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Abstract. Metabolic stress is an important stimulus that promotes apoptosis-
mediated tumor suppression. Metabolic stress arises in tumors from multiple
factors that include insufficient nutrient supply caused by deficient angiogen-
esis and high metabolic demand of unrestrained cell proliferation. The high
metabolic demand of tumor cells is only exacerbated by reliance on the ineffi-
cient process of glycolysis for energy production. Recently it has become clear
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that tumor cells survive metabolic stress through the catabolic process of au-
tophagy. Autophagy also functions as a tumor suppression mechanism by pre-
venting cell death and inflammation and by protecting the genome from dam-
age and genetic instability. How autophagy protects the genome is not yet clear
but may be related to its roles in sustaining metabolism or in the clearance of
damaged proteins and organelles and the mitigation of oxidative stress. These
findings illuminate the important role of metabolism in cancer progression and
provide specific predictions for metabolic modulation in cancer therapy.

1 Origins of Metabolic Stress in Tumors

Metabolic stress is a common occurrence in human tumors and is caused
by multiple factors. Tumors initially lack a blood supply and when
growth progresses towards a mass in the range of 1 mm in diameter,
passive diffusion of nutrients is insufficient to sustain those tumor cells
in the center of the mass, which suffer metabolic stress (Folkman 2006).
Continuation of tumor growth requires angiogenesis to supply nutrients,
and recruitment of a blood supply to the tumor can ameliorate metabolic
stress. Using hypoxia as a marker for metabolic stress in tumors, induc-
tion of metabolic stress during tumor formation and stress abatement
following angiogenesis is readily apparent (Nelson et al. 2004). Follow-
ing successful tumor angiogenesis, metabolic stress is still a factor since
blood vessel formation is abnormal and subject to intermittent collapse
that inflicts metabolic stress in established tumors. Thus, unlike nor-
mal tissues, tumors lack a constant, uninterrupted nutrient supply and
thereby are regularly assaulted by bouts of metabolic stress.

Another contributing factor to metabolic stress in tumors is their
high metabolic demand caused by unregulated, unrelenting tumor cell
growth, a hallmark of cancer (Hanahan and Weinberg 2000). Normal
tissues have strict controls that limit cell division to specific develop-
mental periods and circumstances that are tightly linked to nutrient and
growth factor availability. Tumor cells lack these controls and prolif-
erate independently, by either autocrine mechanisms or despite the ab-
sence of growth factors and nutrients. This dissociation of growth con-
trol from nutrient availability is a significant contributor to metabolic
stress in tumors that leads to cellular damage and cell death by metabolic
catastrophe (Jin et al. 2007). Finally, inefficient energy production in
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tumor cells due to metabolism dominated by glycolysis has long been
recognized as critical distinction between normal and tumor cells (War-
burg 1956). The juxtaposition of restricted nutrient supply, high energy
demand, and inefficient energy production exemplifies the fundamental
importance of metabolic stress to tumor physiology.

2 Activation of Tumor Suppression by Apoptosis
in Response to Cellular Stress

Cellular stress is a well-known trigger of cell death by apoptosis, which
is a critical tumor suppression mechanism. Conceptually, cellular stress
that results in excessive cell damage activates apoptosis as a means to
eliminate dysfunctional and potentially dangerous cells that can acquire
mutations and progress toward cancer. There are multiple independent
pathways by which apoptosis is triggered in tumors (Adams and Cory
2007; Gelinas and White 2005). Two stress-related pathways that sig-
nal apoptosis are the DNA damage and cellular stress response pathway
controlled by the p53 tumor suppressor, and the metabolic stress path-
way (Fig. 1) (Jin et al. 2007; Jin and White 2007; White 2006).

p53 activates apoptosis in part through transcriptional upregulation
of the pro-apoptotic BH3-only proteins Puma and Noxa (Vousden and
Lane 2007), whereas metabolic stress signals through the pro-apoptotic
BH3-only protein Bim (Nelson et al. 2004; Tan et al. 2005). BH3-only
proteins, in turn, signal apoptosis through the multidomain proapop-
totic Bax and Bak proteins, which permeabilize the outer mitochondrial
membrane causing the release of factors that promote caspase activation
leading to cell death (Adams and Cory 2007). How Bim is activated in
response to metabolic stress to induce apoptosis is not known, but Bim
is a critical epithelial tumor suppressor in the pS3-independent apoptotic
pathway (Degenhardt et al. 2002; Tan et al. 2005).

3 Modulation of the Apoptotic Response
by Cancer Therapy

One of the advantages of a comprehensive knowledge of apoptosis reg-
ulation is the ability to use that information to rationally tailor cancer
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Fig. 1. Activation of the apoptotic tumor suppression response to metabolic
stress. See text for explanation

therapies aimed at activating or enhancing the apoptotic response. As
such, the development of cancer treatments specifically targeting the
apoptotic pathway shows great promise (Fesik 2005; Wu et al. 2007).
For example, promoting p53 activation by inducing DNA damage with
cytotoxic chemotherapy is one means to shift tumor cells toward apop-
tosis during cancer therapy (Fig. 1). Another example is the induction
of Bim by the taxane class of chemotherapeutic drugs, which results
in Bim-mediated apoptosis (Fig. 1) and tumor regression in preclinical
models (Tan et al. 2005). These types of therapeutic strategies can shift
the balance in tumor cells from survival to death to facilitate treatment
response. Indeed, many of the newer noncytotoxic targeted therapies
that inhibit signal transduction, relieve apoptosis suppression, thereby
favoring tumor cell death.

4 Inactivation of Apoptosis in Tumor Progression

Cancer cells, however, can defeat proapoptotic tumor suppression mech-
anisms by inactivating apoptosis in various ways that enable tumor pro-
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gression and treatment resistance (Fig. 2) (Adams and Cory 2007). For
example, anti-apoptotic Bcl-2 family members are overexpressed in
many tumors, bind and inhibit Bax and Bak to block apoptosis, en-
abling tumor cell survival, tumor progression and treatment resistance.
Analogously, many viruses have acquired these same Bcl-2-like anti-
apoptotic mechanisms among their repertoire of oncogenes (Cuconati
and White 2002). One example is the EIB19K gene product of the DNA
tumor virus adenovirus (Fig. 2), which blocks apoptosis by binding and
inhibiting Bax and Bak to facilitate oncogenesis (Cuconati and White
2002; Nelson et al. 2004; White 2006). Tumors acquire mechanisms
for inactivating apoptosis that can also be indirect. One example is the
upregulation of the ubiquitin ligase for p53, Mdm-2, which promotes
p53 degradation in the ubiquitin proteasome pathway to promote tu-
morigenesis (Vousden and Lane 2007). Another is the phosphorylation
and proteasome-mediated degradation of Bim by the Map kinase Erk,
which inactivates apoptosis, thereby promoting tumorigenesis and resis-
tance to taxane chemotherapy (Fig. 2) (Tan et al. 2005). Defining how
tumors defeat the apoptotic response as exemplified above can dictate
rational approaches to anti-cancer therapies.

5 Autophagy Mediates Tumor Cell Survival
to Metabolic Stress

Once tumor cells evolve defects in apoptosis, they fail to die in response
to metabolic stress, but this does not suffice to explain how these undead
cells survive long periods of metabolic stress. By simulating in vivo
metabolic stress in tumors in vitro, we discovered that metabolic stress
activates the catabolic survival pathway of autophagy (Degenhardt et al.
2006). This autophagy allows tumor cells to cannibalize themselves to
sustain their metabolism during extended periods of starvation (Degen-
hardt et al. 2006). Furthermore, autophagy in tumors in vivo localizes
to regions of metabolic stress and tumor cells with defects in autophagy
fail to survive in these tumor regions (Fig. 3A) (Degenhardt et al. 2006;
Karantza-Wadsworth et al. 2007; Mathew et al. 2007b). These findings
revealed that autophagy is an important component of tumor physiology
linked to metabolic stress survival.
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Fig. 2. Inactivation of apoptosis in cancer cells. See text for explanation

Starvation promotes autophagy, which through the action of a host of
essential autophagy regulators such as Beclinl and ATG proteins, dou-
ble membrane vesicles form that engulf cytoplasm and organelles that
traffic this cargo to lysosomes for degradation (Klionsky 2007; Levine
and Kroemer 2008; Mizushima 2007). By recycling intracellular nu-
trients, autophagy can support cellular metabolism during nutrient and
growth factor deprivation. In mammalian development, autophagy is es-
sential to sustain metabolism to enable survival during the neonatal star-
vation period (Kuma et al. 2004). Autophagy also plays a critical role in
maintaining protein and organelle quality control exemplified by the ac-
cumulation of protein aggregates and aberrant mitochondria associated
with neuronal degeneration in mice (Hara et al. 2006; Komatsu et al.
2005, 2006, 2007). Thus, autophagy is an important component of the
metabolic stress response that promotes normal cell survival by provid-
ing an alternate energy source and by degrading damaged proteins and
organelles.
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A. Autophagy sustains tumor cell survival to metabolic stress

— e e =

Tumor Growth, Metabolic Stress, Autophagy, Survival Angiogenesis, Tumor Growth

B. Defects in autophagy promote cell death, inflammation and and tumor growth

Tumer Growth, Metabolic Stress, Chronic Necrosis/Apoptosis, Inflammation, Angiogenesis
Tumer Progression

C. Defects in autophagy promote genome damage and tumor growth

Tumor Growth, Metabolic Stress, DNA damage, Mutation, Tumor Progression

Fig. 3A-C. Dual roles for autophagy in suppressing tumorigenesis. A Cells
at the center of a tumor are subjected to metabolic stress can either undergo
apoptosis or, in this illustration, can activate autophagy to enable long-term sur-
vival. Eventually, with acquisition of a blood supply through angiogenesis, tu-
mor progression can occur. B Defects in autophagy promote either necrotic or
apoptotic cell death and the inflammation and cytokine production that results
can promote tumorigenesis by a non-cell-autonomous mechanism. C Defects in
autophagy cause DNA damage and genome instability due to the failure to mit-
igate metabolic stress. The accelerated mutation rate that results can facilitate
tumor progression by a cell-autonomous mechanism

6 Autophagy Is a Tumor Suppression Mechanism

Although autophagy promotes tumor cell survival, paradoxically, al-
lelic loss of the essential autophagy gene beclinl is found with high
frequency in human cancers, and beclinl *~ mutant mice are tumor-
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prone (Liang et al. 1999; Qu et al. 2003; Yue et al. 2003). Furthermore,
allelic loss of beclinl and defective autophagy promotes tumorigenesis
of immortal mouse kidney and mammary epithelial cells (Degenhardt
et al. 2006; Karantza-Wadsworth et al. 2007; Mathew et al. 2007b). It
then became a challenge to decipher the mechanism by which loss of
function of a survival pathway of autophagy promotes tumor growth.
Although on the surface it may appear counterintuitive that loss of a sur-
vival function such as autophagy causes tumorigenesis, this is not the
first time this situation has occurred. Defects in DNA repair, for ex-
ample, compromise cell survival to DNA damage, yet the accelerated
mutation rate promotes tumorigenesis (Hanahan and Weinberg 2000).
In this setting, the elevated mutation rate that results from DNA repair
deficiency compensates for the reduced survival to DNA damage by ex-
pediting tumor evolution. As such, enhanced tumor cell survival is not
always associated with promotion of tumorigenesis.

7 Autophagy Suppresses Cell Death
and Inflammation to Limit Tumor Progression

In tumor cells as in normal cells, autophagy promotes survival to meta-
bolic stress. In apoptosis-competent tumor cells, autophagy suppresses
apoptosis in response to metabolic stress (Boya et al. 2005; Degenhardt
et al. 2006; Karantza-Wadsworth et al. 2007; Mathew et al. 2007b).
In apoptosis-defective tumor cells, autophagy enables long-term sur-
vival to metabolic stress such that restoration of nutrients permits ef-
ficient recovery (Degenhardt et al. 2006; Karantza-Wadsworth et al.
2007; Mathew et al. 2007b). This prosurvival function of autophagy pre-
vents tumor cell death, and as a result, the inflammation, macrophage
infiltration, and tumor-promoting cytokine production that result from
excessive tumor cell death is prevented (Degenhardt et al. 2006; Jin
and White 2007; Karantza-Wadsworth and White 2007; Mathew et al.
2007a; Mathew and White 2007). This chronic inflammation in auto-
phagy-defective tumors is associated with enhanced tumor growth
(Fig. 3B,C). In tumors where apoptosis is intact, autophagy defects can
promote chronic apoptosis in response to metabolic stress, and excess
apoptotic tumor cells can promote macrophage infiltration associated
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with poor prognosis (Fig. 3B) (Condeelis and Pollard 2006). In tumors
with defects in apoptosis, deficient autophagy results in chronic necrotic
cell death due to metabolic catastrophe in response to metabolic stress
analogous to a corrupted would-healing response associated with poor
prognosis (Fig. 3B) (Degenhardt et al. 2006; Jin et al. 2007; Jin and
White 2007; Mathew et al. 2007a). While the role of inflammation in tu-
morigenesis is complex, many aspects of the inflammatory response are
associated with tumor progression (Balkwill et al. 2005). Thus, by pre-
serving cell health and viability, autophagy serves as an important non-
cell-autonomous tumor-suppression mechanism by limiting inflamma-
tion (Degenhardt et al. 2006; Mathew et al. 2007a).

8 Autophagy Prevents Genome Damage
to Suppress Tumorigenesis

While autophagy permits tumor cells to tolerate metabolic stress, it
serves an important protective function by limiting the accumulation
of damaged proteins and organelles (Komatsu et al. 2007; Komatsu
et al. 2005), which may ultimately protect the genome and suppresses
tumor progression (Mathew et al. 2007a). Tumorigenesis commonly re-
quires stable genetic or epigenetic changes acquired through mutation
(Hanahan and Weinberg 2000). Interestingly, accumulation of damaged
proteins and organelles can be associated with elevated oxidative stress
that may directly or indirectly promote genome damage and mutation.
Indeed, autophagy-defective immortal mouse kidney and mammary ep-
ithelial cells have an elevated DNA damage response in metabolic stress
and are prone to gene amplification and chromosome gains and losses
(Karantza-Wadsworth et al. 2007; Mathew et al. 2007b). These find-
ings provide evidence that autophagy protects the genome, providing
the first link between metabolism and limiting DNA damage and muta-
tion that can promote tumorigenesis by a cell-autonomous mechanism
(Fig. 3C) (Jin and White 2007; Karantza-Wadsworth and White 2007;
Mathew et al. 2007a; Mathew and White 2007). Determining the molec-
ular mechanism by which autophagy protects cells from genome dam-
age will be of great interest.
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9 Modulation of Tumor Cell Metabolism
in Cancer Therapy

The findings described above illustrate that the metabolic stress res-
ponse is linked to both apoptosis and autophagy, and understanding
these pathways is essential for developing cancer therapies. As auto-
phagy is clearly a survival pathway utilized by tumor cells to survive
metabolic stress, inhibitors of autophagy may be therapeutically useful
(Jin et al. 2007; Jin and White 2007; Karantza-Wadsworth and White
2007; Mathew et al. 2007a; Mathew and White 2007). In this setting, it
will be important to induce acute rather than chronic tumor cell death
to avoid inflammation and genome instability associated with impair-
ment of autophagy. Furthermore, since autophagy provides a protective
tumor-suppression function, autophagy stimulators may be particularly
useful in the setting of cancer prevention. Therapeutically stimulating
autophagy in individuals at risk may suppress cell death, inflamma-
tion, and genome damage, thereby restricting tumor progression (Jin
et al. 2007; Jin and White 2007; Karantza-Wadsworth and White 2007;
Mathew et al. 2007a; Mathew and White 2007). Finally, as many tumors
have defects in autophagy in conjunction with high metabolic demand
that is reliant on the inefficient process of glycolysis for energy produc-
tion, strategies to inflict therapeutic starvation should be considered (Jin
et al. 2007). In that way, we can take advantage of the most fundamental
factor that discriminates normal cells from cancer cells (Warburg 1956).
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