to the development of
lymphomas(Donehower et al., 1992; Jacks et al., 1994), suggesting that p53 is particularly
important in preventing hematologic malignancies. However, p53 is not commonly lost
in these types of cancer(Calabretta and Perrotti, 2004; Murray-Zmijewski et al., 2008),
suggesting that other mechanisms may be involved in suppressing p53 activity. Given
that aerobic glycolysis suppressed p53 activation in the context of cytokine withdrawal,
it seemed possible that increased glucose uptake mediated by Glut1 expression may
have enhanced leukemogenesis by inhibiting p53 activity. To investigate whether
glucose metabolism could regulate p53 in cancer cells, p53-mediated transcription was
examined in tumor cells containing a reactivatable p53 knockout allele. A stop codon
flanked by LoxP sites (LSL) inserted within the first intron of the endogenous p53 allele
was used to generate p53 knockout mice containing a reactivatable p53 allele(Ventura et
al., 2007) (Figure 4.5a). The floxed stop codon prevented p53 expression when in place
but could be excised by Cre recombinase to restore p53 function (Figure 4.5b). Mice
homozygous for this allele are functionally p53 null and are tumor-prone, developing
primarily thymic lymphomas and sarcomas(Ventura et al., 2007). Reactivation of p53
within these tumors by Cre recombinase induces tumor regression(Ventura et al., 2007).
While excision of the stop codon induced cell cycle arrest and senescence in sarcomas,
p53 reactivation induced rapid apoptosis in thymic lymphoma cells. Thus, this model
system represents a valuable tool with which to examine the metabolic regulation of
p53-induced cell death in hematologic malignancies.
To investigate the effect of increased glucose metabolism on p53 activity in
cancer, cells derived from a thymic lymphoma that arose in a LSL-p53 mouse were
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examined. Cells were infected with retroviruses expressing GFP or Glut1-IRES-GFP,
along with retroviruses expressing the NGFR marker or Cre-ER, to create cell lines
stably expressing Cre-ER alone or Cre-ER along with Glut1, as well as the appropriate
controls. p53 was reactivated in these cells by treatment with 0.5 µM 4-

Figure 4.5: p53 LSL allele allows for reactivation of p53 expression.
A. A floxed stop codon within the first intron of the p53 gene prevents expression of p53. B.
Treatment of cells with 4-hydroxy-tamoxifen activates Cre recombinase to excise the stop codon
and allow for p53 reactivation.

hydroxy-tamoxifen (4-OHT) (Figure 4.5b). p53 expression increased equivalently in
both control and Glut1 Cre-expressing cells within 12 hrs of 4-OHT treatment (Figure
4.6a). Despite equivalent p53 and Cre expression (Figure 4.6b) in these two cell types,
however, cells expressing Glut1 suppressed the induction of Puma after p53 reactivation
(Figure 4.6a). These data suggest that, in the context of tumor cells, increased glucose
metabolism can suppress p53-dependent Puma induction.
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Figure 4.6: Glut1 expression suppresses Puma induction following p53 reactivation.
A. Cells isolated from a thymic lymphoma arising in a p53 LSL mouse were infected with control
retroviruses or retroviruses expressing Cre-ER and Glut1. Cells were treated with 0.5 µM 4-OHT,
and p53 and Puma expression were assessed via immunoblot. B. Equivalent Cre expression was
seen in Cre-GFP and Cre-Glut1 cells. Data are representative of three independent experiments.

4.2.3 Increased Glucose Metabolism Confers Resistance to Imatinib
In addition to promoting leukemogenesis in vivo, it seemed possible that aerobic
glycolysis could also influence therapeutic response through regulation of p53 activity.
Oncogenic events causing inappropriate kinase activation often stimulate growth factor
signal transduction mechanisms to drive increased glucose uptake and render cells
independent of extrinsic growth factors. Expression of the BCR-Abl fusion protein can
replace necessary growth factor signaling(Cambier et al., 1998; Kabarowski et al., 1994),
and expression of the p190 isoform of BCR-Abl in FL5.12 cells allowed cells to survive
and proliferate in the absence of IL-3 (Figure 4.7a). Like growth factor withdrawal, the
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BCR-Abl kinase inhibitor imatinib removes the necessary growth signal in BCR-Abltransformed cells and induced apoptosis in control cells expressing p190 (Figure 4.7b).

Figure 4.7: Inhibition of BCR-Abl resembles growth factor withdrawal and is
sensitive to metabolic status.
A. Control and Glut1/HK1 cells stably expressing the p190 isoform of BCR-Abl were cultured in
the absence of IL-3 and cell accumulation was assessed over time. B. Control p190 cells cultured
in the absence of IL-3 were transfected with control, p53, or Puma shRNA and treated with 1 µM
imatinib, and viability was assessed over time. C, D. Control p190 and Glut1/HK1 p190 cells
cultured without IL-3 were (C) treated with 1 µM imatinib for 12 hrs and Puma induction was
measured via immunoblot or (D) transfected with a p53 transcriptional activity luciferase
reporter and treated with 1 µM imatinib for 10 hrs to measure p53-dependent luciferase activity.
Data are representative of three independent experiments.

Similar to growth factor withdrawal, shRNA-mediated knockdown of p53 or
Puma dramatically reduced cell death after imatinib treatment (Figure 4.7b). Given the
parallels between growth factor withdrawal and imatinib treatment, it seemed that
sensitivity to imatinib might be influenced by cellular metabolism. To examine this
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possibility, Puma induction was examined in control and Glut1/HK1 p190 cells after
imatinib treatment (Figure 4.7c). While control p190 cells induced Puma in response to
imatinib, Glut1/HK1 p190 cells suppressed Puma upregulation. Consistent with
decreased Puma induction upon targeted inhibition of BCR-Abl kinase activity,
Glut1/HK1 p190 cells showed no increase in p53 transcriptional activity after imatinib
treatment, whereas imatinib induced a two-fold increase in p53 transcriptional activity
in control p190 cells (Figure 4.7d).
These data suggested that imatinib treatment involved a metabolically-sensitive
apoptotic mechanism, similar to withdrawal from extrinsic growth factors, and that one
way in which imatinib induces cell death is through inhibition of metabolism.
Consistent with this notion and like IL-3 withdrawal, Glut1/HK1 p190 cells maintained
elevated levels of glycolysis (Figure 4.8a) and were protected from cell death induced by
imatinib, as compared with control p190 cells (Figure 4.8b). To examine whether this
resistance was dependent on the increased glycolysis of the Glut1/HK1 cells, control
and Glut1/HK1 cells were treated with imatinib together with the glycolysis inhibitor 2deoxyglucose (2-DOG). Treatment with this concentration of 2-DOG alone suppressed
glycolysis but had little effect on cell viability in either cell type. However, combination
treatment with imatinib and 2-DOG led to even further decreases in glucose metabolism
and increased cell death in both cell types, eliminating the resistance to imatinib seen in
the Glut1/HK1 p190 cells (Figure 4.8b). Importantly, inhibition of glycolysis enhanced
sensitivity to kinase inhibition even in control p190 cells. Together, these data
demonstrate that imatinib leads to p53-dependent apoptosis by blocking necessary
growth factor signals and that high rates of glucose metabolism can attenuate or prevent
this cell death pathway.
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Figure 4.8: Maintenance of glycolysis promotes imatinib resistance.
A, B. Control and Glut/HK1 p190 cells cultured in the absence of IL-3 were treated with 1 µM
imatinib, 5 mM 2-DOG, or imatinib and 2-DOG together. A. Glycolysis was measured after 10 hrs
of treatment. B. Viability was measured over time. Data are representative of three independent
experiments.

Loss of p53 is clinically associated with imatinib resistance(Calabretta and Perrotti,
2004; Yamamoto et al., 2008), and our data demonstrated a key role for metabolism in
both p53 regulation and imatinib sensitivity. Therefore, we sought to determine if
inhibition of glucose metabolism required p53 to enhance imatinib-induced death in
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CML cells. To do so, we examined the response to 2-DOG and imatinb in p53 wild type
(Nalm-1)(Minowada et al., 1977) and null (K562)(Law et al., 1993) human CML cell lines
(Figure 4.9a). Consistent with findings from BCR-Abl-expressing murine cells, Nalm-1
cells underwent apoptosis in response to imatinib that was enhanced by addition of a

Figure 4.9: Inhibition of glycolysis enhances imatinib sensitivity in cells expressing
wild type p53.
A. Immunoblot analysis of p53 expression in Nalm-1 and K562 cells. Nalm-1 cells (B) and K562
cells (C) were treated with 1 µM imatinib, 5 mM 2-DOG, and imatinib plus 2-DOG. Viability was
measured over time. Data are representative of three independent experiments.
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sub-lethal dose of 2-DOG (Figure 4.9b). In contrast, K562 were more resistant to
imatinib, and addition of 2-DOG did not augment cell death (Figure 4.9c). These
findings demonstrate that manipulation of metabolism can enhance the response to
targeted therapy in human cancer cells, and this appears to depend on the p53 status of
a given tumor.

4.3 Discussion
Normal hematopoietic cells require growth factors to maintain cell metabolism
and survival, but many oncogenes mimic growth factor signaling mechanisms to drive
elevated rates of glucose metabolism and allow cancer cells to persist independent of
growth factors. The development of targeted therapies that interfere with the kinase
activity of oncogenes can block these growth factor signaling pathways, suppressing
glucose uptake(Barnes et al., 2005; Gottschalk et al., 2004) and eliciting apoptosis(Barnes
et al., 2005; Takeuchi and Ito, 2010). We have previously shown that increased glucose
metabolism can suppress p53 activation in the context of cytokine withdrawal.
However, the relevance of these findings to tumor biology remained unclear. Here, we
show that elevated rates of aerobic glycolysis can promote both leukemogenesis and
resistance to targeted therapy. While increased metabolic rates undoubtedly supply
necessary energetic and biosynthetic substrates to proliferating cancer cells, our data
demonstrate that a Warburg-like metabolic program also influences signaling pathways
within cancer cells to suppress p53 activity and apoptosis.
The finding that Glut1 expression attenuated the induction of Puma after p53
reactivation in leukemic cells expressing the LSL-p53 allele demonstrates that enhanced
glucose metabolism can suppress p53 activity within cancer cells. The activation of p53
in this context is thought to occur in response to the activation of oncogenes within
leukemic cells(Ventura et al., 2007). Thus, these data suggest that, in addition to
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suppressing p53 activity following the withdrawal of growth factor or oncogenic kinase
signaling, elevated glucose metabolism may also regulate p53 function in response to
oncogene activation. The activation of p53 in this context is regulated by p14ARF (p19ARF
in mice), which binds to Mdm2 and inhibits p53 ubiquitination(Efeyan and Serrano,
2007). Multiple oncogenes have been shown to activate p53 through p14ARF(Efeyan and
Serrano, 2007), although the transcriptional regulation of p14ARF in response to these
stresses remains undefined. It would seem that oncogene activation could impart a
metabolic stress on cells, if metabolic rates are not sufficiently upregulated to meet the
demands of increased proliferation. Thus, elevated glucose metabolism may suppress
p53 in this context by attenuating metabolic stress. As the ability of p53 to induce
senescence or apoptosis in response to oncogenic signaling is thought to be more
important to the role of p53 as a tumor suppressor than the DNA damage
response(Christophorou et al., 2006; Efeyan et al., 2006), suppression of oncogeneinduced p53 activity by increased glucose metabolism may provide one mechanism by
which overexpression of Glut1 enhances leukemogenesis in vivo.
The data presented here demonstrate that imatinib treatment mimics the effects
of growth factor withdrawal, promoting p53 activation and Puma induction to induce
apoptosis. These findings are consistent with previous work demonstrating that p53
contributes to response to imatinib and that loss of p53 is associated with progression to
imatinib resistance in human leukemias(Wendel et al., 2006; Yamamoto et al., 2008).
Here, we extend this model by establishing that the activation of p53 in response to
imatinib is suppressed by maintenance of glucose metabolism, and accordingly,
treatment with a glycolysis inhibitor enhances imatinib sensitivity.
Response to imatinib is particularly poor in patients with blast phase CML,
where one study showed that imatinib-treated blast phase patients demonstrated an
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overall survival rate of just 20% at 18 months(Sawyers et al., 2002). Thus, the finding
that glycolysis inhibition enhanced imatinib response in Nalm-1 cells, which were
isolated from a patient with blast phase Ph+ CML, suggests that metabolic manipulation
may be effective in the treatment of advanced CML. However, consistent with our
model of imatinib-mediated p53 activation, we found that that combination treatment
with 2-DOG failed to increase imatinib sensitivity in p53-null K562 cells, which suggests
that the outcome of metabolic manipulation may depend on the p53 status of a given
tumor.
Imatinib is highly effective in inducing durable responses in patients with newly
diagnosed CML in the chronic phase(de Lavallade et al., 2008; Druker et al., 2006).
Resistance to imatinib can arise when mutations occur within the BCR-Abl kinase
domain to inhibit binding of the drug(Gorre et al., 2001). However, a notable percentage
of CML patients with no kinase domain mutations fail to respond to imatinib(de
Lavallade et al., 2009; Mauro, 2006; Soverini et al., 2006), and recent work demonstrated
elevated glucose metabolism in imatinib-resistant cells(Kominsky et al., 2009),
supporting a connection between metabolism and drug resistance. Resistance to
targeted therapies remains a problem in the treatment of solid tumors, as
well(Hammerman et al., 2009; Rubin and Duensing, 2006). Our findings suggest that
targeted therapies may be particularly sensitive to cell metabolism, and metabolic
manipulation may provide a novel means to enhance the efficacy of and decrease
resistance to molecularly targeted cancer treatments.
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5

Conclusions	
  and	
  Future	
  Directions	
  
Studies from our laboratory and others have demonstrated that cell metabolism

is a dynamic process that must be tightly regulated to avoid cellular damage. Exposure
to hyperglycemia in the context of diabetes causes damage to multiple tissues within the
body, while elevated glucose metabolism in lymphocytes can promote an autoimmune
phenotype in mouse models(Jacobs et al., 2008). The dysregulated metabolism of cancer
cells has been appreciated for nearly a century, and this phenomenon has been taken
advantage of in the clinic through the use of positron emission tomography (PET) scans,
which visualize the uptake of a radioactive glucose analogue into cancerous cells.
However, the effects of this altered metabolism on signaling pathways within the cell
and the mechanisms by which abnormal metabolism might contribute to disease in the
context of cancer have remained undefined.
This work has focused on the metabolic regulation of the tumor suppressor p53.
Proper regulation of p53 is critical for both the prevention of cancer development, as
evidenced by patients with Li-Fraumeni syndrome, and the response to many cancer
treatments(Wendel et al., 2006; Zenz et al., 2009). While we have previously
demonstrated that maintenance of glucose metabolism can suppress the induction of the
p53 target gene Puma in cells withdrawn from growth factor, the pathways leading to
Puma induction and the mechanism by which this was inhibited by glucose metabolism
were unknown. Here, we define a novel pathway of p53 activation by which loss of
glucose metabolism upon cytokine withdrawal leads to the activation of p53 through
changes in post-translational modifications that require the metabolically sensitive
kinase Protein Kinase C delta. This activation of p53 is required for Puma induction
following growth factor withdrawal, and maintenance of glucose metabolism can
suppress both p53 activation and Puma induction in this context. Glucose metabolism is
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not generally anti-apoptotic, however, as cells with increased glycolysis were not
protected from cell death in the context of DNA damage, which was independent of
PKCδ.
These findings are extended into the realm of cancer biology through work
examining in vivo leukemogenesis as well as therapeutic resistance to molecularly
targeted cancer therapies. Similar to growth factor signaling pathways, activated
oncogenes promote survival in part by maintaining cell metabolism. Thus, inhibition of
metabolism through targeted kinase inhibition leads to apoptosis, and the maintenance
of metabolism should promote continued survival. Indeed, we show here that increased
glucose metabolism promotes leukemia formation and resistance to the targeted kinase
inhibitor imatinib, through suppression of p53 activation. Importantly, we found that
treatment with imatinib in combination with the glycolysis inhibitor 2-DOG increased
sensitivity to imatinib in multiple cell types. Thus, these results provide rationale for the
development of novel metabolic inhibitors that may increase the efficacy of targeted
therapies. However, the beneficial effect of inhibiting glycolysis was seen only in cells
expressing wild type p53, which suggests that response to metabolic manipulation may
depend on a tumor’s p53 status.

5.1 Post-translational Modification of p53 Following Cytokine
Withdrawal
While this work further defines the mechanisms by which glucose metabolism
regulates p53 activation, several questions remain to be answered. Despite studies
demonstrating that PKCδ can directly phosphorylate p53 on Ser15(Lee et al., 2006), data
presented here regarding the localization of PKCδ and p53 suggest that, while PKCδ is
required for p53 phosphorylation, an alternative kinase phosphorylates p53 in the
context of cytokine withdrawal. Given that AMPK does not appear to be the p53 kinase
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in this context, which might be considered the most likely candidate, a non-biased
approach to address the question of what kinase phosphorylates p53 may be most
effective.
One such approach would involve examining proteins that interact with p53 in
the context of cytokine withdrawal. To do this, GFP-p53 expressed in control cells
cultured in the presence or absence of growth factor could be immunoprecipitated using
the Chromotek-GFP-Trap system. Conventional immunoprecipitations of p53 are
complicated by the fact that the p53 protein is nearly the same size as the Ig heavy chain.
However, with the Chromotek-GFP-Trap system, a single-chain anti-GFP llama
antibody, 13 kDa in size, coupled to agarose beads, can be used to pull down p53 and
any associated proteins. Mass spectrometry can then be used to examine proteins that
associate with p53 specifically after growth factor withdrawal. Any kinases identified
could then be examined for their role in the phosphorylation of p53 after cytokine
withdrawal.
Mass spectrometry would also be a useful technique to further examine the posttranslational modification of p53 after growth factor withdrawal. The intermediate
phenotype seen in p53 S18A T lymphocytes suggests that additional modifications may
contribute to cytokine withdrawal-induced p53 activation. Mass spectrometry could be
used see if phosphorylation of additional sites contributes to p53 activation, as well as
clarify the sites at which p53 is acetylated following cytokine withdrawal. The antibody
used here to identify p53 acetylation recognizes six C-terminal acetylation sites.
However, which C-terminal site is acetylated or whether additional acetylation events
occur after cytokine withdrawal remains unknown.
Preliminary data suggests that growth factor withdrawal-induced acetylation
does not occur at K373 or K382, which are known to by acetylated by p300/CBP(Gu and
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Roeder, 1997). One potential candidate site for C-terminal acetylation is K320, which is
recognized by the acetyl-p53 antibody used in these studies. K320 is acetylated by
PCAF, and acetylation at this residue has been shown to enhance p53 sequence-specific
DNA binding(Liu et al., 1999a). Of note, this lysine residue lies within the
tetramerization domain of p53, and could therefore influence p53 tetramerization, which
we found to be potentially regulated by glucose metabolism (Figure 3.11d). Acetylation
can stabilize p53 tetramers(Li et al., 2006), although this effect was shown to depend on
p300-mediated p53 acetylation. Nonetheless, given the increases seen in p53 acetylation
and p53 oligermization after cytokine withdrawal, it would be interesting to examine
whether PCAF-mediated acetylation of p53 at K320 promotes p53 oligomerization after
growth factor withdrawal.
Alternatively, the increase in p53 acetylation seen following cytokine withdrawal
could by regulated by changes in the activity of a histone deacetylase (HDAC). Such a
model would require constitutive activity by an acetyltransferase and metabolic
regulation of a deacetylase that is active in growth factor stimulated cells and
suppressed by growth factor withdrawal. This type of system may allow for finer
control of p53 activity and the ability to rapidly change the activation status of p53.
Importantly, several HDACs have been shown to deacetylate and inactivate p53 in vivo,
including HDAC 1(Juan et al., 2000), HDAC 2(Harms and Chen, 2007), and the NAD+dependent HDAC Sirt1(Luo et al., 2001; Vaziri et al., 2001).
Pharmacologic inhibitors of HDACs have been investigated as chemotherapeutic
agents, and inhibition of HDACs, either pharmacologically or via siRNA, has been
shown to enhance p53 acetylation, p53 target gene induction, and the p53-dependent
induction of cell cycle arrest and apoptosis(Harms and Chen, 2007; Luo et al., 2000; Terui
et al., 2003). Thus, it would seem that suppression of HDAC activity through
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endogenous mechanisms in the context of cytokine withdrawal could promote p53
acetylation. Treatment of growth factor stimulated cells with an HDAC inhibitor would
demonstrate whether p53 is constitutively acetylated under basal conditions and
whether manipulation of HDAC activity regulates p53 acetylation. Furthermore, if
treatment of Glut1/HK1 cells with an HDAC inhibitor induced an increase in p53
acetylation in these cells following cytokine withdrawal, this would suggest that
elevated glucose metabolism allows for the maintenance of HDAC activity and
suppression of p53 acetylation following cytokine withdrawal. Metabolic regulation of
HDACs has been shown in the past, as Sirt1 is regulated by NAD+. While this mode of
regulation is not consistent with increased HDAC activity in glycolytic cells, which
would have lower levels of NAD+ and therefore should exhibit decreased Sirt1 activity,
the metabolic regulation of Sirt1 suggests that additional HDACs may be regulated by
changes in glucose metabolism, as well.

5.2 Metabolic Regulation of p53 in the Context of Oncogene
Activation
The mass spectrometry-based protein interaction studies described above would
also be valuable in examining the interaction between p53 and Mdm2 in hematopoietic
cells. The fact that p53 levels do not increase following cytokine withdrawal in FL5.12
cells or activated T lymphocytes suggests that the canonical model of p53 protein
regulation, in which dissociation from Mdm2 allows p53 accumulation and activation
following cell stress, is not occurring here. However, binding between p53 and Mdm2
has been shown to inhibit p53 transcriptional activity(Momand et al., 1992), suggesting
that p53 cannot remain bound to Mdm2 and simultaneously transactivate target genes
following cytokine withdrawal.
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Given these findings, it would be interesting to examine the role that the p14ARF
protein plays in regulating p53 in this context. p14ARF (p19ARF in mice) can bind to and
inhibit the ubiquitin ligase activity of Mdm2, and it is thought to sequester Mdm2 away
from p53 in the nucleous, thus allowing p53 to accumulate within the nucleus(WsierskaGadek and Horky, 2003). p14ARF has been studied for its role as a tumor suppressor and
is known to be induced by the activation of oncogenes, such as Myc(Zindy et al., 1998).
However, given that growth factor signaling activates several potentially oncogenic
pathways, including Myc signaling, it would seem that p14ARF could potentially play a
role in regulating p53 in highly proliferative cells, such as growth factor-stimulated cells
or activated lymphocytes. Indeed, we have seen that lymphocyte activation alone
induces an increase in p53 protein levels. This increase in p53 was not due to the high
levels of oxygen available in culture media relative to in vivo tissues and ROS-mediated
DNA damage, as p53 levels increased even when T cells were activated in 5% oxygen
conditions.
It may be that, while growth factor stimulation promotes cell growth and
proliferation, it also initiates signaling pathways that lower the apoptotic threshold, to
facilitate cell death should growth factors or nutrients become limiting. Furthermore,
the elevation in glucose metabolism stimulated by growth factor signaling may function
in part to keep this apoptotic mechanism in check while growth factors and nutrients are
abundant. Indeed, the finding that increased glucose metabolism can suppress p53dependent Puma induction after reactivation of p53 in tumor cells, where the activation
of p53 is thought to stem, in part, from the presence of activated oncogenes(Ventura et
al., 2007), supports the idea that glucose metabolism can regulate the activation of p53
through the p14ARF pathway.
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5.3 Regulation of PCKδ Following Cytokine Withdrawal
The work described here has established a role for PKCδ in the metabolic
regulation of p53 phosphorylation following cytokine withdrawal, as well as in p53independent cell death pathways. However, the mechanisms by which PKCδ is
activated following cytokine withdrawal and differentially activated in control and
glycolytic cells remain unknown. A PKCδ kinase assay would demonstrate whether the
intrinsic kinase activity of PKCδ increases following cytokine withdrawal and whether
this increase is suppressed in glycolytic cells. However, as PKCδ does not appear to
phosphorylate p53 directly after cytokine withdrawal, an alternative substrate, such as
histone H1, should be used to assess PKCδ kinase activity.
If PKCδ kinase activity does not increase in the context of cytokine withdrawal,
this might suggest that access to substrates, through changes in localization, are altered
by growth factor withdrawal. Fractionation studies presented here demonstrated that
cytokine withdrawal does not promote the translocation of PKCδ to the nucleus.
However, PKCδ might relocalize to alternative subcellular compartments, such as the
plasma membrane or lysosomes, in the context of growth factor withdrawal. Indeed,
recent work has shown that PKCδ can promote lysosomal fusion after IL-3
withdrawal(Romero Rosales et al., 2009), although whether PKCδ localizes to the
lysosome to promote this effect remains unknown. Confocal microscopy to examine the
localization of endogenous PKCδ in control and Glut1/HK1 cells cultured in the
presence or absence of IL-3 would help to determine whether PKCδ changes location
following cytokine withdrawal and whether this localization is regulated by enhanced
glucose metabolism.
Alternatively, lysosomes may play a role in the induction of apoptosis after
growth factor withdrawal(Romero Rosales et al., 2009), as lysosomal membrane
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permiabilization (LMP) has been shown to occur in this context(Brunk and Svensson,
1999), as well as in response to multiple other cell death stimuli(Boya and Kroemer,
2008). Larger lysosomes are thought to be more susceptible to LMP(Ono et al., 2003),
and this suggests that PKCδ-mediated lysosomal fusion could potentially promote
lysosomal destabilzation and LMP. LMP is known to occur during apoptosis induced
by p53(Yuan et al., 2002), potentially through translocation of phosphorylated p53 to the
lysosome to promote LMP(Li et al., 2007), although p53-dependent LMP has also been
shown to occur in the absence of lysosomal p53 localization(Waster and Ollinger, 2009).
However, whether PKCδ can promote LMP upstream of p53 to induce p53
phosphorylation remains unknown.
In addition to examining the activation of PKCδ following cytokine withdrawal,
future studies are needed to determine the mechanism by which PKCδ is suppressed in
glycolytic cells. While the PKC family of proteins can be regulated in multiple different
ways, lipid binding is thought to play a large role in the activation of PKCs. In
particular, binding to DAG induces an activating conformational change in PKCs that
exposes the kinase domain. As glucose metabolism can alter the de novo synthesis of
lipids to increase DAG, it would seem that Glut1/HK1 cells might alter PKC activity
through elevations in DAG levels. Preliminary data suggests that total levels of DAG do
not differ between control and Glut1/HK1 cells (data not shown). However, it remains
unknown whether elevated glucose metabolism might alter DAG production in
particular cellular compartments, such as the plasma membrane, to influence PKC
activity. Indeed, we have seen that the pro-survival novel PKCs, PKCε and PKCµ,
localize to the cell membrane in growth factor stimulated cells. Additionally, while
control cells demonstrate internalization of these PKCs after growth factor withdrawal,
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Glut1/HK1 cells are able to preserve the cell-surface localization of these PKCs and
maintain PKC activity following cytokine withdrawal.
However, this model for the regulation of pro-survival PKCs, in which activation
is enhanced in glycolytic cells, is perhaps not as pertinent to the regulation of the proapoptotic PKCδ, for which activity appears to be suppressed in Glut1/HK1 cells.
Elevated levels of DAG at the plasma membrane could potentially sequester PKCδ at the
membrane, away from target substrates normally activated by cytokine withdrawal.
Alternatively, PKCδ may not localize to the plasma membrane in growth factor
stimulated cells, and rather than affecting internalization, elevated glucose metabolism
may suppress the translocation of PKCδ to another cellular compartment following
growth factor withdrawal.
The dissimilar patterns of ceramide metabolism seen in glucose-rich and glucosedeprived cells might play a role in regulating PKCδ following growth factor withdrawal,
as changes in glucosylceramide levels can affect PKC activity(Abe et al., 1992; Shayman
et al., 1991). Furthermore, the decreased sphingomyelin production and resulting loss of
DAG production in glycolytic cells could actually cause these cells to have lower DAG
levels in particular cellular compartments, which could lead to a suppression of PKCδ
activity in Glut1/HK1 cells. Clearly, it will be important to understand the regulation of
PKCδ within control cells in the context of cytokine withdrawal in order to determine
how elevated glucose metabolism might alter this process.

5.4 Metabolic Manipulation and Molecularly Targeted Cancer
Therapies
Our findings regarding enhanced imatinib sensitivity in the context of glycolysis
inhibition suggest a novel approach to the use of molecularly targeted anti-cancer drugs.
Of course, these studies must be extended to an animal model of BCR-Abl-positive
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leukemia to demonstrate that these effects occur in vivo, as well. Pilot experiments, in
which 25,000 control p190 cells or Glut1/HK1 p190 cells were transferred via tail vein
injection into immunodeficient mice, have demonstrated the appearance of a very rapid
BCR-Abl-positive leukemia that requires euthanasia of the mice two weeks after
injection. In these experiments, groups of mice were treated with increasing doses of
imatinib via oral gavage. However, the aggressive nature of this cancer model has made
it difficult to suppress the growth of the control p190 cells in vivo with imatinib
treatment. Thus, we have not been able to assess whether Glut1/HK p190 cells exhibit
increased resistance to imatinib in vivo.
These experiments utilized derivatives of the immortalized FL5.12 cell line,
which seemed to survive easily in vivo when expressing the p190 isoform of BCR-Abl.
Therefore, additional model systems, involving primary hematopoietic cells that have
not been altered by extended growth in culture, may better demonstrate the effect of
increased glucose metabolism on imatinib resistance. The infection of whole bone
marrow with BCR-Abl p190 in the presence of IL-7 followed by growth in
methylcellulose containing IL-7 will select for B lineage progenitor cells capable of
inducing B cell acute lymphoblastic leukemia (B-ALL) when injected into
immunodeficient mice(Kharas et al., 2008). This system could be used to address a
number or questions regarding imatinib resistance. Cells infected with BCR-Abl alone
or in combination with Glut1 could be used in colony forming assays. Alone, these
assays would demonstrate whether increased glucose uptake can enhance in vitro
transformation. Colony forming assays could also be performed in the presence of
imatinib to determine whether Glut1 expression promotes imatinib resistance in this
system. Furthermore, transplantation of colony forming cells (CFCs) expressing p190
alone or in combination with Glut1 into immunodeficient mice and treatment of these
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mice with imatinib would allow one to examine the effect of increased glucose uptake
on imatinib resistance in vivo. One potential problem with this system is that it too
induces leukemias with very short disease latency. Therefore, while it utilizes primary
rather than immortalized cells, this system may also obscure the effect of glucose
metabolism on imatinib sensitivity, similar to the system utilizing FL5.12 cells.
Another option would be to isolate hematopoietic stem cells, infect them with
BCR-Abl with or without Glut1, and examine these cells with the same assays detailed
above. The development of leukemia in this system would likely take longer than two
weeks(Zhao et al., 2009a). Therefore, effective treatment of control cells with imatinib
and the effect of enhanced glucose uptake may be more apparent.
Ultimately, the goal of such studies would be to examine the in vivo effects of
imatinib treatment used in combination with therapies that interfere with glucose
metabolism. Given our in vitro results, we would hypothesize that treatment with
imatinib alone would delay leukemia progression in mice receiving cells expressing
BCR-Abl alone, but would have a lesser effect in mice receiving BCR-Abl/Glut1expressing cells. We would also expect that, while therapies that interfere with
metabolism might have little effect when used alone, combination treatment with
imatinib and metabolic therapies might increase disease latency and could perhaps
inhibit the development of leukemia altogether, regardless of the cell type that the mice
receive. Currently, 2-DOG is one of the only drugs available with which to test this
hypothesis, and in this way, it represents a valuable experiment tool. However, the lack
of specificity and potential for adverse side effects have kept 2-DOG from becoming a
useful therapeutic option as a single agent(Dwarakanath et al., 2009). Our studies
demonstrated that sub-lethal doses of 2-DOG were sufficient to sensitize cells to targeted
therapies. Thus, lower doses of 2-DOG glucose used in combination with targeted
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therapies may be effective without producing significant side effects. However, ideally,
the development of new, more specific metabolically-based therapies will allow the
findings presented here to be investigated in the clinic.
It would also be interesting to examine the mechanism underlying the enhanced
efficacy of imatinib when this drug is used in combination with 2-DOG. The data
presented here demonstrate that imatinib induces apoptosis by activating pathways
similar to those activated by growth factor withdrawal. Both growth factor withdrawal
and imatinib treatment lead to decreased glucose uptake as well as the activation of p53
and induction of Puma. However, these stresses do not inhibit glucose uptake or
glycolysis entirely, and we believe that growth factor withdrawal and glucose
withdrawal activate distinct signaling pathways leading to apoptosis.
It seems possible that, with the reduced glucose uptake already caused by
imatinib treatment, the addition of 2-DOG to imatinib may add an additional stress to
the cells that approaches glucose limitation or withdrawal. This may activate additional
pathways and enhance the apoptotic signal within these cells. To test this hypothesis,
the metabolic status of cells treated with imatinib plus 2-DOG could be compared to that
of cells treated with imatinib alone. Examination of ATP levels in cells treated with
imatinib alone or in combination with 2-DOG would demonstrate whether ATP levels
drop following these treatments, as is seen with glucose withdrawal(Pradelli et al.,
2010a). Cells could also be provided with a cell permeable mitochondrial fuel, the
glycolytic end product methyl-pyruvate, which we have seen can rescue cells upon
glucose withdrawal, to determine whether loss of mitochondrial substrates promotes
cell death after combination treatment with imatinib and 2-DOG.
Finally, it would be interesting to examine whether signaling pathways known to
be activated by energy depletion, such as the AMPK pathway(Pradelli et al., 2010a), are
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activated in cells treated with imatinib and 2-DOG. AMPK has been shown to activate
p53 after glucose limitation(Jones et al., 2005; Okoshi et al., 2008). However, this
pathway is distinct from that activated by deprivation of growth factor signaling, where
PKCδ is required for p53 activation. Thus, it seems possible that the combination of
imatinib and 2-DOG may accelerate cell death through the convergence of multiple
pathways that activate p53 and regulate Bcl-2 family members to induce apoptosis.
In addition to imatinib, targeted cancer therapies specific for such tyrosine
kinases as Her2/neu and EGFR have recently been developed, but the efficacy these
therapies has been relatively poor(Ellis and Hicklin, 2009). Therefore, it will be
important to determine whether this model of suppressing glucose metabolism can
enhance responsiveness to alternative tyrosine kinase inhibitors (TKIs). Xenograft
models of breast, non-small cell lung, and colorectal cancer could be used to examine the
effect of combining metabolic manipulation with the TKIs often used to treat these
diseases. Resistance to TKI therapy is commonly seen in these types of cancer, and
while the mechanisms underlying resistance remain largely unclear, a common finding
has been that PI3K mutations and the loss of PTEN are associated with
resistance(Hammerman et al., 2009; Pohlmann et al., 2009). While there are certainly
many consequences to the activation of PI3K/Akt signaling, one outcome would be
enhanced glucose uptake and glycolysis to support cell growth and survival in the
presence of oncogenic kinase inhibitors. Thus, these findings support the idea that
maintenance of glucose metabolism is intricately linked to resistance to TKIs and
provide the rationale for the development of metabolic therapies to enhance the efficacy
of targeted anticancer agents.
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5.5 Concluding Remarks
This work has described the intricate links between cellular metabolism and cell
fate. Given these findings, the prospect of targeting cellular metabolism in cancer seems
particularly attractive. The frequency with which cancer cells arising from different cell
types adopt a Warburg-like metabolic program suggests that a glycolytic metabolism is
highly beneficial to tumor growth(DeBerardinis et al., 2008). Therefore, decreasing
glycolysis within tumor cells, or driving them back into an oxidative metabolic program,
may represent a viable strategy for inducing apoptosis. Indeed, the very signaling
pathways that promote increased glycolysis within cancer cells, such as the PI3K/Akt
pathway, may make them particularly sensitive to therapies that target glucose
metabolism. Because these pathways suppress the availability of alternative fuel
sources, by downregulating fatty acid oxidation and autophagy, they force cells to rely
specifically on glucose metabolism for energy production and macromolecular
synthesis, as well as to suppress apoptosis. Nevertheless, little is understood concerning
direct links between metabolism and apoptosis and how metabolism should best be
exploited to kill cancer cells.
This idea of a ‘metabolic addiction’ in cancer cells represents a rapidly growing
area in cancer research that could potentially lead to the development of new, more
effective treatment strategies. Indeed, recent work has shown that manipulation of
aerobic glycolysis can impact proliferation and survival in cancer cells(Ben Sahra et al.,
2010; Clem et al., 2008; Fantin et al., 2006; Loar et al., 2010). Another potential metabolic
target is the de novo synthesis of lipids from glucose via the TCA cycle intermediate
citrate, which occurs at high rates in cancerous cells, through the actions of ATP citrate
lyase (ACL), acetyl-CoA carboxylase (ACC) and fatty acid synthase (FAS)
(Hatzivassiliou et al., 2005). This endogenous lipid synthesis appears to be required for
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tumor cell growth and survival, as the targeting of multiple points in this pathway can
impair proliferation and induce apoptosis or differentiation in a number of human
cancer lines(Mashima et al., 2009).
However, metabolism occurs within every cell in the body and is essential to the
maintenance of homeostasis. Thus, despite the tremendously increased rates of glucose
uptake and glycolysis seen in cancerous cells and the large amount of data connecting
metabolism to apoptosis, effective therapies that specifically target tumor metabolism
have remained elusive. It would seem that two potential strategies for such treatments
exist, one that attempts to target the metabolic pathways themselves and another
targeting the proteins that regulate cell metabolism.
The first of these strategies is challenging, given that the same metabolic
enzymes are required in healthy and cancerous cells. However, recent work has
demonstrated several potential targets that seem to be specific to cancerous cells.
Mutations in two isoforms of isocitrate dehydrogenase (IDH), IDH1 and IDH2, have
been identified in a large percentage of certain types of malignant gliomas and in acute
myelogenous leukemia(Mardis et al., 2009; Yan et al., 2009a; Yan et al., 2009b). IDH
catalyzes the conversion of isocitrate to α-ketoglutarate in an NADP+-dependant
reaction(Tefferi, 2010). Mutant forms of both IDH1 and IDH2 have been shown to
decrease the rate of this reaction and to catalyze instead the conversion of αketoglutarate to 2-hydroxyglutarate (2-HG), which accumulates to very high levels
within IDH-mutant cells(Dang et al., 2009; Ward et al., 2010; Zhao et al., 2009b). While
the functional effects of this metabolic alteration remain unknown, targeting of this
cancer specific mutant enzyme, or the ‘oncometabolite’ that it produces, represents an
attractive therapeutic strategy.
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Also of interest is the altered expression in cancerous cells of the glycolytic
enzyme pyruvate kinase, which converts phosphoenolpyruvate to pyruvate in the ratelimiting final step of glycolysis. While most differentiated adult tissues express the M1
isoform of pyruvate kinase (PKM1), proliferating cells, including cancer cells, almost
exclusively express the M2 isoform (PKM2)(Christofk et al., 2008a). Expression of PKM2
promotes aerobic glycolysis over oxidative metabolism, and this metabolic switch seems
to be important for tumor formation, as forced expression of the PKM1 isoform
suppresses tumor growth in vivo(Christofk et al., 2008a). Interestingly, within tumor
cells, PKM2 is typically found in its less active, dimeric form(Mazurek et al., 2005), and
the activity of PKM2 may be further suppressed by binding to phosphotyrosine
peptides(Christofk et al., 2008b) found in abundance in cancer cells. In this scenario, the
high rates of glucose uptake in cancer cells are accompanied by suppression of the final
step of glycolysis. The advantage to this seemingly paradoxical pattern, however, is that
glycolytic intermediates upstream of pyruvate accumulate and can be used as
precursors for macromolecular synthesis. These finding suggest that targeting of PKM2
in cancer may represent a viable strategy. While PKM2 expression is characteristic of
dividing cells, and not limited to cancerous cells specifically, this expression pattern may
provide enough specificity for PKM2 to be useful as a therapeutic target.
A second possible method for targeting cancer metabolism is to attack the master
regulators of cell metabolism that regulate the switch to aerobic glycolysis. A number of
molecularly targeted therapies have now been developed against oncogenic tyrosine
kinases, such as Her2/neu, EGFR, and Bcr-Abl. By inhibiting signaling downstream of
these kinases, these therapies indirectly target the PI3K/Akt pathway, and many
effectively suppress glucose uptake and metabolism(Gottschalk et al., 2004; Klawitter et
al., 2009; McLarty et al., 2009; Su et al., 2006). Additionally, a number of PI3K inhibitors
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are now in phase I and II clinical trials. Whether these therapies can effectively target
such a universally used pathway without significant toxicities remains to be seen.
However, preclinical trials have noted only mild side effects, which predictably included
metabolic disturbances and elevated blood glucose levels(Ihle and Powis, 2009).
Other potential targets include transcription factors that orchestrate metabolic
changes, such as Myc. Myc inhibition appears to hold potential based on cell culture
assays and animal model experiments(Huang et al., 2006; Jeong et al., 2010; Soucek et al.,
2004), although this strategy has not yet been tried in patients. Nuclear receptors
represent another class of transcription factors known to play a large role in the
regulation of cell metabolism. The estrogen receptor, in particular, has been successfully
targeted for the treatment of breast cancer, demonstrating the drugability of these
proteins. Other nuclear receptors, such as the PPARs(Wang, 2010) and estrogen related
receptors(Giguere, 2008), are known to regulate multiple aspects of cell metabolism.
However, a role for these proteins as cancer therapeutic targets remains to be
established. As a whole, metabolic therapies hold great potential as anticancer agents.
Continued research into this promising aspect of cancer biology and an enhanced
understanding of the molecular alterations that fuel the Warburg effect will
undoubtedly reveal more effective strategies for inducing apoptosis through
manipulation of cancer cell metabolism.
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Appendix	
  A	
  
Results from a p53 signaling pathway RT-PCR SuperArray.
Cont: control cells; GH: Glut1/HK1 cells; Etop: etoposide.

Cont +IL3
Apaf1
Apex1
Atm
Atr
Bag1
Bax
Bbc3
Bcl2
Bid
Birc5
Bnip3
Brca1
Brca2
Btg2
Casp2
Casp9
Ccnb2
Ccne2
Ccng1
Ccng2
Ccnh
Cdc25a
Cdc25c
Cdc2a
Cdk4
Cdkn1a
Cdkn2a
Chek1
Chek2
Cradd
Vcan
Dapk1
Dnmt1
E2f1
E2f3
Egr1
Ep300

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Fold Change (comparing to Control cells +IL3)
Cont –IL3 Cont Etop Cont +IL3 Cont –IL3 Cont Etop
p53 RNAi p53 RNAi p53 RNAi
2.8284
0.25
1.3195
0.4061
1.7411
1.6245
4.9246
2.1435
2.1435
1.6245
2.639
1.7411
0.7579
6.9644
3.4822
3.7321
2
0.7579
2
21.1121
1.2311
0.2872
2.2974
1
0.6598
0.5
1.0718
1.0718
3.4822
3.0314
4
2.2974
1.6245
2.1435
0.5359
6.0629
2.8284

1.1755
0.7236
1.0968
0.5117
1.4473
2.5198
3.5636
1.7818
1.3503
1.0234
0.8909
1.0968
0.9548
10.8028
1.5511
1.7818
0.6752
0.8312
5.7891
1.9097
0.9548
0.5484
0.9548
0.8909
0.5878
1.6625
1.7818
1.0234
3.5636
1.0968
0.7236
0.7756
0.7236
1.2599
0.9548
2.3511
1.6625
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0.63
0.5878
2.0467
0.7236
1.2599
1.3503
1.2599
1.6625
1.3503
1.3503
4.0935
2.1936
0.9548
0.7756
1.9097
0.9548
0.63
2.0467
1.3503
2.5198
1.2599
0.7756
0.7756
1.0234
0.7236
0.7236
1.6625
1.7818
1.9097
1.6625
1.3503
0.6752
1.0234
1.4473
0.5878
0.9548
2.1936

1.5511
0.1939
1.9097
0.4454
1.4473
0.8909
3.8194
1.9097
1.4473
1.9097
3.325
4.3873
1.1755
2.8945
3.1023
1.5511
1.4473
3.325
0.7236
23.1563
1.3503
0.5484
1.0234
1.4473
0.5878
0.5484
0.8312
2.1936
5.4014
2.5198
4.3873
1.0234
1.4473
1.9097
0.4156
5.7891
4.0935

1.0473
0.4559
2.2449
0.5612
1.4811
2.9622
6.8053
1.5874
1.1225
2.0946
3.6469
1.5874
1.203
9.6242
1.9543
1.203
0.9772
1.5874
6.3496
4.4898
1.2894
0.691
2.5787
1.4811
0.5612
1.9543
5.1575
1.2894
2.7638
1.4811
4.4898
0.7937
0.8507
0.7937
0.5236
3.6469
2.7638

Ercc1
Esr1
Fadd
Fasl
Foxo3a
Gadd45a
Hif1a
Il6
Jun
Kras
Lig4
Mcl1
Mdm2
Mlh1
Msh2
Myc
Myod1
Nf1
Nfkb1
Numb
Parc
Pcna
Pmaip1
Ppm1d
Prc1
Prkca
Pten
Pttg1
Rb1
Rela
Rev3l
Rprm
Serpinb5
Sesn2
Sfn
Sirt1
Stat1
Tnf
Tnfrsf10b
Traf1
Trp53
Trp53bp2
Trp63
Trp73
Zmat3
Xrcc4
Xrcc5

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

2.4623
2.2974
2.639
2.2974
2.1435
7.4643
1.4142
1.1487
2.2974
1
1.8661
1.3195
1.4142
1.4142
2.1435
0.3789
2.2974
1.7411
1.6245
3.249
2.2974
1.4142
2.4623
1.8661
1.7411
2.639
3.4822
2.2974
2.8284
1.8661
1.6245
2.2974
2.2974
2.639
3.0314
1.3195
2.639
0.0825
1.6245
0.8123
1.1487
1.8661
2.2974
2.2974
1.4142
2.8284
1.2311

1.4473
0.7756
0.8312
0.7756
1.4473
1.3503
0.9548
1.9097
0.7756
0.8312
1.4473
1.3503
7.1272
1.3503
1.4473
1.2599
0.7756
1.3503
0.8312
1.0234
0.7756
0.9548
1.0968
2.0467
1.4473
0.8909
1.5511
1.7818
1.9097
1.2599
0.7756
0.7756
0.7756
4.3873
1.0968
0.7236
1.2599
0.8909
0.9548
1.7818
0.8312
1.0234
0.7756
0.7756
5.7891
1.5511
2.7007
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1.3503
0.6752
1.6625
0.6752
0.7756
0.5484
0.8909
2.1936
0.6752
0.8312
1.4473
1.1755
0.8312
1.6625
1.5511
1.2599
0.6752
1.6625
1.2599
1.9097
0.6752
1.6625
2.1936
1.7818
1.6625
1.3503
1.4473
1.6625
1.0968
0.8909
0.7236
0.6752
0.6752
0.5484
1.6625
0.7236
1.0968
1.1755
0.7756
3.8194
0.1809
1.0968
0.6752
0.6752
0.5117
1.6625
2.8945

1.6625
1.3503
1.7818
1.0234
1.2599
2.8945
1.1755
2.8945
1.0234
0.9548
1.2599
1.2599
0.7756
1.2599
2.7007
0.4774
1.0234
1.7818
1.0234
3.325
1.0234
2.7007
4.0935
3.5636
3.325
1.7818
2.0467
2.5198
2.0467
1.3503
1.4473
1.0234
1.0234
0.5484
3.1023
1.3503
1.4473
0.315
1.3503
2.7007
0.2387
1.3503
1.0234
1.0234
0.2939
2.8945
2.0467

1.7013
1.8234
1.7013
0.7937
1.2894
0.5612
0.9772
6.3496
0.7937
0.6447
1.3819
1.5874
4.1892
1.9543
1.9543
1.203
0.7937
2.5787
1.2894
2.5787
0.8507
1.5874
0.8507
2.7638
3.4027
1.3819
1.5874
2.4061
1.9543
1.2894
0.7405
0.7937
0.7937
2.7638
1.4811
0.691
1.1225
1.4811
1.203
33.5134
0.1984
1.5874
0.7937
0.7937
2.2449
1.8234
3.4027

GH +IL3
Apaf1
Apex1
Atm
Atr
Bag1
Bax
Bbc3
Bcl2
Bid
Birc5
Bnip3
Brca1
Brca2
Btg2
Casp2
Casp9
Ccnb2
Ccne2
Ccng1
Ccng2
Ccnh
Cdc25a
Cdc25c
Cdc2a
Cdk4
Cdkn1a
Cdkn2a
Chek1
Chek2
Cradd
Vcan
Dapk1
Dnmt1
E2f1
E2f3
Egr1
Ep300
Ercc1
Esr1
Fadd

0.7071
0.7071
1.2311
0.7071
1.6245
1
0.5743
1
1.4142
1.6245
1.0718
1.8661
0.8123
1.2311
1.5157
1.5157
0.7579
1.2311
1.2311
0.8123
0.7071
0.8123
0.933
0.7579
0.6156
0.6598
4
1.0718
2
1.7411
1.1487
0.8706
1.0718
1.7411
0.933
0.6598
1.7411
1.3195
0.8706
1.1487

Fold Change (comparing to Control cells +IL3)
GH –IL3
GH Etop
GH +IL3
GH –IL3
GH Etop
p53 RNAi
p53 RNAi
p53 RNAi
2.1936
0.315
1.5511
0.7236
1.9097
1.6625
3.325
2.0467
2.8945
1.3503
2.1936
2.7007
1.6625
6.2046
3.8194
3.325
2.1936
1.6625
1.6625
15.2775
1.6625
0.4454
2.3511
1.2599
0.63
0.4454
2.7007
1.5511
5.4014
2.7007
4.0935
2.1936
2.7007
2.8945
0.7756
3.5636
3.325
2.7007
2.1936
2.5198

1.5157
0.933
1.8661
0.6598
1.8661
2.8284
3.4822
1.2311
1.4142
1.6245
1
2
1.5157
19.6983
1.5157
1.8661
0.6598
0.933
6.9644
2
1.0718
0.6156
1.5157
1.1487
0.5359
2.8284
12.1257
1
2.8284
1.2311
1.6245
1
0.8706
1.3195
0.8706
1.6245
2
2
1
1.2311
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0.4665
0.5743
2.1435
0.4353
1.3195
1.5157
0.6156
1.5157
1.4142
1.4142
3.0314
1.8661
0.8706
1.7411
1.7411
1.1487
0.5359
2.2974
1.2311
1.3195
1.3195
0.7579
0.8123
0.8706
0.4665
0.8123
9.1896
1.7411
1.7411
1.8661
2.639
0.8123
1
1.0718
0.5
1.5157
2.2974
2.1435
1
1.8661

1.3819
0.1612
2.0946
0.3703
1.5874
1.1225
2.2449
2.0946
1.5874
1.7013
2.5787
5.5277
1.4811
4.1892
3.1748
1.8234
1.203
3.9086
0.9117
19.2484
1.3819
0.5612
1.5874
1.3819
0.5612
0.6015
5.9244
2.2449
5.5277
2.9622
6.3496
1.5874
1.5874
2.0946
0.4559
5.5277
3.4027
2.4061
1.5874
1.8234

0.7579
0.4061
2.1435
0.5
1.4142
2.639
4.5948
1.0718
1.0718
2.2974
2.8284
1.8661
0.8706
16
1.6245
1.0718
0.933
1.4142
6.9644
5.278
1.5157
0.6156
3.249
1.1487
0.3299
2
22.6274
1.3195
2.4623
1.3195
5.6569
0.6598
0.8123
0.7071
0.4665
4.5948
2.639
2.4623
1.7411
1.3195

Fasl
Foxo3a
Gadd45a
Hif1a
Il6
Jun
Kras
Lig4
Mcl1
Mdm2
Mlh1
Msh2
Myc
Myod1
Nf1
Nfkb1
Numb
Parc
Pcna
Pmaip1
Ppm1d
Prc1
Prkca
Pten
Pttg1
Rb1
Rela
Rev3l
Rprm
Serpinb5
Sesn2
Sfn
Sirt1
Stat1
Tnf
Tnfrsf10b
Traf1
Trp53
Trp53bp2
Trp63
Trp73
Zmat3
Xrcc4
Xrcc5

0.8706
1.1487
0.7071
0.7579
1.2311
0.8706
1
0.7071
0.8706
0.8706
1.3195
1.3195
0.8706
0.8706
1.1487
0.8123
1.3195
0.8706
0.7579
1.0718
1.4142
1.1487
0.7579
0.8706
0.8123
0.7579
0.933
0.8706
0.8706
0.8706
1.0718
0.7071
1.1487
1.3195
0.25
0.7579
0.4353
0.8123
0.8706
0.8706
0.8706
0.8706
0.8706
2

2.1936
1.9097
5.7891
1.3503
1.1755
2.1936
1.4473
1.6625
1.0234
1.4473
1.4473
2.8945
0.3376
2.1936
2.3511
0.9548
2.8945
2.1936
1.9097
1.6625
1.7818
1.9097
1.7818
2.7007
1.7818
4.0935
1.6625
1.6625
2.1936
2.1936
2.3511
2.0467
1.4473
2.5198
0.0343
1.6625
0.7756
1.2599
1.5511
2.1936
2.1936
1.7818
2.7007
2.5198

1
1.6245
1.0718
0.933
4
1
0.4665
1.2311
1.0718
10.5561
1.6245
1.6245
1.1487
1
1.8661
0.8706
1.0718
1
1
1.2311
2.2974
2
0.7579
1.5157
1.5157
2
1.2311
0.7579
1
1
4.5948
0.7579
1.0718
1.6245
0.3536
1.0718
1.6245
0.8123
0.933
1
1
6.498
1.4142
3.4822
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0.8123
0.8706
0.5743
0.7579
5.278
0.8123
0.5743
0.0254
0.8706
0.8706
1.5157
2
1.0718
0.8123
1.7411
1.0718
1
0.8123
1.6245
2
1.7411
1.8661
1.0718
1.3195
1.1487
1.0718
0.8706
0.6598
0.8123
0.8123
0.5743
1.0718
0.5743
1.3195
0.4061
1
2.639
0.1649
1.0718
0.8123
0.8123
0.5
1.6245
5.6569

1.5874
1.2894
3.4027
1.0473
2.4061
1.5874
1.0473
1.3819
1.1225
0.7937
1.9543
3.9086
0.3008
1.5874
2.2449
1.0473
3.1748
1.7013
2.5787
4.8121
3.4027
3.4027
2.0946
2.0946
2.2449
2.4061
1.5874
1.203
1.5874
1.5874
0.6447
2.5787
1.0473
2.2449
0.0611
1.5874
1.3819
0.2443
1.4811
1.5874
1.5874
0.4886
2.4061
3.9086

0.6598
1.6245
0.8123
0.8706
16
0.6598
0.6598
1.1487
1.0718
4.9246
1.8661
2.4623
0.7579
0.6598
2
1
2.2974
0.8123
1.3195
0.933
3.0314
4
1.3195
1.4142
3.0314
2
1.2311
0.8706
0.6598
0.6598
3.4822
0.8123
1.0718
1.3195
0.5743
1.6245
39.3966
0.1539
1.2311
0.6598
0.6598
2.2974
2.4623
7.4643
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