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Abstract

Autophagy is an evolutionally conserved lysosomal pathway used to degrade and turn over long-

lived proteins and cytoplasmic organelles. Since autophagy was discovered, it has been thought to 

act as a pro-survival response to several stresses, especially starvation, at the cell and organism 

levels by providing recycled metabolic substrates to maintain energy homeostasis. However, 

several recent studies suggest that autophagy also plays a pro-death role through an autophagic 

cell death pathway mostly at the cellular level. The mechanism by which autophagy could perform 

these seemingly opposite roles as a pro-survival and a pro-death mechanism remained elusive until 

recently Using C. elegans as a model system, we found that physiological levels of autophagy 

promote optimal survival of C. elegans during starvation, but either insufficient or excessive levels 

of autophagy render C. elegans starvation-hypersensitive. Furthermore, we found that muscarinic 

acetylcholine receptor signaling is important in modulating the level of autophagy during 

starvation, perhaps through DAP kinase and RGS-2. Our recent study provides in vivo evidence 

that levels of autophagy are critical in deciding its promotion of either survival or death: 

Physiological levels of autophagy are pro-survival, whereas insufficient or excessive levels of 

autophagy are pro-death.
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Dual Roles Of Autophagy as a Prosurvival and a Prodeath Mechanism

Autophagy is a so-called “self-eating” system responsible for degrading long-lived proteins 

and cytoplasmic organelles, the products of which are recycled to generate macromolecules 

and ATP so as to maintain cellular homeostasis.1 This ability makes autophagy a good 

candidate for a survival mechanism in response to several stresses, such as damaged 

mitochondria, protein aggregation, pathogens, and nutrient starvation.1, 2 The best 

characterized pro-survival function of autophagy is as a starvation response. When the 

supply of external nutrients is limited by nutrient deprivation, cells can induce autophagy, 
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thereby generating a source of metabolic substrates to sustain the cellular activity needed for 

survival.2-4 This autophagic response to starvation has been well-studied in various 

organisms including yeast, worms, flies, and mice.5-8 These lines of evidence indicate that 

autophagy is a pro-survival mechanism for both cells and organisms.

However, several recent studies suggest that autophagy also functions as a pro-death 

mechanism at the cellular level. It has been shown that RNAi knockdown of essential 

autophagy genes inhibits type II programmed cell death (autophagic cell death) in a variety 

of cell types under different conditions. 2,3,9 At the organismal level, the fact that excessive 

autophagy is associated with severe wasting of denervated myofibers in runx1 mutant mice 

suggests that autophagy could be harmful to an organism,10 however there has been no 

direct evidence that autophagy could contribute to the actual death of multicellular 

organisms until recently.

How is it that autophagy performs these seemingly opposite roles with respect to survival 

and death? In recent studies,11 Levine and colleagues suggested the intriguing possibility 

that depending on its level, autophagy could act in either a pro-survival or a pro-death role at 

the cellular level. To test this possibility at the organismal level, we used C. elegans as a 

model system.12 We found that RNAi of either bec-1 or atg-7 (the C. elegans ortholog of 

Beclin 1/Atg6 and Atg7, respectively) reduced autophagy in the pharyngeal muscle and 

decreased survival of wild-type worms after starvation, suggesting that autophagy is 

required for optimal survival of worms during starvation. The addition of food could reverse 

the pro-death effect of bec-1 RNAi treatment in wild-type worms during starvation, 

suggesting that a major defect in bec-1(RNAi) worms was lack of nutrients, rendering worms 

unable to maintain basal cellular activity. In fact, we found that bec-1 RNAi treatment 

decreased pharyngeal pumping rates, suggesting that autophagy is required to maintain the 

basal activity of the pharynx during starvation. Taken together, these data suggest a pro-

survival role of autophagy in C. elegans during starvation.

Previously we showed that starvation activates a muscarinic acetylcholine receptor →MAP 

kinase signaling pathway in pharyngeal muscle and that gpb-2 mutants, in which this 

starvation signal is overactivated, are hypersensitive to starvation, due in part to malfunction 

of pharyngeal muscle.13 We hypothesized that overactivated starvation signaling 

(muscarinic signaling) in gpb-2 mutants induces unrestrained autophagy, which in turn, 

causes damage to the pharyngeal muscle and eventually contributes to death. We found that 

autophagy is indeed excessively induced in the pharyngeal muscle of gpb-2 mutants 

following starvation and that reduction of autophagy by either bec-1 or atg-7 RNAi 

treatment rescued pharyngeal muscle function and reduced starvation-induced death of 

gpb-2 mutants, supporting our hypothesis that excessive autophagy plays a pro-death role in 

C. elegans during starvation. Our results provide in vivo evidence that levels of autophagy 

are critical at the organismal level in deciding between the pro-survival and pro-death roles.

Bridge Between Starvation and Autophagy

While progress has been made on autophagy-inhibiting signaling pathways at the cellular 

levels, 14-17 the pathways acting at the organismal level have not been as extensively 
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characterized.18-21 Our results demonstrate that the muscarinic signaling acts as an 

autophagy-inducing signaling pathway in the multicellular organism C. elegans during 

starvation. Our results also suggest that muscarinic signaling induced autophagy through 

DAP kinase and RGS-2.12 These results taken together with the previous study showing that 

starvation activates muscarinic signaling in C. elegans13 suggest a role of the muscarinic 

acetylcholine pathway as a bridge between starvation and autophagy (Fig. 1).

Implications for Dual Roles of Autophagy in Tumorigenesis

Based on the ability of autophagy to promote cell survival in response to metabolic stress, it 

has been suggested that autophagy may contribute to tumor development by providing an 

energy source to tumor cells located far from the blood supply where nutrients are extremely 

limited.2,22-24 Recent findings by White and colleagues showing that autophagy promotes 

cell survival in solid tumors support this hypothesis.25 In this regard, our observation that 

the overactivation of the Ras signaling pathway induced autophagy, combined with the fact 

that Ras signaling is frequently overactivated in various cancers, leads to the intriguing 

hypothesis that autophagy activated by overactivated Ras signaling may provide a survival 

advantage to cancer cells in the central area of the large tumor masses until vascular support 

can be established.12

Autophagy is also believed to suppress tumors because monoal-lelic loss of beclin 1 is 

frequently associated with human cancer, and because mice with heterozygous disruption of 

beclin 1 are tumor-prone.26 Recent findings support the view that autophagy acts as a tumor 

suppressor mechanism by limiting genome damage and chromosomal instability. 27,28

These two seemingly contradictory functions of autophagy suggest the possibility that 

autophagy can act either as cancers friend or foe, depending on the progression of the tumor. 

Until vascular support is established (and thus nutrient limitation is resolved), autophagy 

provides a temporary survival advantage to tumor cells where they suffer from metabolic 

stress. After vascularization, autophagy instead suppresses tumor progression by limiting 

genome damage and chromosomal instability, and possibly by causing autophagic cell 

death. At this stage, other selective pressures drive cancer cells to gain additional mutations 

that impair the autophagy process and further tumor progression. In fact, recent 

studies 18,29,30 showing that well-known tumor suppressor genes (DAPK1 and p19ARF) can 

induce autophagy suggest the possibility that mutations in these tumor suppressor genes may 

decrease the level of autophagy, thereby inhibiting the tumor suppressor activity of 

autophagy and leading to further tumor progression. With respect to this possibility, it would 

be interesting to examine the timing of mutations that can affect the autophagy process 

during tumor progression.
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Figure 1. 
Muscarinic acetylcholine receptor signaling functions as an autophagy-inducing signaling 

pathway. In the simplified model shown, starvation activates MAPK (MPK-1, C. elegans 

ortholog of mammalian ERK) through the muscarinic acetylcholine receptor signaling 

pathway. Activated MAPK positively regulates autophagy, at least in part, through DAP 

kinase and RGS-2.
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