
Review

Autophagy genes and ageing

T Vellai*,1

Ageing in divergent animal phyla is influenced by several evolutionarily conserved signalling pathways, mitochondrial activity
and various environmental factors such as nutrient availability and temperature. Although ageing is a multifactorial process with
many mechanisms contributing to the decline, the intracellular accumulation of damaged proteins and mitochondria is a feature
common to all aged cells. Autophagy (cellular self-eating) – a lysosome-mediated catabolic process of eukaryotic cells to digest
their own constituents – is a major route for the bulk degradation of aberrant cytosolic macromolecules and organelles. Indeed,
genetic studies show that autophagy-related genes are required for lifespan extension in various long-lived mutant nematodes
and promote survival in worms and flies exposed to prolonged starvation. These data implicate autophagy in ageing control.
Furthermore, results in Drosophila demonstrate that promoting basal expression of the autophagy gene Atg8 in the nervous
system extends lifespan by 50%, thereby providing evidence that the autophagy pathway regulates the rate at which the tissues
age. In this review, the molecular mechanisms by which autophagy genes interact with longevity pathways in diverse organisms
ranging from yeast to mammals are discussed.
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Signalling Pathways and Environmental Factors that
Regulate Ageing

Ageing is an inevitable physiological process characterised
by a progressive accumulation of damaged aberrant
macromolecules and organelles in somatic cells during the
post-developmental period, leading to the decreased ability
of the organism to survive.1–4 Inefficient removal of non-
functional aberrant cellular components generated by oxida-
tive damage and a general decline in housekeeping mechan-
isms appear to be critical in the progression of ageing.5,6

Accumulating evidence now shows that changes in the
activity of intracellular degradative processes, including the
ubiquitin–proteasome system and especially the lysosome-
mediated autophagic system, are involved in the ageing
process and thereby modulate lifespan. Thus, a detailed
characterisation of these degradative systems and the
elucidation of their regulation might help to understand why
and how diverse eukaryotic species age. However, when
studying diminishing degradative pathways and their impact
on ageing, one might meet two main difficulties. First, because
protein degradation is essential for normal growth and
development,7–13 genetic manipulation interfering with these
processes is likely to have pleiotropic effects, for example, it
causes premature death, masking any possible specific role in
ageing control. Second, uncovering novel genetic determi-
nants of ageing is usually based on the recognition of long-
lived phenotype caused by reduced activity of pro-ageing
genes (Figure 1). The wild-type function of such genes is to
accelerate the ageing process, thereby reducing lifespan.

This way, however, antiageing genes that function to slow
down the ageing process, that is, the inactivation of which
confers accelerated ageing and lifespan shortening, remain
largely unexplored. The main cause behind this problem is
that most mutations that reduce lifespan often result in serious
disorders and kill the animal for reasons independent of
ageing. This is particularly obvious in humans; most people do
not die due to ‘old age’, but due to heart disease, stroke,
neurodegenerative disorder or cancer. However, the inci-
dence of these pathologies – most of which do not occur in
lower eukaryotic models of ageing– correlates with age. In
addition, both ageing and age-related diseases are driven by
cellular damage; therefore, considerable overlap must exist
between the underlying causative pathways.

A remarkable aspect of the ageing process is its highly
regulated nature.1,2 During the last two decades, a surpris-
ingly large number of genetic factors, chemical substances
and environmental cues have been identified that influence
ageing in model organisms such as yeast, worms, flies and
mice (Figure 1).1–4 For example, in the nematode
Caenorhabditis elegans, more than 150 pro-ageing genes
have been identified the deregulation of which significantly
extends lifespan.14,15 A group of them constitutes the insulin/
IGF-1 (insulin-like growth factor-1) signalling pathway
(Figures 1 and 2). Mutant worms with reduced activity of
the insulin/IGF-1 receptor DAF-2 live twice as long as the
wild type.16 Aberrant insulin/IGF-1 receptor activity confers

considerable lifespan extension in flies and female mice
too.17,18 Thus, this conserved hormonal system functions
as a longevity pathway in divergent animal species. Indeed, a
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relationship exists between certain genes that are intimately
involved in insulin metabolism and the determination of
lifespan even in humans.19 The insulin/IGF-1 receptor
activates a class I phosphatidylinositol-3 kinase (PI3K)
that converts phosphatidylinositol (4,5)-diphosphate into
phosphatidylinositol (3,4,5)-triphosphate (PIP3) (Figure 2).
This conversion step is inhibited by the phosphatase and
tensin homologue PTEN. PIP3, directly or through the 3-
phosphoinositide-dependent protein kinase (PDK), further
activates a serine-threonine kinase, Akt/PKB (AKT8 virus
proto-oncogen/protein kinase B), which in turn inhibits the
activity of the forkhead family transcription factor FoxO.20–24

Inactivation of PI3K, PDK and Akt/PKB each extends
lifespan,21,22 and activated (nuclearly translocated) FoxO is
required for lifespan extension in mutants defective in insulin/
IGF-1 signalling.23,24 FoxO has been shown to promote
longevity in response to reduced insulin/IGF-1 signalling in
worms, Drosophila and mammals.23–26 Furthermore, results
from Drosophila and C. elegans demonstrate that the activity
of FoxO is also modulated by the c-Jun N-terminal kinase
(JNK), a member of the mitogen-activated kinase family.27,28

JNK signalling thus acts parallel to insulin/IGF-1 signalling and
triggers FoxO to slow down ageing.

In C. elegans, the FoxO-like transcription factor DAF-16
couples the insulin/IGF-1 and transforming growth factor-beta
(TGF-b) pathways to control reproductive growth.8 Mutants
defective in either of the two pathways develop into a
non-ageing stress-resistant dauer larval stage (a develop-
mental diapause triggered by crowding and starvation in
the wild type) independently of environmental conditions.
Inactivation of daf-16 suppresses dauer development
in mutant animals with aberrant insulin/IGF-1 or TGF-b
signalling. Consistent with these findings, TGF-b signalling

was also found to control longevity in this organism:
mutant animals defective in the pathway display up to
twofold increases in lifespan.29 Regulation of ageing by
the TGF-b pathway occurs through the translocation of
cytosolic DAF-16 into the nucleus. As cross talk between
insulin/IGF-1 and TGF-b signalling is also evident in mam-
mals,30 the TGF-b pathway may be involved in the ageing
process of higher animal species as well.

Insulin/IGF-1 signalling interacts with the target of rapamycin
(TOR) kinase to control metabolism, development and
longevity in diverse animal species.31–34 TOR, which acts
as a sensor of cellular energy levels, is activated by a
cascade consisting of Akt/PKB, the tuberous sclerosis
complexes 1 and 2 (TSC1 and TSC2) and the Ras homologue
enriched in brain (Rheb) (Figure 2).34 Signals from trans-
porters that import amino acids into the cytoplasm also
activate TOR through the TSC complexes and Rheb.
Furthermore, TSC1/2, at least in nematodes, serves as a
site where the adenosine monophosphate-activated protein
kinase (AMPK) links the cellular AMP/ATP (AMP/adenosine
triphosphate) ratio and the insulin/IGF-1–TOR signalling
system to lifespan.35 The fact that in C. elegans DAF-16/
FoxO directly regulates the transcription of daf-15 that
encodes Raptor (regulatory associated protein of TOR)
further supports an inherent relationship between insulin/
IGF-1 and TOR signalling.32 Accordingly, TOR acts, at least in
part, downstream of FoxO in the insulin/IGF-1 signalling
pathway to control ageing (Figure 2). Indeed, although strong
inhibition of TOR in worms arrests development at the
L3 larval stage, decreasing TOR activity starting from the first
day of adulthood extends lifespan.31 Compromised TOR
activity also influences lifespan in yeast, Drosophila and
mammals.33,36

Figure 1 Environmental cues and evolutionarily conserved pathways that regulate the ageing process in diverse eukaryotic phyla. Cellular degradative pathways
(highlighted by grey colouring) involve the autophagy pathway and the proteasome system. Arrows indicate activations (pro-ageing factors), bars represent inhibitory
interactions (antiageing factors). Ageing, which is multifactorial with many mechanisms contributing to the decline, is driven by the intracellular accumulation of random cellular
damage. The overall rate at which damage accumulates is regulated by pathways for maintenance and repair, which in turn may be modulated by metabolic factors
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Target of rapamycin regulates cell growth by altering mRNA
translation in response to nutrient changes.34 This kinase
promotes protein synthesis through the activation of ribo-
somal S6 kinase (S6K)37 and inactivation of 4E-binding
protein, an inhibitor of eukaryotic translation initiation factor
4E (eIF-4E).38 eIF-4E is a component of a multiprotein
complex that directly binds to the 7-methyl-guanosine cap
present in almost all mRNAs. If TOR, or more precisely the
insulin/IGF-1–TOR signalling axis, promotes both general and
specific protein synthesis, one might expect a causative
relationship between the regulation of mRNA translation and
ageing. Indeed, in Drosophila, the overexpression of dS6K
extends lifespan, whereas lowering protein synthesis by
inhibition of eIF-4E confers increased longevity and oxidative
stress resistance in C. elegans.39–42

In nematodes, upon stress, DAF-16/FoxO is translocated
into the nucleus where it forms a complex with the sirtuin
SIR-2.1 to activate the transcription of target genes mediating
longevity (Figure 2).43 Consistently, increased dosage of
SIR-2.1, which alters chromatin structure through its
nicotinamide adenine dinucleotide (NAD)-dependent histone
deacetylase activity,44 extends lifespan in C. elegans.45 Extra
copies of sir2 also slow down the ageing process in yeast and
Drosophila.46,47 Similarly, the mammalian Sirt1 deacetylates

FoxO, and may also be involved in ageing control.
Furthermore, sirtuins are activated, at least in mice, by the
chemical substance resveratrol having an antiageing role
in yeast, worms, flies and mammals.48 Molecular association
between FoxO and sirtuins requires 14-3-3 proteins, which
bind phosphothreonine and phosphoserine residues.43

Genetic data indicate that SIR-2.1 and 14-3-3 act in parallel
to the insulin/IGF-1 signalling pathway to activate FoxO
and lengthen lifespan (Figure 2). Like DAF-16/FoxO, the
C. elegans transcription factor heat-shock response
transcription factor-1 (HSF-1) involved in heat-shock
response is also required for mutations reducing insulin/
IGF-1 signalling to promote longevity.49,50 This function of
HSF-1 is mediated by its ability to control the transcription of
specific target genes it shares with DAF-16/FoxO.

In mammals, the transcription factor p53 has an important
function in the detection and elimination of cellular damage by
inducing either cellular senescence or apoptosis, and its
regulation involves chromatin remodelling factors and insulin/
IGF-1 signalling.51,52 In worms and mammals, loss-of-func-
tion mutations in the insulin/IGF-1 signalling pathway also
antagonise tumour cell growth through activating a
p53-mediated cell death pathway.53 Together, these results
implicate the function of tumour suppressor p53 in ageing

Figure 2 Autophagy in signalling network of ageing. The autophagy pathway interacts with and acts downstream of longevity pathways to regulate diverse cellular
functions. AA, amino acid; AAT, amino-acid transporter; AMPK, AMP-activated protein kinase; AKT/PHB, AKT8 virus proto-oncogene/protein kinase B; 4E-BP, eukaryotic
initiation factor 4E-binding protein; eIF4E, eukaryotic translation initiation factor; E2F-1, transcription factor, a member of the retinoblastoma complex; FoxO, Forkhead
transcription factor; HSF-1, heat-shock response transcription factor-1; INS/IGF-1, insulin/insulin-like growth factor-1; LKB1, serine/threonine protein kinase; PDK,
3-phosphoinositide-dependent protein kinase; PHA-4, FoxA transcription factor; PI3K, phosphatidylinositol 3-kinase; PI(4,5)P2, phosphatidylinositol (4,5)-diphosphate;
PI(3,4,5)P3, phosphatidylinositol (3,4,5)-triphosphate; PTEN, phosphatase and tensin homologue; Rheb, Ras homologue enriched in brain; ROS, reactive oxygen species;
S6K, S6 kinase; S6, small ribosomal subunit S6; Sir2, NAD-dependent histone deacetylase; 14-3-3, small acidic proteins; SKN-1, ‘skin in excess’ transcription factor-1; SMK-1,
a common cofactor of DAF-16/FoxO and PHA-4; TGF-b, transforming growth factor-beta; TOR, target of rapamycin kinase; TSC1/2, tuberous sclerosis complex-1/2. Solid
arrows indicate positive regulatory events; solid bars represent inhibitory interactions; dotted arrows show translocations from the cytoplasm to the nucleus. The autophagy
pathway displays multiple signalling cross talks with longevity pathways. Some of the signalling connections identified between these pathways are not shown, due to simplicity
of the model. See text for details
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control. Indeed, enhanced activity of p53, together with its
positive regulator Arf, increases cancer resistance and delays
ageing in mice.54 The linkage of proliferation and longevity
to the same signalling pathway strongly supports the
co-evolution of tumour resistance and longevity, and may
have general relevance to the observation that most animal
species become more susceptible to cancer as they age.
Thus, p53 is inherently integrated into the signalling network
of ageing (Figure 2).

The intracellular accumulation of defective mitochondria
occurs progressively during ageing in various animal
species.55,56 It is now well established that mitochondrial
activity is a major source of endogenous reactive oxygen
species (ROS) causing oxidative damage of cytosolic
materials.57 Thus, mitochondria participate in the determina-
tion of lifespan (Figure 2).58,59 ROS are generally small,
short-lived and highly reactive molecules (e.g., oxygen
anions, superoxide and hydroxyl radicals, and peroxides)
formed by partial reduction of oxygen, which, if they are not
detoxified by antioxidising agents, can oxidise macromole-
cules and damaged organelles.57 Oxidation of DNA causes
base modifications (mutations) leading to various pathologies
in humans, such as cancer, whereas oxidised proteins tend to
form aggregates resulting in diverse neurodegenerative
pathologies. In addition, accumulation of ROS within the
mitochondria may also interfere with the functioning of this
organelle due to mitochondrial DNA mutations. Oxidative
damage to various constituents of the cell may therefore limit

lifespan. Indeed, overexpression of the enzyme superoxide
dismutase, which reduces ROS by catabolising superoxides,
was shown to extend lifespan in yeast and Drosophila.60,61

It must be noted, however, that in another study, antioxidants
failed to extend the lifespan of wild-type flies.62 In nematodes,
lowering the activity of the mitochondrial electron transport
chain during development extends adult lifespan.58 When
mitochondrial respiration is decreased only during adulthood,
animals have wild-type lifespan. This indicates that the rate of
respiration early in life establishes the rate of ageing in
this organism. Furthermore, the longevity produced by
mitochondrial dysfunction was reported to be independent of
DAF-16/FoxO, and increased much further by reduced
insulin/IGF-1 signalling; single mutations in the insulin/IGF-1
pathway or mitochondrial electron transport chain each
double the natural lifespan whereas double mutations
attenuating both systems confer a lifespan that is extended
by up to four times. Thus, mitochondrial respiration functions
in parallel to insulin/IGF-1 signalling to influence ageing.

Nutrient availability is a major determinant of lifespan
in a variety of organisms.1,4 Dietary restriction, prolonged
starvation and mutations that cause feeding defects are
factors that promote longevity. Temperature is also a growth
condition that influences ageing: organisms generally have a
faster growth rate and thereby live shorter at higher
temperatures. Interestingly, many long-lived mutant animals
display increased resistance to nutritional and heat stress.
The effects of these environmental cues are mediated, at least

Figure 3 Macroautophagic degradation of oxidative, damaged and aberrant cytosolic materials (cellular toxins) whose intracellular accumulation drives the ageing
process. The process of macroautophagy consists of three main stages: initiation of the formation of the isolation membrane/phagophore (nucleation), elongation and
completion of the mature autophagosome and fusion of the autophagosome with the lysosome to form an autolysosome. Autophagy proteins including the conjugated Atg8
and the Atg12–Atg5–Atg16 complex are recycled from the outer membrane of the autophagosome. An age-related decline in autophagic activity causes a progressive
intracellular accumulation of oxidised, crosslinked proteins and organelles (cellular toxins), leading to a decreased ability of the cell to survive. Autophagy thus regulates
cellular homoeostasis. ROS – reactive oxygen species – are generated during respiration in mitochondria and by NADP oxidase and dual oxidase in the cytoplasm
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in part, through the insulin/IGF-1–TOR signalling axis.63 This
is also true for the oxidative stress response to UV radiation
and ROS.64,65 In C. elegans, for example, the transcription
factor SKN-1 participates in the cellular defence against
oxidative stress,66 and the activity of this transcription factor
was found recently to be under a direct control of certain
insulin/IGF-1 signalling kinases, including AKT-1, -2 and
SGK-1.65 Phosphorylation of SKN-1 by these kinases
indicates that the insulin/IGF-1 hormonal system functions
to resist oxidative stress in nematodes. Consistently, insulin/
IGF-1 signalling contributes to the increased oxidative stress
tolerance in mice too.67 Although signalling pathways and
environmental factors that influence ageing have been rather
well characterised, uncovering which components of cellular
metabolism can be fine-tuned to ultimately promote longevity
is still an important challenge of ageing research.

Interaction of Longevity Pathways with Autophagy

Accumulating evidence demonstrates that longevity pathways
interact with the autophagic process to regulate diverse
cellular functions including growth, differentiation, response to
nutrient deprivation and oxidative stress, cell death, as well as
macromolecule and organelle turnover. Autophagy is a
lysosome-mediated degradative process of eukaryotic cells
to digest their own constituents during development or
starvation (Figure 3).68–73 Depending on the mechanism by
which intracellular materials are delivered into the lysosome,
there are three general types of autophagy: microautophagy,
chaperon-mediated autophagy (CMA) and macroautophagy.
In microautophagy, cytoplasmic material is sequestered
through direct invagination of the lysosomal membrane.
CMA, which is absent in plants, selectively degrades proteins
bearing a particular pentapeptide motif (KFERQ) through
direct translocation into the lysosome. Macroautophagy
involves the formation of subcellular double membrane-bound
structures64 called autophagosomes to sequester cytoplas-
mic materials and deliver them into lysosomes for breakdown
by acid hydrolases (Figure 3). The products of degradation
can be reused for cell functioning. The process of macro-
autophagy (hereafter referred to as autophagy) starts with
the initiation of the formation of the isolation membrane
(phagophore), a process called nucleation. The growth of
the phagophore (elongation or expansion) terminates in the
completion of the autophagosome. Then the fusion of the
autophagosome with lysosome forms an autolysosome within
which the enclosed material is degraded (Figure 3).71–73 The
molecular mechanism of autophagy involves several con-
served Atg (autophagy-related) proteins, most of which were
first identified in yeast.70,72,73 Induction of autophagosome
formation requires two complexes. These include a lipid
signalling complex that contains the class III PI3K Vps34,
Atg6/Beclin1, Atg14 and Vps15/p150.73 The other complex
includes a serine/threonine kinase, Atg1. The kinase activity
of Atg1 requires the function of two other autophagy proteins,
Atg13 and Atg17. In mammals, which do not contain Atg13,
Atg1 was found to associate with the Atg8 orthologues,
MAP-LC3 (microtubule-associated protein light chain 3),
GATE-16 (Golgi-associated ATPase enhancer of 16 kDa)
and GABARAP (g-aminobutyric acid type A receptor-

associated protein). Elongation involves two ubiquitin-like
conjugation pathways, the Atg8/MAP-LC3/GABARAP/GATE-
16 and Atg12 systems. To mediate autophagosome forma-
tion, the soluble Atg8 protein undergoes a carboxyl-terminal
cleavage by the cysteine protease Atg4 to expose a reactive
glycine residue that is activated by the Atg7 (E1-like) and Atg3
(E2-like) enzymes. This function of Atg3 requires a protein
complex involving Atg5, Atg12 and Atg16. The activated
Atg8 is then covalently linked to phosphatidylethanolamine
(Atg8-PE in yeast and lipidated MAP-LC3-II in mammals) and
remains bound to the autophagosome membrane until some
of it becomes cleaved by Atg4 to be recycled or if uncleaved
gets degraded within the autolysosome. As Atg8 remains
covalently bonded to the membrane and may, therefore, be
used as a marker for it. Once autophagosome formation is
completed, the Atg16–Atg5–Atg12 complex dissociates from
its bordering membrane and its components take part in a
recycling process mediated by Atg2, Atg9 and Atg18. Then
the completed autophagosome is ready for fusion with the
endosome or the lysosome (Figure 3).

Autophagy is activated in response to diverse stress and
physiological conditions. For example, food deprivation,
hyperthermia and hypoxia, which are known as major
environmental modulators of ageing, are conditions that also
induce autophagy.68,69,73,74 At the molecular level, the
autophagy pathway displays a remarkable interrelation with
factors influencing ageing (Figure 2). For example, in
C. elegans, the nutrient-responsive insulin/IGF-1 signalling
pathway promotes reproductive growth and prevents dauer
development; mutants with reduced insulin/IGF-1 receptor
activity develop into dauer larvae independently of growth
conditions. Before entering into the dauer stage, the mutant
animals were reported to exhibit increased autophagy in
cell types considered important for certain dauer-associated
morphological changes.75 Consistently, disruption of
autophagy gene function inhibits dauer morphogenesis and
survival. Furthermore, certain autophagy genes have been
reported to mediate the effects that insulin/IGF-1 and TGF-b
signalling have on cell growth.7,8 When autophagy gene
activity is blocked, nematodes are unable to express a giant
body-size phenotype induced by aberrant insulin/IGF-1 or
TGF-b receptor activity. This indicates that these growth
modulatory signalling pathways converge on autophagy
genes to control cell size. In mammals, the relationship
between autophagy and insulin/IGF-1 signalling appears to be
more intimate. Activated FoxO was found recently to increase
the transcription of several autophagy-related genes, includ-
ing Atg8/MAP-LC3, Atg12, Vps34 and Atg6, to induce protein
degradation in atrophying muscle cells.76 Strikingly, the
regulatory effect of FoxO on Atg8 and Atg12 seems to be
direct. Starvation or treatment with rapamycin (a specific
inhibitor of the nutrient sensor TOR) also rapidly induces
an increase in autophagic activity. In yeast, TORC1
(the rapamycin-sensitive Tor kinase complex 1) causes
hyperphosphorylation of Atg13, and this form of Atg13 has
a lower affinity for Atg1. Inhibition of TORC1 results in partial
dephosphorylation of Atg13 and allows its binding to Atg1.77

In addition, TORC1 controls phosphorylation of several
effectors that regulate transcription or translation of certain
proteins, some of which are required for autophagy. It
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cooperatively regulates induction of autophagy with two other
partly separate nutrient-sensing pathways that include protein
kinase A and Sch9.78 In mammals, TOR appears to regulate
autophagy in a way similar to that found in yeast. Furthermore,
AMPK acting upstream of TOR promotes autophagy in human
cell lines and flies.79,80 Thus, the insulin/IGF-1–TOR
signalling axis controls autophagy at multiple levels (Figure 2).

Normal cell growth requires a well-controlled balance
between protein/organelle synthesis and degradation
(turnover). Increased growth rate implies higher incidence of
the production of aberrant cytosolic components. Irreversibly
modified (e.g., oxidised, crosslinked) proteins and defective
mitochondria act as cellular toxins, which interfere with normal
cellular function. These damages progressively accumulate
during ageing, presumably with a higher speed at a higher
growth rate, providing a gradually reduced ability of the
organism to survive. This might explain why factors that lower
mRNA translation to tolerable levels, still enabling essential
protein production, increase longevity and cellular resistance
to toxic agents.39–42 Autophagy functions as a major
degradative pathway for removing and recycling damaged
non-functional cytoplasmic materials, in particular proteins
and organelles. Therefore, regulation of autophagy should
be tightly linked to protein synthesis and mitochondrial
biogenesis, and includes factors that effectively sense and
contribute to the removal of cellular damage. A candidate
factor for such work is p53. Indeed, p53, a critical mediator
of damage-induced apoptosis, has been shown to induce
autophagy in a DRAM (damage-mediated autophagy
regulator)-dependent manner to execute a full cell-death
response in human cell lines.81,82 Furthermore, transcriptional
control of p53-mediated (i.e., stress-induced) apoptosis, at
least in Drosophila and mammals, involves several chromatin
remodelling factors.51 For example, E2F-1, which is a
component of the mammalian retinoblastoma complex
involved in chromatin-mediated transcriptional repression of
cell proliferation, regulates apoptosis through activating p53
expression. As p53 functions upstream of the autophagy
pathway to induce cell death,72 autophagy genes may also be
controlled by factors involved in chromatin remodelling.
Indeed, recent data show that in humans, E2F-1 binds to
the regulatory region and regulates the expression of Atg1,
Atg8 and DRAM (Figure 2).83

The sirtuin-type chromatin remodelling factors deacetylate
FoxO transcription factors thereby promoting longevity in
worms, flies and mammals.44–47 Recent evidence demon-
strates that in mice, Sirt1 is able to induce autophagy in both
normal growth and starvation conditions; Sirt1 acetylates
Atg5, Atg7 and Atg8 autophagy factors in an NADþ -
dependent manner.84 It is also intriguing that some aspects
of the Sirt1 loss-of-function mutant phenotype highly resem-
ble those of autophagy-defective mice, such as early death
and the accumulation of abnormal mitochondria.

Accumulation of ROS, generated mainly during respiration, is
an oxidative stress to which cells respond by activating various
defence mechanisms. Autophagy has a critical function in the
cellular response to oxidative stress (Figure 2).57 Several studies
show that ROS, as signalling molecules, are able to activate the
autophagic process, leading to the subsequent loss of the
affected cells. ROS also regulate starvation-induced autophagy.

Moreover, Atg4, an essential protease in the autophagy
machinery, has been identified as a direct target for oxidation
by ROS. Together, the emerging relationship of autophagy with
signalling systems and environmental factors influencing long-
evity raises the possibility that this facet of cellular metabolism –
macromolecule and organelle degradation – acts as a determi-
nant of ageing.

Autophagy Genes are Required for Lifespan Extension
in Worms and Flies

The first experimental study implicating autophagy genes in
lifespan control was performed by Levine and co-workers.75

As the authors showed, RNA interference-mediated depletion
of BEC-1 (C. elegans Beclin1 orthologue-1), the worm
counterpart of yeast Atg6 and mammalian Beclin1 proteins,
inhibits lifespan extension in mutants with reduced DAF-2/
IGF-1 receptor activity. Reduced activity of BEC-1 also
shortens adult lifespan in an otherwise wild-type background.
However, the life-shortening effects of bec-1 deficiency on
daf-2/Igf-1 mutants are more significant than its life-short-
ening effects on wild-type animals. This suggests that BEC-1
specifically functions in an antiageing process rather than
shortening lifespan because its defect is somehow toxic to the
animal. BEC-1 is a multifunctional protein.10 Therefore, it was
important to test whether any other autophagy-related gene
similarly affects lifespan. Depletion of ATG-7 and ATG-12 was
also found to suppress the long-lived phenotype of daf-2/Igf-1
mutant nematodes.85 These results indicate a critical role for
the autophagy pathway in promoting longevity. Furthermore,
the magnitude by which autophagy genes promote survival is
more significant in nematodes and flies that are exposed
to prolonged starvation.86,87 Thus, autophagy acts as a fine-
tuned cellular pathway to maintain homoeostasis in energy
metabolism during period of nutrient deprivation.

bec-1 and atg-7 were also shown to be critical for lifespan
extension in eat-2 (eating defective-2) mutant nematodes, in
which defects in pharyngeal pumping cause inherent caloric
restriction.88–90 The longevity response to caloric restriction is
known to be mediated by the FoxA-like transcription factor
PHA-4 (Figure 2).91 PHA-4 is required for increased auto-
phagy in eat-2 mutant worms, suggesting that autophagy is
transcriptionally upregulated in response to food limitation.90

Furthermore, autophagy genes mediate lifespan extension in
mutant nematodes with reduced mitochondrial respiration or
reduced TOR activity.89,90 These data indicate that the
autophagy pathway interacts with and functions downstream
of different longevity signals in C. elegans (Figure 2).
Lipofuscin, which consists of oxidised and crosslinked
proteins and lipids, is a pigment that accumulates progres-
sively in ageing tissues.92 Mutations in specific autophagy
genes cause a more rapid accumulation of lipofuscin during
the course of life than it occurs in wild-type animals.78

Atg7 mutant Drosophila adults are also short-lived and
hypersensitive to nutrient and oxidative stress.87 In addition,
these mutant flies accumulate ubiquitin-positive protein
aggregates in degenerating neurons. Although these results
strongly implicate autophagy in ageing control, it cannot be
excluded that defects in the process simply eliminate an
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essential pathway for survival and nonspecifically kill the
animals.

Autophagy Genes Regulate Ageing in Drosophila

The potential antiageing function of autophagy could be convin-
cingly demonstrated by the extension of lifespan by enhancing
autophagic activity. However, normal cellular functioning and
survival requires a balance of catabolic and anabolic pathways.
Perturbing the balance in either direction disturbs protein
turnover. In the light of this knowledge, it is not surprising that
only physiological levels of autophagy can promote survival
under stressful conditions (Figure 4).88 Conversely, both
insufficient and excessive levels of autophagy contribute to
premature death. For example, overexpression of certain
autophagy-related genes is sufficient to induce high levels of
autophagy and results in subsequent loss of the affected cells
in Drosophila and mice,9,93 and overactivating muscarinic
acetylcholine signalling in worms induces excessive autophagy
and causes early mortality.86 Therefore, there is a need for
examining an ageing model with prolonged, but otherwise
normally regulated, levels of autophagy. A recent study on
Drosophila by Finley and co-workers94 provides evidence that
under such conditions the autophagy pathway indeed regulates
the ageing process. The authors first examined the expression
levels of several autophagy genes during adulthood and found a
progressive decline in their activity. Remarkably, the age-related
loss of autophagy was accompanied by the accumulation of
aberrant, ubiquitinated proteins, indicating an essential function
for the pathway in the clearance of cytoplasmic debris. These
results are highly consistent with those previously obtained from
autophagy-deficient mutant mice, which show massive neuro-
degeneration due to polyubiquitinated protein accumulation.12,13

They next assessed the survival of atg8 loss-of-function mutant
files. As discussed above, Atg8 is a conserved ubiquitin-like
protein essential for autophagosome formation. Consistent with

other data revealing the requirement of autophagy in longevity,
Atg8 deficiency shortened adult lifespan, as compared with
the wild type. In addition, Atg8 mutant flies also exhibited
neurodegenerative phenotypes characterised by the accumula-
tion of insoluble protein aggregates.

As lipid-conjugated Atg8 is essential for nucleation and
elongation during autophagosome formation, it has the
potential to act as a rate-limiting factor of the autophagic
process. Moreover, Atg8 expression is downregulated in
neural tissues of older animals as a normal feature of
Drosophila ageing.94 Therefore, it was relevant to ask whether
restoring basal levels of Atg8 in the central nervous
system late in adulthood influences lifespan in flies. This
manipulation was achieved by introducing an Atg8 transgene
under the control of an inducible, neuron-specific promoter.
Maintaining normal levels of Atg8 mRNA and protein in the
nervous system conferred a lifespan that was extended by up
to 50%. Importantly, these results have served as genetic
evidence that autophagy genes regulate ageing in this
organism. Thus, the autophagy pathway appears to be a
determinant of the rate at which the tissues age. However, it
remains unproven that flies overexpressing Atg8 indeed have
more autophagic activity. As most autophagy genes are
multifunctional and have pleiotropic effects, these data from
Drosophila do not establish that the autophagic process itself
is involved in ageing. To address this issue, one should see for
example whether longevity induced by maintaining physio-
logical levels of Atg8 late in adulthood can be suppressed
by inactivating a gene that has a specific function in autophagy
(e.g., Atg18).

In addition to promoting longevity, maintaining physiological
levels of Atg8 in the ageing nervous system also prevents the
accumulation of protein aggregates.93 This suggests that
age-dependent decline of autophagy may contribute to the
development of several neurodegenerative diseases, which
usually become apparent in advanced ages.95,96

Figure 4 Physiological levels of autophagy are important to maintain cellular homoeostasis, and thereby delay ageing. Both insufficient and excessive levels of autophagy
decrease survival. When autophagy is blocked, cellular damage cannot be eliminated. Hyperactivated autophagy mediates autophagic or apoptotic cell death. The activity of
autophagy is regulated, at least in part, at the transcriptional level, and adjusted by metabolic factors

Autophagy genes and ageing
T Vellai

100

Cell Death and Differentiation



Conclusions and Perspectives

A progressive intracellular accumulation of oxidative damaged
macromolecules and organelles generated by ROS is a
hallmark of the ageing process.5,97 Although decline in the
activity of cellular degradative processes during ageing is well
established, it remains unclear whether this phenomenon is
merely a consequence of the general deterioration of cellular
functions accompanying senescence or an active contributing
factor in the ageing process. Results from worms and flies
now provide evidence that a causative relationship exists
between the regulation of degradative pathways and ageing.
Interventions that enhance and prolong protein degradation
through promoting physiological levels of autophagy during
adulthood enhance longevity.94 Conversely, inactivation of
cellular degradative pathways, including macroautophagy
and other forms of autophagy, that is, CMA and micro-
autophagy, as well as the proteasome system, leads to
reduced lifespan as a result of accelerated ageing.98,99

Autophagy – the bulk protein degradation pathway – is a
major determinant of cellular homoeostasis. It is required for
renewal of cytosolic materials, contributing thereby to the rate
at which cells accumulate damaged, aberrant proteins and
organelles (cellular toxins) (Figure 4).

In nature, different animal species are characterised by
markedly different lifespans. For example, mice have rela-
tively short (around 2-year) mean lifespans, whereas humans
live for many decades. In these organisms, autophagic
activity, which is tightly regulated during development and
the reproductive period so that it is maintained at basal levels
and induced only when needed, declines during the
postreproductive period with a rate specific to a given species.
Uncovering the molecular mechanisms underlying the
developmental regulation of autophagy will certainly help to
understand why and how humans have evolved to a
maximum over 70 years. To date, E2F-1, a component of
the retinoblastoma complex involved in chromatin-mediated
transcriptional regulation, has been identified to promote the
activity of Atg1, Atg8 and DRAM in mammals.83 Thus, the
mechanisms underlying chromatin structure may contribute to
the progressive decline in autophagy during ageing.
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