[Autophagy 4:3, 330-338; 1 April 2008]; ©2008 Landes Bioscience

Research Paper

ib
u

te
.

Longevity pathways converge on autophagy genes to regulate
life span in Caenorhabditis elegans
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mitochondrial respiration in C. elegans also doubles its natural
life span.8,9 Life span extension in respiration-defective worms is
increased much further by daf-2 mutations.8 This additive interaction suggests that insulin/IGF-1 signaling and the mitochondrial
respiratory system operate in parallel through a common mechanism
that influences life span. Another signaling axis that affects nematode
longevity is the nutrient-sensing TOR pathway.10-13 In worms, TOR
deficiency does not increase further the extended life span of daf-2
mutants,10 indicating that TOR interacts with the insulin/IGF-1
hormonal system to control life span.10,11 Indeed, daf-15, which
encodes a Raptor-like (Regulatory associated protein of mammalian
TOR) protein known to function with TOR in a complex,14 was
shown to be regulated transcriptionally by DAF-16.11 Furthermore,
decreasing food intake by mutations that disrupt the function of the
feeding organ, the pharynx, or by growing worms in liquid media
with low concentration of bacteria (food) lengthens C. elegans life
span by decreasing the rate at which the tissues age.15,16 Exposing
daf-2 mutants to dietary restriction further extends life span.16
Thus, insulin/IGF-1 signaling and dietary restriction may influence
aging via different mechanisms, although there is some evidence that
effects of dietary restriction on life span result from reduced TOR
signaling16 and increased autophagy.17 Although aging appears to
be a complex, multifactorial process, a general decrease in protein
turnover and the intracellular accumulation of oxidative damaged
macromolecules and organelles generated by reactive oxygen species
produced during respiration18-21 are features common to all aged
cells.22 This suggests that the aging process may be more specific
than previously expected, and that reactive oxygen species might be
the main determinant of animal life span.23
Autophagy, a highly regulated cellular pathway used by eukaryotic cells to consume parts of their constituents during development
or starvation, is the major route for bulk degradation of aberrant,
damaged cytosolic components.24-26 During autophagic degradation,
subcellular material is sequestered by a segregation membrane,26,27
delivered into lysosomes for subsequent breakdown, and the products of degradation are reused for cell functioning. Indeed, defects
in autophagy have been associated with age-related cellular changes
such as intracellular accumulation of damaged proteins and organelles.20-22,28-30 RNA interference- (RNAi) mediated downregulation
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Aging is a multifactorial process with many mechanisms
contributing to the decline. Mutations decreasing insulin/IGF-1
(insulin-like growth factor-1) or TOR (target of rapamycin) kinasemediated signaling, mitochondrial activity and food intake each
extend life span in divergent animal phyla. Understanding how
these genetically distinct mechanisms interact to control longevity
is a fundamental and fascinating problem in biology. Here we
show that mutational inactivation of autophagy genes, which are
involved in the degradation of aberrant, damaged cytoplasmic
constituents accumulating in all aging cells, accelerates the rate
at which the tissues age in the nematode Caenorhabditis elegans.
According to our results Drosophila flies deficient in autophagy
are also short-lived. We further demonstrate that reduced activity
of autophagy genes suppresses life span extension in mutant nematodes with inherent dietary restriction, aberrant insulin/IGF-1
or TOR signaling, and lowered mitochondrial respiration. These
findings suggest that the autophagy gene cascade functions downstream of and is inhibited by different longevity pathways in C.
elegans, therefore, their effects converge on autophagy genes to slow
down aging and lengthen life span. Thus, autophagy may act as a
central regulatory mechanism of animal aging.
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The regulation of the aging process has been extensively studied in
Caenorhabditis elegans with over 70 life-extension mutations known
so far.1-3 For example, mutant nematodes with reduced activity of
the insulin/IGF-1 receptor homolog DAF-2 (Dauer larva formation
abnormal-2) live two times longer than the wild type.1,4,5 The life
span-lengthening effect of daf-2 mutations requires the activity of
the forkhead transcription factor DAF-16/FOXO, whose counterparts control longevity in Drosophila and mice, too.6,7 Lowering
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BEC-1::GFP expression in many if not all somatic tissues (data not
shown).31,35,36 In these worms, the short-lived phenotype of bec-1
mutants is likely to be completely rescued by bec-1(+) transgene. In
contrast, the majority of 10-day-old bec-1 adults with strong signs
of tissue deterioration (i.e., at stage where they were expected to die
within a few days) showed no or highly reduced transgene expression
(data not shown). Note that at day 10 almost all wild-type worms
were alive. Because the two independently isolated bec-1 mutations,
each backcrossed 6 times, behaved the same way, it is unlikely that
a linked mutation caused the life span shortening effects. We next
examined the life span of unc-51 (uncoordinated-51) mutant animals.
unc-51 encodes a serine-theronine kinase37 whose yeast counterpart
Atg1 is a key regulator of autophagosome formation.38 We found
that mean, but not maximum, life spans were shorter in unc-51
mutants than in wild-type animals (Fig. 1B and Table 1S). A similar
life span-reducing effect was obtained by a loss-of-function mutation
in atg-18 (Fig. 1C and Table 1S), whose protein product is implicated
in retrieving proteins from the preautophagosomal structure.39
At present only a very limited number of C. elegans autophagy
genes are available as mutant alleles. Thus, we used RNAi to knock
down the function of two other autophagy genes: lgg-1 (LC3,
GABARAP and GATE-16 family-1)/Atg8,31,36,40 which encodes a
ubiquitin-like protein whose lipidation is required for membrane
dynamics during autophagy, and T22H9.2/Atg9,41 which encodes
a transmembrane protein essential for autophagy. Silencing of these
genes markedly reduced both mean and maximum life span (Fig.
1D and Table 1S). Together, these results show that autophagy genes
influence the survival of C. elegans.
Autophagy genes have multiple roles in diverse cellular functions
such as membrane remodeling, protein trafficking and endocytosis.24-26,29 It is therefore important to find indications of the
autophagic process being affected in autophagy gene mutant nematodes which would implicate autophagy itself in aging. We used
transmission electron microscopy to study the ultrastructural effects
of bec-1 and unc-51 mutations, and found consistent and characteristic features reflecting compromised autophagy. Instead of distinct
and well defined individual autophagosomes found in wild-type
worms, the autophagic elements in unc-51 and bec-1 mutants tend
to aggregate and accumulate abnormally large amount of myelinated
membraneous structures (Fig. 2A).
C. elegans longevity is regulated by signals from the nervous
system and intestine.42,43 Consistent with their roles in life span
control, three autophagy genes, lgg-1, bec-1 and atg-18, for which
reporters labeled with GFP are available, were expressed in many
if not all adult somatic cells including neurons and intestinal cells
throughout different larval stages and adulthood (Fig. 2B).
Impaired autophagy accelerates the anatomical and behavioral
signs of aging. An important question is whether short-lived mutant
nematodes deficient in autophagy age more rapidly than normal
animals or become simply sick and die earlier for reasons unrelated
to aging. To address this issue, we assayed the levels of lipofuscin
granules in adults at different ages. Lipofuscin is a pigment that
accumulates progressively, in particular during the postreproductive
period, in aging tissues as a result of the oxidative degradation of
cellular components.44,45 We found that bec-1, unc-51 and atg-18
mutants accumulated lipofuscin more rapidly during the course of life
than wild-type animals (Fig. 3A). Although relative lipofuscin levels
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of certain autophagy genes has already implicated the autophagic
process in the survival of C. elegans. Depleting BEC-1 (C. elegans
Beclin1 ortholog-1), which the is worm counterpart of the human
tumor suppressor Beclin1 (Bcl-2 interacting protein-1) and yeast
Atg6 (Autophagy protein-6) proteins, suppressed the long-lived
phenotype of daf-2 mutant nematodes, and also slightly shortened
life span in wild-type background.31 In a recent study, however, bec-1
RNAi treatment had almost no effect on the life span of daf-2 mutant
and wild-type animals.32 Instead, knockdown of the C. elegans orthologs of yeast Atg7 and Atg12 autophagy genes partially inhibited life
span extension in daf-2 mutants, and significantly shortened mean,
but not maximum, life span in wild-type worms.32 Moreover, bec-1
and atg-7 RNAi treatments reduced survival in mutant nematodes
with inherent caloric restriction.33 Despite its potential importance
in aging regulation, it is unknown whether deregulating autophagy
causes progeria (accelerated aging), or simply kills the animals for
reasons unrelated to aging. Furthermore, no mutant analysis has been
performed yet to assess the life span modulatory effect of autophagy.
Using loss-of-function mutations in autophagy genes in a set of accurate epistasis (double mutant) experiments, this would be particularly
important to uncover the molecular mechanisms by which autophagy
affects the aging process. Finally, so far C. elegans is the only organism
in which the influence of autophagy on life span has been demonstrated (note that while this paper was under review, a related work
on the role of autophagy in Drosophila aging was published online;
see ref. 34).31,32 Thus, it is unclear whether the autophagy-related
regulation of life span is a nematode-specific feature or a common
mechanism that operates in divergent animal species.
In this study we demonstrate that loss-of-function mutations in
autophagy genes accelerate the rate at which the tissues age in C.
elegans, and that inhibition of autophagy also shortens life span in
Drosophila flies. Furthermore, we show that autophagy genes are
required for life span extension in mutant worms with reduced food
intake, TOR or insulin/IGF-1 signaling, and mitochondrial respiration. These results imply that the effects of mutations affecting
distinct longevity pathways converge on common downstream
processes that involve autophagy. Thus, autophagy might play a
central role in the regulation of animal aging.

Results
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Mutational inactivation of autophagy genes shortens C. elegans
life span. To monitor the effects of loss-of-function mutations in
autophagy genes on C. elegans life span (as a set of control experiments), we first examined single mutant nematodes deficient for
BEC-1. This multifunctional protein is essential for development.35
Thus, we rescued the lethality of bec-1 loss-of-function mutants by
an unstable (extrachromosomal) transgene array containing wildtype copies of bec-1 [bec-1(+) denotes a translational fusion reporter
construct labeled with green fluorescence protein (GFP): Ex[pbec-1::
BEC-1(+)::GFP]; see the Materials and Methods, for constructing
the plasmid pbec-1::BEC-1::GFP, see refs. 35 and 36). Adults of bec-1
(-); Ex[bec-1(+)] genotype, especially those carrying ok691 mutation,
lived markedly shorter than the wild type (Fig. 1A and Table 1S).
The short-lived phenotype of certain bec-1(-); Ex[bec-1(+)] adults
may result from incomplete rescue of bec-1 in somatic cells. The
majority of bec-1 adults that were alive at day 15, i.e., at age that is
close to the maximal life span of wild-type animals (Fig. 1A), showed
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Figure 1. Mutational inactivation of autophagy genes shortens C. elegans life span. The percentage of living animals is plotted against animal age. Life
span values and statistics are given in Supplementary Table 1. (A) Mutants deficient for BEC-1 live significantly shorter than the wild type. bec-1(ok691) and
bec-1(ok700) denote the bec-1(ok691); Ex[bec-1(+)] and bec-1(ok691); Ex[bec-1(+)] genotypes, respectively. Randomly selected post-reproductive adults
were used for scoring. Reduction in mean life span of these animals may result from incomplete rescue of bec-1 in somatic cells. (B) Loss-of-function mutations
in unc-51 confer decreased mean life spans. (C) atg-18(gk378) mutants display a short-lived phenotype. (D) Depletion of LGG-1/Atg8 or T22H9.2/Atg9
shortens C. elegans life span. RNAi-sensitive rrf-3(pk1426) mutant animals were fed with bacteria (E. coli HT115) containing the empty vector (control) or
vector expressing lgg-1 or T22H9.2 double-stranded RNA.
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at days of maximum life span were similar in autophagy mutant and
wild-type animals, the latter reached these levels several days later.
A gradual, progressive decline in the cellular integrity of the
muscle tissue is known to accompany C. elegans aging, causing severe
defects in locomotion during the postreproductive period.46 Hence
we followed the locomotory behavior of individual autophagy gene
mutant animals over time, and found that they became paralyzed at
earlier times of onset than the wild type (Fig. 3B).
Using Nomarski (differential interference contrast) microscopy,
we also visualized features of tissue deterioration as the animals
grew older.44 In autophagy mutant worms, necrotic cavities, nuclear
cellularization and enlargement of germ cells, and accumulation of
large vacuoles in the intestine became apparent earlier during adulthood than in wild-type animals (data not shown). Together, these
results indicate that autophagy genes influence C. elegans life span by
changing the rate at which the tissues age. Therefore, mutant nematodes with aberrant autophagy live shorter than normal as a result of
progeria (accelerated aging).
Inhibiting autophagy shortens life span in Drosophila. Since
autophagy is an evolutionarily conserved cellular pathway, we
wondered whether autophagy genes influence life span in another
animal phylum, the Arthropoda. In a screen for autophagy deficient
Drosophila flies we have isolated a number of mutant strains that
332

are unable to form autophagic vacuoles in the larval fat body before
pupariation and arrest development during metamorphosis (György
Csikós and Miklós Sass, unpublished results). To monitor the effects
of some of the corresponding Drosophila genes on life span, we
generated fly strains expressing inverted repeat transgenes that induce
RNAi interference of the following two genes: Atg3, which encodes
the conjugative enzyme for Atg8;47 and SNF4aγ, which encodes the
gamma subunit of the AMP-activated protein kinase.48 The cellular
energy-sensing AMP-activated protein kinase pathway is known to
control life span in C. elegans49 and to promote autophagy in human
cell lines.48 Silencing of these two genes from the first day of imaginal
stage markedly reduced adult life span (Fig. 4 and Table 2S) and
caused morphological and behavioral features of premature aging
(data not shown). Consistent with a recently published work on the
role of autophagy in Drosophila aging,34 these results support the
view that autophagy-related life span regulation might be a general
mechanism in divergent animal phyla.
Mutational inactivation of autophagy genes partially suppresses
life span extension in daf-2 mutant nematodes. To explore the mechanisms by which autophagy genes influence life span in C. elegans,
we performed a set of epistasis experiments. RNAi-mediated depletion of certain autophagy proteins has already been demonstrated to
inhibit life span extension in daf-2 mutant worms.31,32 This indicates
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Figure 2. BEC-1 and UNC-51 mediate normal autophagosome formation.
(A) Autophagosome formation is compromised in bec-1 and unc-51 mutant
animals. In hypodermal cells of wild-type animals, autophagosomes are
rather small and stand alone. In this specimen, the black arrow points to
a small, single autophagosome. In the hypodermis of unc-51 and bec-1
mutants autophagic elements tend to be aggregated into big abnormal
foci with excess amount of “myelinated” membrane whorls (white arrows).
Such structures cannot be found in well-fed wild-type animals, and seems to
indicate defective phagophore formation. Bars, 1 μm. (B) Autophagy genes
are expressed in many if not all somatic tissues including the intestine and
neurons, which are known to emit signals regulating C. elegans life span.
Arrows indicate neuronal structures, arrowheads point to intestinal cells.
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We also treated autophagy mutants with daf-2 RNAi. Depletion
of DAF-2 from hatching allows wild-type animals to develop as
dauer larvae. In contrast, daf-2 RNAi treatment from the L2 larval
stage permits growth to adulthood, but significantly extends adult
life span in wild-type background (Table 3S). However, we found
no effect of daf-2 RNAi on the survival of mutant animals defective for BEC-1 or ATG-18 (Table 3S). These results indicate that in
epistasis analysis RNAi is often less effective than genetic mutations.
Mutations in the insulin/IGF-1 signaling pathway alter the rate at
which the tissues age.45 Our results presented here further confirm
that autophagy genes act downstream of and are regulated negatively
by insulin/IGF-1 signaling to slow down the rate of aging.
Autophagy genes are required for life span extension in TORdeficient nematodes. Inhibition of TOR signaling, which triggers
autophagic degradation in eukaryotic cells,24-26 confers increased
longevity in yeast, worms and flies.10-13,50,51 Moreover, genetic
studies in C. elegans and on mammalian cell cultures indicate that
TOR interacts with the insulin/IGF-1 signaling pathway to control
life span,10,11 protein synthesis and cell growth.52,53 Thus, we asked
whether the effects of TOR deficiency on life span are also mediated
by concomitant upregulation of autophagy genes. If the answer is
yes, inhibiting autophagy would eliminate the life-extending effect
of TOR deficiency. Since loss-of-function mutations of the C. elegans
Tor gene (let-363/CeTor) cause developmental arrest at the L3 larval
stage,10,54 we assayed the life span of adult nematodes depleted for
TOR from the L4 larval stage onwards. This procedure of let-363/
CeTor RNAi treatment led to a significant increase in mean life span
in an otherwise wild-type background, but did not change the life
span of autophagy mutants (Fig. 6 and Table 3S). In other words,
mutations in bec-1, unc-51 and atg-18 completely blocked lifeextension in let-363/CeTor(RNAi) animals. Thus, we conclude that
autophagy genes are required for increased longevity in worms with
aberrant TOR signaling. This implies that the effect of TOR pathway
on life span is mediated by autophagy genes.
Mutations in autophagy genes suppress the long-lived phenotype
of mutant nematodes with inherent dietary restriction. Reduction
in food intake increases life span and delays the onset of many agerelated declines in function, as well as leads to downregulation of
TOR signaling in organisms from yeast to mammals.15,19,24 The
activity of the nutrient-sensing TOR signaling system is known to
inhibit autophagy, whose major role is cellular response to starvation.
Therefore, the TOR pathway and the autophagy gene cascade might
constitute a common signaling axis. This prediction prompted us to
investigate whether inactivation of autophagy genes interferes with
the effect that dietary restriction has on C. elegans life span. We assess
the effect of a loss-of-function mutation in eat-2 (eating-defective-2)
gene, ad1116, which lengthens life span by 50% via dietary restriction.15 According to our results, ad11116 mutation did not affect
life span in bec-1 and unc-51 mutant animals (Fig. 7A and Table
3S), consistent with previous observations.33 These double mutants
lived no longer than the corresponding single autophagy mutants.
Complete suppression of the Eat-2(ad1116) long-lived phenotype
by loss-of-function mutations in bec-1 and unc-51 suggests that these
genes interact with and function downstream of the eat-2-mediated
longevity pathway to influence aging.
We also measured relative autophagic activity in eat-2(ad1116)
mutants, using an integrated GFP-tagged LGG-1 reporter36 thought
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that the effect of autophagy genes on life span is, at least in part,
mediated through the insulin/IGF-1 signaling pathway. Consistent
with these data, we found that bec-1, atg-18 and lgg-1 (Fig. 5 and
Table 3S) were also required for the increased longevity of mutants
with aberrant DAF-2 function. Strong loss-of-function mutations in
daf-2 inhibit reproductive growth, causing the animals to enter into a
state of developmental diapause known as dauer larva that is triggered
by starvation and crowding in the wild type. Thus, we maintained
nematodes bearing the thermosensitive daf-2(e1370) mutation at
20°C until they reached the L4 larval stage to inhibit entry into dauer
larva development, then transferred them at 25°C and scored their
survival. Interestingly, mutations in bec-1 and atg-18 only partially
suppressed the long-live phenotype of daf-2(e1370) mutant animals
(Fig. 5 and Table 3S), although ok691 and gk378 are large deletions representing strong loss-of-function alleles of bec-1 and atg-18,
respectively (see ref. 35 and Wormbase: http://www.wormbase.org).
bec-1(ok691);daf-2(e1370) and atg-18(gk378);daf-2(e1370) double
mutant animals each lived longer than wild-type nematodes, and
much longer than the corresponding single autophagy mutants. lgg-1
and T22H9.2 RNAi treatments also partly reduced the life span of
daf-2(e1370) mutants (Table 3S). The incomplete inhibition of lifeextension in daf-2(e1370) background by genetic null mutations in
autophagy genes suggests that the autophagy gene cascade may act
parallel with another system to mediate the effect of insulin/IGF-1
signaling on life span.
www.landesbioscience.com
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Figure 3. Mutant nematodes with aberrant autophagy show accelerated rate of tissue deterioration and decline in locomotion. (A) Autophagy mutant animals accumulate age pigments more rapidly than normal. The relative ratio of age pigment and tryptophan fluorescence was plotted against animal age.
Quantification of age pigments was performed according to ref. Gerstbrein et al., 2005. Tryptophan fluorescence (relative protein level) was measured at
290 nm excitation and 330 nm emission, while age pigment fluorescence was detected at 340 nm excitation and 430 nm emission, using a spectrofluorimeter. Note that wild-type animals live longer than autophagy mutants, explaining their extended age-pigment curve. bec-1(ok691) refers to the bec-1(ok691);
Ex[bec-1(+)] genotype. p values <0.001, using unpaired t-test. Data are mean ± SEM. Fluorescence images show a 10-day-old wild-type animal (left) and
a 10-day-old unc-51 mutant (right). The mutant animal contains more age pigments than the wild type. (B) Age-associated locomotory defects occur with
earlier times of onset in autophagy deficient mutants than in wild-type animals. The percentage of paralyzed animals (see the Material and Methods) is
plotted against animal age. bec-1(ok691) denotes the bec-1(ok691); Ex[bec-1(+)] genotype. Control animals fed with bacteria containing the empty RNAi
vector show wild-type rate (results not shown). For each genotype, n = 130. p value versus control <0.0001, using unpaired t-test.
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Figure 4. RNAi-mediated inactivation of autophagy shortens life span in
Drosophila. Depletion of Atg3 or SNF4aγ from the first day of imaginal stage
shortens life span in Drosophila. Atg3 is an autophagy-related protein, while
SNF4aγ is also required for autophagic activity (see the text). W1118 strain
was used as control. For RNAi-treated flies, p < 0.0001 (unpaired t-test). Life
span values and statistics are given in Supplementary Table 2.

to mark (pre)autophagosomal structures in hypodermal cells.31 We
stained animals transgenic for GFP::LGG-1 with LysoTracker Red,
a dye known to be specific to lysosomes, and found that GFP-positive punctuate areas were co-localized with LysoTracker Red-labeled
compartments (data not shown). We then monitored GFP::LGG-1
expression in wild-type and eat-2(ad1116) animals. GFP::LGG-1
334

was expressed mainly in diffuse cytoplasmic pattern in lateral seam
cells in wild-type background (Fig. 7B). In contrast, there was a
significant increase in the number of GFP-positive foci per lateral
seam cells in eat-2(ad1116) mutants. These results further support
that longevity in calorically restricted animals is coupled with
enhanced autophagic activity.
Autophagy genes are essential for life span extension in mutant
worms with decreased mitochondrial respiration. Lowered activity
of the mitochondrial electron transport chain during development
increases adult life span in C. elegans.8,9 Contrary, when mitochondrial activity is decreased only during adulthood nematodes have
wild-type life span. Thus, the rate of respiration early in life establishes the rate of aging during adulthood. Recently, it was shown
that mitochondrial membrane potential, oxygen consumption and
ATP-synthetic capacity are influenced by TOR activity,55 which, as
we show in this study, regulates aging via inhibiting the activity of
autophagy genes. Thus, we examined genetic interactions between
mitochondrial respiratory components and autophagy genes in aging
control. To extend C. elegans life span by impairing mitochondrial
respiration, we knocked down atp-3 (ATP-synthase-3), which encodes
a component of the mitochondrial ATP-synthase, and clk-1 (clock
abnormal-1), whose product participates in ubiquinone production.8,9 We found that disruption of atp-3 or clk-1 function could
not modulate life span in autophagy mutant background (Fig. 8 and
Table 3S). Autophagy mutant nematodes treated with atp-3 RNAi
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Drosophila files with compromised autophagy also die
earlier than normal. We also present data suggesting that
the rate at which tissue deterioration occurs is accelerated
in autophagy deficient mutant nematodes, as compared
with wild-type animals. Our major finding here is to
show that autophagy genes are required for life-extension
in various long-lived mutant strains, implying that the
effects of mutations affecting distinct longevity pathways
converge on common downstream processes that involve
autophagy (Fig. 9). Increased longevity in nematodes
with reduced mitochondrial activity, TOR signaling and
inherent caloric restriction was completely suppressed
by inhibiting autophagy genes (Figs. 5–9 and Table 3S);
aberrant autophagy in animals defective for any of these
longevity pathways conferred mean life spans that are
Figure 5. Loss-of-function mutations in autophagy genes partially suppress longevity
comparable with that of the corresponding short-lived
in daf-2(e1370)/Igf-1 mutant animals. Life span extension in daf-2(e1370) mutants is
single autophagy mutants. Since the life-shortening effects
partially suppressed by mutations in bec-1 and atg-18. ok691 and gk378 are strong
loss-of-function mutations of bec-1 and atg-18, respectively. These genetic interactions
of autophagy mutations on these long-lived mutants were
between daf-2 and autophagy genes further support that the autophagy gene cascade
more significant than their life-shortening effects on wildfunctions downstream of and is inhibited by insulin/IGF-1 signaling to control life span.
type animals (Table 4S), we argue that autophagy genes
The percentage of living animals is plotted against animal age. Life span values and
specifically function in an anti-aging process instead of
statistics for single and double mutant animals are given in Supplementary Table 3.
shortening life span because they are somehow toxic to the
animal. Interestingly, inactivating autophagy by genetic null
mutations only partially suppressed the long-lived phenotype of insulin/IGF-1 signaling deficient animals. This
raises the possibility that another catabolic process may act
in parallel to autophagy to mediate the effect of daf-2 mutations on life span. Indeed, it has been recently demonstrated
that a proteasomal system containing the Cullin-E3 ligase
complex involved in the degradation of improperly folded
and damaged proteins to maintain cellular homeostasis24 is
required for life-extension in daf-2 mutants but not in other
long-lived mutant animals (Fig. 4).56 Alternatively, life span
extension caused by aberrant DAF-2 activity is much greater
than by mutations in other longevity pathways, raising the
possibility that loss of autophagy is of sufficient magnitude
to block weak extenders of life span but not more potent
ones. Together, our results favor the view that autophagy
might play a central role in animal aging.28,29
Figure 6. Autophagy genes are required for life-extension in TOR-deficient animals.
How could autophagy genes mediate the effects of
Wild-type animals fed with bacteria expressing let-363/Tor double-stranded RNA live
different longevity signals? Dietary restriction, decreased
significantly longer than those fed with bacteria containing the empty RNAi vector
insulin/IGF-1 or TOR signaling, and lowered respiration
(control). RNAi treatments were initiated from the L4 larval stage to avoid the animals
to arrest development at the L3 larval stage (for details, see the text). For simplicity, life are believed to increase life span, at least in part, by reducing
span curves of single autophagy deficient mutants treated with control RNAi (empty the metabolic rate.16 Upregulation of autophagy in response
vector) are not shown. Data of single mutants are included into Table 3S. The percentto these longevity signals may supply the cells with energy
age of living animals is plotted against animal age. Life span values and statistics for
under adverse conditions,24-26 maintaining critical levels of
single and double mutant animals are given in Table 3S.
metabolism under which the cells would die. In addition,
autophagy has been suggested to mediate the degradation of
lived as long as when they were fed with control bacteria expressing oxidative damaged macromolecules and organelles, which are generthe empty vector. Thus, the life-extending effects of atp-3 and clk-1 ated by reactive oxygen species produced during respiration.22 Thus,
RNAi requires the activity of autophagy genes. These results suggest autophagic clearance and renewal of cytoplasmic materials is essential
that mitochondrial dysfunction also shape nematode life span by for the cells to survive. These cell protective functions of autophagy
interfering with the autophagy gene cascade.
may be particularly important for long-lived cells such as those of the
nervous system, which is known to act as a central regulatory tissue
Discussion
of the aging process.20,21,29
Our data presented here suggest two important things. First, the
In this study we demonstrate that mutational inactivation
of autophagy genes shortens life span in C. elegans, and that effects of different longevity pathways may converge on autophagy
www.landesbioscience.com
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To further support the role of autophagy in aging, one should
enhance autophagic activity and test whether this treatment increases
life span. However, both inhibition and overactivation of autophagy
seem to induce cell loss, probably through interacting with the apoptotic and necrotic processes.29,30 Thus, fine-tuning of autophagy is
critical for the eukaryotic cells to survive. This raises the need for
genetically manipulated organisms with increased, but otherwise
normally regulated levels of autophagy.
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Figure 7. Mutations in autophagy genes suppress life span extension in
eat-2(ad1116) mutant animals. (A) eat-2(ad1116) mutation, which confers
dietary restriction by reducing the rate of pharyngeal pumping, extends life
span in an otherwise wild-type background. Loss-of-function mutations in
unc-51 and bec-1 block longevity in eat-2(ad1116) animals. These results
suggest that in C. elegans autophagy genes play a pivotal role in longevity
response to dietary restriction. The percentage of living animals is plotted
against animal age. Life span values and statistics for single and double
mutant animals are given in Table 3S. (B) Left show GFP-tagged LGG-1
accumulation in the lateral seam cells of wild-type and eat-2(ad1116) mutant
animals. In eat-2(ad1116) animals, GFP::LGG-1 accumulates in punctuate
areas that are supposed to indicate (pre)autophagosomal structures. Right
shows the quantification of GFP::LGG-1 positive foci in individual seam cells
of wild-type and eat-2(ad1116) animals.
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Figure 8. Suppression of the long-lived phenotype of atp-3(RNAi) animals by
mutations in autophagy genes. Wild-type animals fed with bacteria expressing atp-3 double-stranded RNA are long-lived. Life-extension in these animals
is autophagy gene dependent. Wild-type animals fed with bacteria containing the empty RNAi vector were used as control. For simplicity, life span
curves of single autophagy mutants are not shown. These data are included
into Table 3S. The percentage of living animals is plotted against animal
age. Life span values and statistics for single and double mutant animals are
given in Table 3S.
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genes to regulate aging. Thus, loss-of-function mutations decreasing
insulin/IGF-1 and TOR signaling, mitochondrial respiration and
food intake may lengthen life span by upregulating the autophagy
gene cascade. Other aging-related factors identified so far, such as
the NAD-dependent histone deacetylase Sir2,57 proteins governing
germ-line activity,58 and molecular chaperons,59 interact with (a)
longevity pathway(s) and thus may also modulate autophagic activity
to control the rate at which the tissues age. Second, our present
results favor the assumption that the aging process is more specific
than previously expected.23 According to this view, the biology of
reactive oxygen species produced by respiration might be the main
determinant of animal life span. If autophagy operates downstream
of different longevity pathways, they eventually may affect the rate
of aging through regulating the efficiency of macromolecular, in
particular protein, turnover. Indeed, recent experimental evidence
suggested that inhibiting autophagy causes accumulation and subsequent aggregation of damaged intracellular proteins in various cell
types, which eventually leads to massive cell loss and early death.20,21
Uncovering a central role of autophagy in life span control might also
help to understand how metabolic diseases and overnutrition lead to
premature aging and the risk of early death in humans.
336

Materials and Methods
Strains and genetics. The following C. elegans strains were used
in this study: wild-type N2 Bristol isolate, FR853 bec-1(ok691)IV;
swEx520[pbec-1::BEC-1::GFP + rol-6(su1006)], FR854 bec1(ok700)IV; swEx520[pbec-1::BEC-1::GFP + rol-6(su1006)], CB369
unc-51(e369)V, CB1189 unc-51(e1189)V, VC893 atg-18(gk378)V,
BU071 buIs1[GFP::plgg-1::LGG-1], BC13515 sIs13209[atg-18::gfp],
NL2099 rrf-3(pk1426)II, daf-2(e1370)III, CB4876 clk-1(2519)III.
RNA interference. To generate C. elegans RNAi clones, 600–900
base pair-long cDNA fragments were amplified by RT-PCR, and
cloned into pPD129.36. RNAi constructs were transformed into
Escherichia coli HT115(DE3) used as food source. The following
forward and reverse primers were used. For lgg-1: 5'-CAT GCC ATG
GCA TGT GGG CTT ACA AGG AGG AGA AC-3' and 5'-CAT
GCC ATG GCA TGT TCC CTT CTT TTC GAC CTC TCC-3';
for daf-2: 5'-TTG GAA GCT CTC GGA ACA ACC AC-3' and 5'ATG AAC GAC GTT GAA GGA GAA GG-3'; for T22H9.2/atg-9:
5'-AGA ATG GCG GTT ATT TGT GC-3' and 5'-TGG TCA AGC
TCG TTG AAG TG-3'; for let-363/CeTor: 5'-CAT GCC ATG GCA
TGA ACA ATT GGC AAA TTT CGT G-3' and 5'-CAT GCC
ATG GCA TGT GCA CGT AAC GAT GGA GAA C-3', and for
atp-3: 5'-TAA TGG CGC AAC TCA TGA AA-3' and 5'-GCA AGG
GCA TCC TTG TAT TT-3'. Experiments were performed at 25°C.
For determining the life span of lgg-1(RNAi) and T22H9.2(RNAi)
animals, RNAi-sensitive rrf-3 mutant animals were treated with the

Autophagy

2008; Vol. 4 Issue 3

Longevity pathways converge on autophagy genes

.D

en
ce

Figure 9. Working model for the regulation of C. elegans life span by
autophagy. Longevity pathways, including the insulin/IGF-1-TOR signaling
axis (nutrient signaling) and the mitochondrial respiratory chain components,
converge on autophagy genes to extend nematode life span. Downstream
of insulin/IGF-1 signaling, autophagy may act parallel to a proteasomal
system to control aging. DAF-2, the worm insulin/IGF-1 receptor; TOR, the
target of rapamycin kinase; ROS, reactive oxygen species. Arrows indicate
activations, bars indicate negative regulatory interactions.
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cocadylate buffer) and the samples were embedded in agar, postfixed with 0.5% cocadylate-buffered OsO4, stained with 2% uranyl
acetate, dehydrated in ethanol and propylene oxide and embedded
in Durcupan (Fluka). Thereafter the samples were cut along the
longitudinal body axis with Reichert-Jung Ultracut-E type ultramicrotome, stained with lead citrate and examined in JEM100CX II
electron microscope.60
Age pigment measurement. Relative lipofuscin levels were
measured by fluorescence spectroscopy (using Spex Fluoromax
spectrofluorimeter, Edison, NJ, USA) as described,45 with slight
modification. Briefly, for one measurement 30 hand-picked animals
of a given age were collected and washed with water to remove residual
bacterial contamination. Nematodes were then sonicated (Branson
Sonifier 250, output level 2, duty cycle 50%, Branson Ultrasonics
Corp. Danbury, CT, USA) and incubated on ice three times for 30–
30 seconds in 1 ml UP water. From this point, samples were kept on
ice. Floating particles were removed by centrifugation (at 3000 rpm,
for 0.5 min) and supernatants were measured. Tryptophan (used as
control) fluorescence was measured at 290/330 nm (excitation/emission wavelength), while age pigment was detected at 340/430 nm.
Behavioral assay. Age-synchronized nematodes were distributed
(5–10 nematode per plate) and scored every day for spontaneous
movement during adulthood. We distinguished two classes of behavioral phenotypes: in one (wild-type) class, animals move constantly
in a sinusoidal pattern, while in the other class animals either do not
move or move hard, leaving non-sinusoidal tracks in the bacterial
lawn through which they migrate. Animals that belong to the second
class were considered as uncoordinated (paralyzed). All animals
began adulthood in the first class. unc-51 mutants were excluded
from this study.
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Note Added in Revision

While this paper was under review, a related work on the role of
autophagy in Drosophila aging was published online.34

©
20

08

La

nd

es

B

io
s

ci

corresponding double-stranded RNA (lgg-1 and T22H9.2 RNAi
treatments had only weak effects on life span in wild-type background). To create Drosophila RNAi constructs, 400–800 bp long
cDNA fragments were cloned into the PCR cloning vector Topo-TA
(Invitrogen), and then subcloned into pWizMod in inverted repeat
arrangement. Transgenic flies were crossed with line hsGal4, and
then synchronised animals were maintained at 24°C, and scored for
survival. W1118 strain was used as wild-type.
Life span analysis. Nematode life span assays were carried out at
25°C. daf-2 mutant animals were maintained at 20°C until the L4
larval stage, then transferred at 25°C and scored for mean life span.
For synchronization, 20–30 gravid well-fed adults (P) were transferred
to a new agar plate containing nematode growth medium (NGM)
seeded with E. coli OP50 to lay eggs for 4–5 hours, and then removed.
F1 young (not gravid) adults were transferred to NGM plates supplemented with 300 mg/ml FUDR (5-fluoro-2'-deoxyuridine) for 1
day (t = 0). Sterile F1 adults were then transferred to the final assay
plates and scored. Animals were considered dead when they stopped
pharyngeal pumping and responding to touching. SPSS 14 software
was used to calculate mean life span and perform statistical analysis.
p values for comparing Kaplan-Meyer survival curves between two
groups were determined using log-rank (Mantel-Cox) tests.
Electron microscopy. For fixation and embedding of transmission electron microscopic samples, the nematodes were treated
individually. They were cut open under a dissecting microscope
in a drop of fixative composed of 0.2% glutaraldehyde and 3.2%
formaldehyde in 0.15 M cacodylate buffer. After an overnight fixation at 4°C, the fixative was changed to washing buffer (0.1 M
www.landesbioscience.com
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