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The tumor suppressor protein p53 has a major impact on organ-
ismal aging. Recently it has become clear that p53 not only controls
DNA damage responses, senescence and apoptosis but also plays a
major role in the control of autophagy. Thus, deletion, depletion,
or inhibition of p53 induces autophagy in human, mouse and
nematode cells. We therefore tested the hypothesis that the muta-
tion of the p53 orthologue CEP-1 might increase the life span of
Caenorhabditis elegans through an increase in baseline autophagy.
For this, we evaluated the survival of nematodes lacking cep-1,
alone or in combination with RNA inference with the autophagy
gene bec-1 (which encodes the orthologue of Atg6/Beclin 1). cep-1
mutants exhibited a prolonged life span. While BEC-1 depletion
during adult life did not cause significant modification of the life
expectancy of wild type controls, it did reduce the increased life
span of cep-1 mutants down to approximately normal levels. These
results indicate that the life span-extending effect of the cep-1
mutation is mediated by autophagy. These results lend support
to the hypothesis that autophagy has a broad positive impact on
organismal aging.

Introduction

The tumor suppressor protein p53 has an essential role as a
guardian of the genome and links DNA damage by exogenous muta-
gens as well as DNA damage resulting from oncogene activation to
DNA repair, cell cycle arrest, senescence and apoptosis.! Mutation,
inactivation, or loss of p53 therefore is one of the most frequent
oncogenic events in human cancer. Nonetheless, p53 has also nega-
tive effects in the sense that it favors organismal aging.z'5 Thus, gain
of function mutations of p53 have been linked to a reduced frequency

of tumors but also to accelerated aging and premature death in mice®
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and humans.””? A dominant-negative p53 transgene can enhance the
longevity of Drosophila melanogaster,'® and loss of function muta-
tions of cep, the p53 orthologue in Caenorhabditis elegans can extend
life span, at least in standard laboratory conditions.!!

The effects of p53 on organismal aging has been linked to its
cellular effects, in particular its contribution to permanent cell cycle
arrest (senescence) and pro-apoptotic signal transduction pathways.
Moreover, p53 reportedly may affect the insulin receptor signaling
pathway,!® whose inhibition has a major life span-extending effect
that mimics that obtained by caloric restriction.!? Recently, p53
has also been found to be involved in the regulation of autophagy.
Thus, nuclear p53 can transactivate genes that increase autophagy
in mammalian cells.!?4 In addition, a cytoplasmic pool of p53 acts
as a negative regulator of autophagy, and knockout, knockdown, or
pharmacological inhibition of p53 stimulates autophagy in human,
mouse and nematode cells.!>10

An ever-expanding body of literature suggests that autophagy consti-
tutes one of the most potent anti-aging mechanisms.!”:!8 Knockout of
essential autophagy genes causes degenerative features in a variety of
different organs and species as if inhibited autophagy accelerated the
aging process.!” Beth Levine and colleagues were the first to show that
the increased longevity of C. elegans mutants with defective DAF-2
protein, i.e., an insulin receptor analog, involves increased autophazo;y.20
Thus knockout of bec-1 (which encodes the C. elegans orthologue of
Atg6/Beclin 1) abolishes the life-span extension conferred by the daf-2
mutation.?’ The knockout or knockdown of other essential autophagy
genes such as atg-1, atg-7, atg-8, atg-10 and atg-12 similarly neutralizes
the beneficial effects of the daf-2 mutation, 292! in spite of the fact that
autophagy on its own is not sufficient to mediate life-span extension.??
Caloric restriction, which is the physiological inducer of autophagy,
also mediates its life span-extending effects through the induction of
autophagy. Thus, knockdown of essential autophagy genes including
bec-1, vps-34 or atg/ reduces longevity induced by feeding-defective
mutants or a mutant with low TOR activity.?224

Based on these premises, we decided to investigate whether the
increase in longevity conferred by p53/CEP-1 lesions in C. elegans
would be mediated by enhanced autophagy.

Results and Discussion

Under standard laboratory conditions, wild-type animals and cep-
1(gk138) C. elegans mutants grown on bacteria that carry a control

2008; Vol. 4 Issue 7



p53, aging and autophagy

plasmid which directs the production of dsRNA targeting GFP
(control RNAI), exhibit a mean life span of 17.2 + 0.8 and 20.4 + 0.9
days and a maximum life span (defined as the top 90% percentile) of
25.3 + 1.4 and 31.8 + 1.6 days, respectively (Table 1, Fig. 1). Hence,
p53 deficiency in the nematode significantly (p < 0.001) enhances
mean life span by 3.2 days and maximum life span by 6.5 days, a
finding that is consistent with previous studies.!! Under such stan-
dard culture conditions, cgp-1 mutant animals exhibit a significantly
enhanced autophagy, as we have reported recently.!>10

To determine whether increased autophagy accounts for the
increased life span of the cep-1(gk138) mutant, both cep-1(gk138)
mutant animals and the wild-type controls were subjected to knock-
down of the worm orthologue of Atg6/Beclin 1, BEC-1, using
bacteria harboring a plasmid, which directs synthesis of dsRNA
corresponding to the bec-1 gene. It is well established that this
knockdown diminishes autophagy induced by multiple different
stimuli20-2> including knockout or knockdown of cep-1 (reviewed
in refs. 15 and 16; and data not shown). Depletion of BEC-1 did
not significantly modify the life span of

Table 1 Life-span data

Strain Mean = SEM  Max* = SEM  Deaths/totalt  p value
(days) (days)

N2 (wild type) 172 £0.8 253 +1.4 115/127 (3)

cep-1(gk138) 20.4 £ 0.9 31.8+1.6 116/134(3) <0.001#

N2; bec-1RNA)) 16812 23318 107/122(3)  ns*

cep-1(gk138); 18.0+ 1.3 26.1+1.9 112/132 (3) <0.001%

bec-1(RNAI)

All aging experiments were performed on plates seeded with HT115(DE3) E. coli bacteria, carrying
appropriate RNAi plasmid constructs (SEM: standard error of the mean; p values were calculated using the
log-rank test, as described in Materials and Methods). *Maximum life span shown is the median life span of
the longest-lived 10 percent of the animals assayed. TThe number of confirmed death events, divided by the
total number of animals included in life-span assays is shown. Total equals the number of animals that died
plus the number of animals that were censored (see Materials and Methods). The number of independent
life-span assays for each strain is shown in parentheses. The smallest number of animals followed for any
strain fested was 134. #Compared with wild type animals subjected to control RNAi, assayed at the same
temperature. ¥Compared with the corresponding mutant subjected to control RNAI. ns: no significant differ-
ence compared fo control (p > 0.5).

wild-type nematodes, yet did reduce the
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longevity of cep-1 mutant animals, down 100,
to approximately wild-type levels (Table 1, 90,
Fig. 1). This result indicates that BEC-1
is required for the life-prolonging effect of 80«
CEP-1 deficiency. Although BEC-1 might
have autophagy-unrelated functions, these | = 701
data strongly suggest that autophagy is %
involved in the modulation of life span by a 604
the worm ortholog of p53. £ 504
p53 and its nematode orthologue CEP-1 8
act as tonic inhibitors of autophagy, meaning & 40.
that their removal stimulates a continuous
state of autophagy, at least during the G, 304
and S phases of the cell cycle.?” As indicated
by an abundant literature, p53 allows for 204
the adaptation of and response to genotoxic 10.
stress?® in diverse organisms including C.
elegans® and it has been implicitly specu- 0 -
lated that this function would account for 0 S
the impact of p53 on life-span regulation.

15
Days

Autophagy is considered as a mechanism to
cope with metabolic stress and organellar
damage.!?-30-3! Inactivation of cep-1 induces
a maximum level of baseline autophagy that
is barely enhanced by starvation.!>1¢
Unexpectedly, our results hence reveal
that the two effects of cgp-I mutation—(i) increase in life span
and (ii) increase in autophagy—are functionally linked. Increased
autophagy has been shown to be indispensable for the life-span
increasing effects of feeding mutants (which reduce caloric uptake)
and mutants affecting the insulin receptor pathway including loss of
function mutations of target of rapamycin (TOR).2%24 In mamma-
lian cells, knockout or knockdown of p53 causes an inhibition of
mammalian TOR (mTOR),!> suggesting that defective CEP-1/p53
function might increase longevity through the inhibition of down-
stream signals that are normally activated by the insulin receptor
pathway. However, the exact molecular mechanism by which p53
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Figure 1. Knockdown of bec-1 suppresses life-span extension by p53 deficiency in C. elegans. Survival
curves of wild type (N2) and cep-1(gk138) mutant animal populations subjected to bec-1 RNA. The
percentage of animals remaining alive is plotted against animal age. Assays were carried out at 20°C.
Combined life-span data from independent experiments are given in Table 1.

affects mTOR activity remains to be determined. In Drosophila,
dominant-negative (DN) p53 can enhance life span if it is only
expressed in the brain (but not in the fat body or muscle)3? or even
only in the insulin-producing brain cells (as opposed to dopaminergic
or serotoninergic neurons), thus impairing the release of insulin-like
peptides and interfering with PI3K activity in peripheral organs.!?
These results point to the possibility that p53 may (also) affect aging
by endocrine signaling, a possibility that has not been investigated in
mammals or nematodes thus far. In mammalian cells, p53 undoubt-
15,16 3nd it remains an

open conundrum whether the ablation of p53 in specific cell types

edly has cell-autonomous effects on autophagy,
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might have a beneficial effect on organismal aging. Nonetheless,
the exact mechanisms through which an increase in autophagy may
inhibit organismal aging remain a matter of speculation (and this
study admittedly does not contribute any mechanistic insights into
this question, either). Thus, an increase in autophagy might reduce
signs of cellular aging (such as accumulation of misfolded proteins
and lipofuscin), retard cellular senescence (defined as an irreversible
arrest in the cell cycle), reduce the propensity of cells to die, or even
mediate noncell-autonomous metabolic effects, by the mobilization
of metabolites from intracellular stores in conditions of starvation.
Moreover, our data show that autophagy is required for the increase
in life span induced by the loss of cep-1, yet do not prove that
enhanced autophagy suffices to prolong longevity.

As a further caveat, the relationship between p53, autophagy and
aging likewise is not simply linear. Thus, genetic models of prema-
ture aging (such as the zmpste24 or the klotho knockouts) manifest
enhanced autophagy in multiple tissues, 3334 perhaps as a result of
compensatory mechanisms. Thus far, no attempts have been under-
taken to investigate whether inhibition of autophagy would accelerate
the phenotypic manifestation of progeria. According to some reports,
p53 function decreases with aging, at least in the context of DNA
damage responses,®> while autophagy tends to decline with old age.!”
This is ostensibly at odds with the postulate that a reduction in p53
levels should stimulate autophagy.'> The exploration of the precise
post-translational p53 modifications that affect the regulation of
autophagy as well as the comprehension of the mechanisms though
which the function of p53 is lost in aging tissues may resolve this
apparent contradiction in the future.

Materials and Methods

Strains and genetics. We followed standard procedures for C.
elegans strain maintenance. Nematode rearing temperature was kept
at 20°C, unless noted otherwise. The following strains were used
in this study: N2: wild-type Bristol isolate and cep-1(gk138). The
cep-1(gk138) mutant strain (T]1) was generously provided by the
Caenorhabditis Genetics Center.

RNAi and plasmid constructs. For RNAi experiments, we
constructed a plasmid that directs the synthesis of a dsRNA corre-
sponding to the bec-1 gene in E. coli bacteria, which were then fed
to animals, according to a previously described rnethodology.25 To
augment RNA], animals were reared for two generations on dsRNA-
producing E. coli bacteria before examination. To construct the bec-1
RNAI plasmid, a bec-1 gene-specific fragment was obtained by PCR
amplification directly from C. elegans genomic DNA using appro-
priate primer sets (5'GCTCTAGAGTTATCACAGAAGCTCTG3'
5'CGGGATCCGTCCATACAATGCGTACGS3'"). The
PCR-generated fragment was sub-cloned into the pL4440 plasmid

and

vector and resulting constructs were transformed into HT115(DE3)
E. coli bacteria, deficient for RNase-E.20

Life-span analysis. Life-span assays were performed at 20°C.
Synchronous animal populations were generated by hypochlorite
treatment of gravid adults to obtain tightly synchronized embryos
that were allowed to develop into adulthood on standard, OP50-
seeded, NGM plates before transfer to RNAi plates. For RNAi
life-span experiments, worms were placed on NGM plates containing
0.5-1 mM IPTG and seeded with HT115(DE3) bacteria trans-
formed with either the pL4440 vector or the test RNAI construct.

3 Autophagy

Progeny were grown at 20°C unless otherwise noted, through the L4
larval stage and then transferred to fresh RNAi plates following the
L4 moult, at groups of 10—20 worms per plate for a total of 100-150
individuals per experiment. The day of egg harvest was used as t =
0. Animals were transferred to fresh plates every two to four days
thereafter and were examined every day for touch-provoked move-
ment and pharyngeal pumping, until death. Worms that died due
to internally hatched eggs, an extruded gonad, or desiccation due to
crawling on the edge of the plates, were censored and incorporated
as such into the data set. Each survival assay was repeated at least
three times and figures represent typical assays. Survival curves were
created using the product-limit method of Kaplan and Meier. The
log-rank (Mantel-Cox) test was used to evaluate differences between
survivals and determine p values. We used the Prism software
package (GraphPad Software Inc., San Diego, California) to carry
out statistical analysis and to determine life-span values.

Statistical analysis. Statistical analyses were carried out using
the Prism software package (GraphPad Software Inc., San Diego,
California) and the Microsoft Office 2003 Excel software package
(Microsoft Corporation, Redmond, Washington). Mean values were
compared using unpaired t tests. For multiple comparisons, we used
the one-factor (ANOVA) variance analysis corrected by the posthoc
Bonferroni test.
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