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Summary

During tumorigenesis, normal growth mechanisms are
deregulated and safeguards that eliminate abnormal cells
by apoptosis are disabled. Tumor cells must also increase
nutrient uptake and angiogenesis to support the
upregulation of metabolism necessary for unrestricted
growth. In addition, they have to rely on inefficient energy
production by glycolysis. This glycolytic state can result
from mutations that promote cell proliferation, the hypoxic
tumor microenvironment and perhaps mitochondrial
malfunction. Moreover, the very signals that enable
unrestricted cell proliferation inhibit autophagy, which
normally sustains cells during nutrient limitation. In
tumors, inactivation of the autophagy pathway may

enhance necrosis and inflammation and promote genomic
instability, which can further enhance tumor growth. Thus,
tumor cells cannot adapt efficiently to metabolic stress and
could be induced to die by metabolic catastrophe, in which
high energy demand is contrasted by insufficient energy
production. Efforts to exploit this unique metabolic state
clinically previously focused mainly on detecting tissue
displaying increased glycolytic metabolism. The challenge
now is to induce metabolic catastrophe therapeutically as
an approach to Kkilling the unkillable cells.
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Introduction

Cancer is a disease in which inherent genetic flexibility allows
cells to progressively evolve functions that promote cell
growth, disable cell death mechanisms and evade immune
surveillance and therapy (Hanahan and Weinberg, 2000).
Regulation of cell growth is inexorably linked to regulation of
metabolism, and the unique ways that cancer cells deregulate
cell growth and metabolism distinguish them from normal
cells. This inherent difference between normal and tumor cells
can be exploited therapeutically. Furthermore, cells possess
multiple death mechanisms that differentially impact tumor
progression and the response to treatment. Apoptosis is an
efficient programmed cell death process (Fig. 1) regulated by
cell intrinsic and extrinsic pathways (Adams, 2003; Danial and
Korsmeyer, 2004; Gelinas and White, 2005). Activation of
apoptosis is controlled by members of the BCL-2 family of
proteins and ultimately impinges on the function of the caspase
family of proteases. These dismantle the cell through
proteolytic cleavage and the activation of nucleases that
degrade the genome, which results in rapid cell death (Fig. 1)
without inflammation. Metabolic stress is a potent trigger of
apoptosis, and activation of apoptosis in tumors is an attractive
therapeutic strategy; however, tumor cells evolve defects in
apoptosis, which provides a survival advantage that promotes
tumorigenesis and confounds treatment (Nelson et al., 2004;
Nelson and White, 2004; White, 2006).

Recent evidence suggests that tumor cells that acquire
defects in apoptosis can be diverted to another cell death
pathway, necrosis, where cells die by a loss of physical
integrity (Fig. 1) (Zong and Thompson, 2006), and this

provides an alternate therapeutic approach (Degenhardt et al.,
2006; Zong et al., 2004). Necrosis in apoptosis-defective tumor
cells appears to occur when the rate of energy consumption
exceeds that of energy production. This again links cell death
to regulation of cell metabolism, supporting the idea that
metabolism is an attractive alternative therapeutic target. Even
though necrosis is a less efficient mechanism of cell death
compared with apoptosis, it remains a tractable means to kill
tumor cells with apoptosis defects, despite the possible
consequences of promoting inflammation (Degenhardt et al.,
20006).

It is now apparent that tumor cells with apoptosis defects
require the catabolic process of autophagy to provide an
alternate energy source in periods of metabolic deprivation to
prevent death by necrosis (Degenhardt et al., 2006; Lum et al.,
2005). Autophagy is a process in which cellular organelles and
bulk cytoplasm are targeted for degradation in lysosomes
(Klionsky, 2005). Normal mammalian cells require basal
autophagy for normal organelle and protein turnover and
autophagy induction is required to sustain metabolism and
viability particularly during periods of starvation (Hara et al.,
2006; Komatsu et al., 2006; Komatsu et al., 2005; Kuma et al.,
2004). In tumor cells with defects in apoptosis, autophagy is
needed to maintain cell metabolism and viability during
starvation until the nutrient supply is re-established (Fig. 1). If
nutrient deprivation persists, progressive autophagy can
ultimately lead to autophagic cell death. Thus, in contrast to
apoptosis, which is a death process that is rapid and
irreversible, autophagy can be thought of as an interruptible
pathway to cell death (Fig. 1). In tumor cells that have defects
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Fig. 1. Distinct morphological features of apoptosis, necrosis and autophagy. Immortal baby mouse kidney epithelial iBMK) cell lines
competent for apoptosis (wild-type), necrosis (apoptosis-defective and autophagy disabled by AKT activation) and autophagy (apoptosis
defective) (Degenhardt et al., 2002; Degenhardt et al., 2006; Degenhardt and White, 2006) were subjected to metabolic stress (ischemia) for up
to five days. Morphological changes were observed by time-lapse microscopy (100X). Representative individual cells from each cell line were
followed for the indicated times, beginning immediately prior to any signs of altered morphology in metabolic stress (13.5 hours for wild-type,
16.6 hours for apoptosis- and autophagy-defective and 52.6 hours for apoptosis-defective cells). Cells undergoing apoptosis or necrosis are not
viable at the end of each specified time, whereas cells capable of autophagy by virtue of an apoptotic defect retained viability for more than five
days (Degenhardt et al., 2006). Following 112 hours of metabolic stress, apoptosis-defective cells that underwent autophagy were returned to
normal culture conditions and photographed to document recovery (Degenhardt et al., 2006). The majority of these cells were able to recover
and proliferate upon restoration of nutrients, and a representative cell is shown. Reproduced in part from Degenhardt et al. (Degenhardt et al.,

2006) with permission from Elsevier.

in apoptosis, autophagy enables them to survive metabolic
stress. As such, autophagy may also therefore be an appropriate
therapeutic target in cancer.

There 1is thus an emerging appreciation of the
interdependence between cell growth, metabolism and death
pathways. Below we discuss recent work that has shed light on
the interplay between these processes and the ongoing
challenge to translate this knowledge for therapeutic benefit.

The PI 3-kinase pathway and nutrient availability

The phosphatidylinositol (PI) 3-kinase pathway functions in
growth factor receptor signal transduction to activate the cell
growth and proliferative responses to nutrients and growth
factors. This is accomplished by activation of the protein kinase
AKT, one of whose targets is the tuberous sclerosis complex
(TSC), an inhibitor of the protein kinase mammalian target of
rapamycin (mTOR) (Hemmings, 1997). AKT inhibits TSC and
thereby activates mTOR. mTOR in turn activates pathways that

promote translation, cell cycle progression, nutrient uptake and
glycolysis, while inhibiting apoptosis and autophagy. The
result is cell division, protection from apoptosis and rapid but
inefficient ATP production by glycolysis (see below). PI 3-
kinase signaling through mTOR shuts down catabolic function
that cells do not require when sufficient nutrients are available
(Arico et al., 2001). When the supply of nutrients and growth
factors is interrupted, PI 3-kinase signaling is inhibited, which
leads to suppression of cell growth and protein synthesis (Fig.
2). This also activates autophagy to provide an alternative

energy supply (Fig. 2).

The PI 3-kinase pathway is frequently deregulated in
cancer

Activation of the PI 3-kinase pathway is an exquisite formula
for driving proliferation of tumor cells, which is why
constitutive activation of this pathway is so common in tumors
(Downward, 2004). Constitutive activation of the PI 3-kinase
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Normal cells Tumor cells
Nutrients Starvation Nutrients Starvation Fig. 2. Differential response of normal and tumor cells to
l metabolic stress. Normal cells regulate cell growth in
response to nutrient availability by modulating the activity
PIK|—PTEN t—PTEN PI3K| PI3K of the PI 3-kinase pathway, which through mTOR
promotes cell growth and downregulates the catabolic
Akt Akt Akt process of autophagy. In periods of starvation, normal
l i i cells downregulate mTOR, which slows cell growth, while
mTor mTor mTor upregulating autophagy to allow adaptation to metabolic
/ x/ \( X/ \( X/ stress. In contrast, tumor cells frequently acquire
Protein Autophagy  Protein Protein mutations that coqstltutlvely activate the PI 3-1.<1nase
synthesis synthesis synthesis pathway that efficiently promotes cell growth in the
presence of nutrients. In starvation conditions, however,
Cell growth Growth arrest Cell growth  Failure to adapt to tumor cells inefficiently adapt to metabolic stress through

Catabolism
Adaptation to
metabolic stress

pathway is achieved in multiple ways, such as activation of PI
3-kinase itself, inactivation of its inhibitor, the tumor
suppressor PTEN, or activation of AKT downstream. This may
also be the Achilles heel of tumor cells because it renders them
unable to adapt to nutrient and growth factor limitation because
the pathway promotes cell growth and inhibits autophagy (Figs
2 and 3). These findings should be considered in the
development of anti-cancer agents that target mTOR as
opposed to targeting the downstream autophagy pathway.
Efforts to target mTOR in the clinic have yielded promising
initial results, and indeed further drug development (both
single agents and combinations) is warranted. Agents such as
rapamycin and analogues including CCI-779 and RADO0O01, for
example, inhibit downstream signaling and are currently in
clinical trials (Chan, 2004; Rowinsky, 2004). Inhibition of
mTOR in this way should block tumor growth, which is
obviously desirable, but it should also induce autophagy (Fig.
3). The potential impact of such induction on overall tumor cell
death therefore needs to be considered and studied further.

Metabolic stress in tumors

Constitutive activation of the PI 3-kinase pathway in tumor
cells prevents the downregulation of cell metabolism, protein
synthesis and cell growth when nutrients and growth factors
become limiting. The resulting metabolic stress is compounded
by the tumor’s frequent reliance on glycolysis. A common
feature of human solid tumors is their reliance on glycolysis
even under aerobic conditions — the Warburg effect (Warburg,
1956). Glycolysis is triggered by oncogene activation,
including activation of RAS, AKT and MYC, and by hypoxia
in the tumor microenvironment through HIF-1a induction. It
might also be triggered by the accumulation of damaged
mitochondria that have an impaired capacity for ATP
generation through oxidative phosphorylation (Dang et al.,
1997; Elstrom et al., 2004; Gatenby and Gillies, 2004;
Semenza, 2003). All of these events commonly occur in human
tumors. Whether or not the dependence on glycolysis directly
contributes to tumor growth is unclear, but glycolysis is clearly
a substantially less efficient means for ATP generation
compared with oxidative phosphorylation. Thus, the more
dependent a tumor cell is on glycolysis, the more crucial is its
requirement for nutrients such as glucose. To compensate for
inefficient energy production, many of the mechanisms that

metabolic stress
Metabolic catastrophe
Apoptosis or necrosis

the failure to downregulate cell growth and upregulate
autophagy, which can result in apoptotic or necrotic cell
death though metabolic catastrophe.

promote glycolytic metabolism also facilitate uptake of
nutrients from extracellular sources (Thompson et al., 2005).

Another source of nutrients is catabolism achieved by
activation of the autophagy pathway (Jin and White, 2007). In
turn, the high energy demand and glycolytic state in tumor cells
can potentially feedback to activate autophagy. Note, however,
that the ability of the tumor to use an alternate internal nutrient
supply through autophagy is restricted (see above). What this
therefore creates is a situation in which tumor cells are forced
to grow whether or not they have access to nutrients or the
capacity to efficiently produce energy. This can result in cell
death by apoptosis or necrosis (Fig. 2).

Apoptosis resistance and metabolic stress

In cells capable of apoptosis, starvation-induced metabolic
stress is a potent activator of this form of cell death. It requires
pro-apoptotic BAX or BAK and is inhibited by anti-apoptotic
BCL-2, although exactly how apoptosis is activated remains to
be determined (Degenhardt et al., 2002; Nelson et al., 2004;
Tan et al., 2005; White, 2006). Many anti-cancer drugs work
by indirectly inducing apoptosis, and newer therapies designed
to activate the apoptotic pathway directly are in development
(Fesik, 2005; Johnstone et al., 2002; Tan et al., 2005). Most
tumor cells, however, acquire defects in apoptosis that provide
a distinct survival advantage in the hostile microenvironment
and in response to cancer therapies that activate apoptosis. If
these cells retain the normal function of the PI 3-kinase
pathway, they can adapt to starvation by downregulating cell
growth and metabolism as normal cells do. Indeed, autophagy
is evident in metabolically stressed regions of apoptosis-
defective tumors and sustains the viability of tumor cells that
can still regulate the PI 3-kinase pathway (Fig. 2) (Degenhardt
et al., 2006).

When tumor cells have inactivated apoptosis and
constitutively activated the PI 3-kinase pathway, which is a
common occurrence, there is a significant difference in the
response to metabolic stress. These cells cannot downregulate
cell growth, activate autophagy or die by apoptosis (Degenhardt
et al., 2006; Jin and White, 2007). The unrelenting demand for
energy, exacerbated by inefficient ATP production by glycolysis
and the absence of an alternative energy source generated by
autophagy, leads to a necrotic pathway to cell death, which may
be the ultimate default mechanism (Degenhardt et al., 2006; Jin
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Fig. 3. How manipulation of tumor cell metabolism can be used to
induce cell death by metabolic catastrophe. The difference between
normal and tumor cell metabolism can be exploited for cancer
therapy by promoting metabolic catastrophe. mTOR inhibitors, such
as rapamycin and its analogues in this case, are an effective means to
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and White, 2007; Zong et al., 2004; Zong and Thompson, 2006).
We have designated this ‘metabolic catastrophe’ (Figs 2 and 3).
Because this represents a means to induce death in tumor cells
resistant to apoptosis, it is a potential therapeutic approach worth
exploiting that is applicable to many tumors that are not
responsive to treatment (Fig. 3).

Therapeutic induction of necrosis through metabolic
catastrophe

Modulation of tumor cell metabolism is a therapeutic approach
that takes advantage of inherent metabolic differences between
normal and cancer cells. As we begin to understand how
metabolism is linked to death and survival signaling and how
this is influenced by tumor genotype, we can start to predict the
types of treatment that will drive tumor cells toward cell death
— particularly necrosis. Tumor cells displaying constitutive
activation of the PI 3-kinase pathway can be driven into
metabolic catastrophe therapeutically by various methods.
Angiogenesis inhibitors such as Avastin, which targets vascular
endothelial growth factor (Carmeliet, 2005; Ferrara and Kerbel,
2005), can reduce nutrient availability. Similar approaches that
block nutrient uptake, transport or utilization are worth
consideration (Fig. 3). Additional therapeutic opportunities
include approaches that target other steps in metabolism and
those that increase energy requirements. Metabolic stress can be
amplified by accelerating ATP depletion with DNA alkylating
agents that stimulate poly(ADP-ribose) polymerase (PARP),
which consumes ATP (Zong et al., 2004). Alternatively, one can
increase ATP demand by upregulating protein synthesis — for
example, by blocking eEF2-a kinase, which also inhibits
autophagy (Wu et al., 2006). These and other means for acute
induction of necrotic cell death in tumor cells should be explored
further for cancer therapy.

Ironically, necrotic tumors in fact have a poorer prognosis,
and chronic necrotic cell death in tumors can be associated
with inflammation; one consequence of diversion from
apoptotic to necrotic cell death may therefore be altered tumor-
host interaction (Degenhardt et al., 2006; Nelson and White,
2004). Chronically necrotic tumors provoke chronic

limit tumor cell growth (Faivre et al., 2006). Alternatively, metabolic
catastrophe can be achieved by therapeutic starvation, by restricting
nutrient availability, uptake and utilization, by enhancing
consumption or by preventing catabolism through autophagy.

inflammation analogous to wounds in which the wound healing
cytokine response is usurped to favor tumor growth (Balkwill
et al., 2005; Nelson and White, 2004; Zeh and Lotze, 2005).
Apoptosis and autophagy could therefore serve to prevent
necrosis, and thus limit inflammation and tumor progression in
some situations (Degenhardt et al., 2006; Jin and White, 2007),
although activation of an effective immune response can
ultimately favor tumor regression. Thus, controlling necrosis
to modulate the appropriate inflammatory response to favor
tumor regression remains the challenge.

Glycolysis as a target

Interfering with the glycolytic pathway is now also attracting
interest as a possible therapeutic means to limit energy production
in a tumor cell-specific fashion. The fact that tumors need
glycolysis to convert glucose to ATP formed the basis of tumor
imaging by fluorine-18 fluorodeoxyglucose ([18F]FDG) positron
emission tomography (PET), which demonstrates the increase in
glucose uptake in tumors compared with normal tissue (Zhang et
al., 2004). Although prior efforts focused on detecting tissue with
increased glycolytic metabolism, recent strategies use agents
capable of inducing tumor cell death by confounding metabolic
demand. Such approaches include inhibition of glucose
utilization with 2-deoxyglucose, an agent currently in clinical
trials that is phosphorylated by hexokinase but which cannot be
metabolized further and thus blocks glucose metabolism
(Mohanti et al., 1996). Lonidamine, also in clinical trials, is a
derivative of indazole-3-carboxylic acid that inhibits hexokinase
(Brawer, 2005). Such agents exploit increased activity of the
glucose transporter system in tumor cells to enter cells (Pelicano
et al., 2006). Glufosfamide, a conjugate of D-glucose with a toxic
mustard, is an alkylating agent that damages DNA and activates
PARP, and is currently in clinical trials (Giaccone et al., 2004).
Furthermore, an inhibitor SB-204990 that targets ATP citrate
lyase, which links glucose metabolism to lipid synthesis, has
shown efficacy in preclinical models (Hatzivassiliou et al., 2005).
Many such agents may have additional activities, and ongoing
efforts are likely to support the development of a panoply of more
specific agents for clinical use.
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Autophagy as a target

Now that it is becoming clear that tumor cells can use
autophagy to survive metabolic stress, the development of
autophagy inhibitors will be another approach to render cells
susceptible to cell death (Fig. 3). Putative targets for
development of inhibitors in the mammalian autophagy
pathway include the protein kinase ATG1, which relays signals
that activate autophagy, and the class III PI 3-kinase VPS34,
which associates with ATG6/Beclinl and is required for
autophagosome formation (Klionsky, 2005). The protease
ATG4, the El-like enzyme ATG7, and the E2-like enzymes
ATG3 and ATG10 are also possible targets for anti-autophagy
drug development. Note that agents such as mTOR inhibitors
that stimulate autophagy could promote autophagic cell death
as well as inhibit growth. Note, however, that progressive
autophagy may eventually lead to cell death but this may be
more difficult to achieve therapeutically, and it is not yet clear
whether specificity for tumor cells can be achieved. Inhibition
of autophagy may thus be a more effective strategy.

Concluding remarks

Common mutations in human tumors render tumor cells unable
to adapt to metabolic stress by constitutively activating cell
growth while compromising the capacity to survive through
autophagy. This phenotypic difference between normal and
tumor cells can be exploited by use of therapies that inflict
metabolic stress, to which many tumor cells are preferentially
sensitive. Moreover, autophagy is a survival pathway that
enables tumor cells to tolerate metabolic stress. Thus,
therapeutic strategies that involve induction of metabolic
catastrophe through metabolic stress while compromising the
autophagy survival mechanism may be a unique, rational
combinatorial approach for treating solid tumors. Importantly,
metabolic catastrophe can promote death of tumor cells that
have disabled apoptosis. Since it causes apoptosis-defective
tumor cells to undergo necrotic cell death, which can lead to
inflammation, we should now seek to further understand the
process of necrosis and how to use it to favor tumor regression.
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