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Regulation of autophagy by cytoplasmic p53
Ezgi Tasdemir1,2,3,16, M. Chiara Maiuri1,2,4,16, Lorenzo Galluzzi1,2,3, Ilio Vitale1,2,3, Mojgan Djavaheri-Mergny5, 
Marcello D’Amelio6, Alfredo Criollo1,2,3, Eugenia Morselli1,2,3, Changlian Zhu7, Francis Harper8, Ulf Nannmark9, 
Chrysanthi Samara10, Paolo Pinton11, José Miguel Vicencio1,2,3, Rosa Carnuccio4, Ute M. Moll12, Frank Madeo13, 
Patrizia Paterlini-Brechot14, Rosario Rizzuto11, Gyorgy Szabadkai14,15, Gérard Pierron8, Klas Blomgren7, 
Nektarios Tavernarakis10, Patrice Codogno5, Francesco Cecconi6 and Guido Kroemer1,2,3,17

Multiple cellular stressors, including activation of the tumour suppressor p53, can stimulate autophagy. Here we show that 
knockout, knockdown or pharmacological inhibition of p53 can induce autophagy in human, mouse and nematode cells. 
Enhanced autophagy improved the survival of p53-deficient cancer cells under conditions of hypoxia and nutrient depletion, 
allowing them to maintain high ATP levels. Inhibition of p53 led to autophagy in enucleated cells, and cytoplasmic, not nuclear, 
p53 was able to repress the enhanced autophagy of p53–/– cells. Many different inducers of autophagy (for example, starvation, 
rapamycin and toxins affecting the endoplasmic reticulum) stimulated proteasome-mediated degradation of p53 through a 
pathway relying on the E3 ubiquitin ligase HDM2. Inhibition of p53 degradation prevented the activation of autophagy in several 
cell lines, in response to several distinct stimuli. These results provide evidence of a key signalling pathway that links autophagy 
to the cancer-associated dysregulation of p53.

Autophagy (‘self-eating’) is an important eukaryotic response to 
cellular stress. During autophagy, portions of the cytosol and cyto-
plasmic organelles are sequestered within characteristic double- or 
multi-membraned autophagosomes and delivered to lysosomes for 
bulk degradation. By promoting catabolic reactions, autophagy gen-
erates new metabolic substrates that meet the bioenergetic needs of 
cells and allows for adaptive protein synthesis. Autophagy also con-
stitutes a homeostatic ‘clean-up’ process to rid cells of intracellular 
parasites, damaged organelles and potentially toxic, aggregate-prone 
proteins. Finally, autophagy has been viewed as a self-destructive 
process in which stressed cells succumb to the so-called autophagic 
cell death1.

Autophagy is essential for the long-term survival of mammalian 
cells and a partial reduction in the autophagic capacity may constitute 
an oncogenic event. At least one of the phylogenetically conserved 
autophagy genes, atg6/beclin 1, is frequently inactivated at one locus 
in human cancers, and mouse studies have confirmed that beclin 1 is 
a haploinsufficient tumour suppressor2. There are two non-exclusive 

hypotheses to explain how inhibition of autophagy may stimulate onco-
genesis and tumour progression. First, failure to undergo autophagy 
may favour necrotic cell death3 or compromise the clearance of dying 
cells4. This may exacerbate local inflammation and hence favour tumour 
growth. A second possibility is that inhibition of autophagy may lead 
to genomic instability5. A partial defect in autophagy can contribute to 
oncogenesis, at least in some cancers. Indeed, many human tumours 
manifest an aberrant level of autophagy6, and it can be stimulated by 
exogenous and endogenous stress, including chemotherapy, radiother-
apy and hypoxia. Inhibition of this autophagic response reduces cell 
survival in most instances7,8, underscoring the importance of autophagy 
as a cellular defence mechanism.

The most extensively characterized tumour suppressor protein is p53, 
a master regulator with pleiotropic effects on metabolism, anti-oxidant 
defence, genomic stability, proliferation, senescence and cell death9. DNA 
damage induces autophagy in a p53-dependent fashion10. Moreover, re-
expression of p53 in p53-deficient cancer cells has been shown to cause 
tumour regression through the re-activation of cell-intrinsic barriers 
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Figure 1 Induction of autophagic vacuolization by deletion, depletion 
or inhibition of p53. (a) Ultrastructural evidence of autophagy induced 
by depletion of p53 with a specific siRNA or pharmacological inhibition 
of p53 with PFT-α in HCT116 cells. (b) Autophagy induced by PFT-α, 
p53 knockdown, or p53 knockout in HCT116 cells. The number of 
autophagosomes and autolysosomes was determined for at least 50 cells in 
3 independent experiments (mean ± s.e.m.; *P < 0.05). Culture in nutrient-
free (NF) conditions was used as a positive control. (c) Effect of p53 on 
the maturation of LC3. Immunoblots are shown for wild-type (WT) or p53–/– 
HCT116 (n = 3). (d) GFP–LC3 puncta induced by PFT-α, p53 knockdown 
or knockout. WT and p53–/– HCT116 cells were transfected with control or 
p53-specific siRNAs, re-transfected with a GFP–LC3 plasmid, cultured in 
complete medium for 24 h and kept for 6 h in the presence or absence of 
30 µM PFT-α. The percentage of cells showing accumulation of GFP–LC3 in 
puncta (GFP–LC3vac) is reported (mean ± s.d., n = 3; *P < 0.05).  

(e) GFP–LC3 puncta in p53–/– MEF, compared with WT MEF transfected 
with GFP–LC3 (mean ± s.d., n = 3; *P < 0.05). (f) GFP–LC3 dots in tissues 
from p53+/+ or p53–/– mice expressing a GFP–LC3 transgene (mean ± s.d.; 
*P < 0.05), without or after 24 h of starvation. The number of GFP–LC3 dots 
per area was determined for a minimum of 4 fields (at ×400 magnification 
for 4 slides per animal, 3 animals per condition). (g) TEM pictures of 
p53–/– and p53+/– mouse livers. p53–/– hepatocytes carry approximately 3 
autophagosomes, p53+/– controls approximately 1 per cell. (h) Modulation 
of DsRed::LGG-1 levels by the p53 orthologue CEP-1 in C. elegans. 
Representative pictures are shown for WT animals and for nematodes 
carrying a cep-1 deletion allele (gk138). The count of puncta per cell was 
6.9 ± 3.3 for WT, 52.2 ± 9.4 for cep-1 (gk138) embryos (mean ± s.e.m. 
for 20 individuals, 5 cells per embryo). The quantification of DsRed::LGG-1 
puncta is shown for the indicated genetic backgrounds and conditions (dots 
represent pixel intensity for individual embryos).
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against oncogenesis, such as senescence and apoptosis11–13. In the course 
of p53 re-activation, autophagy is induced13, presumably as a result of the 
p53-mediated transactivation of autophagy inducers14. This autophagic 
response to p53 may either contribute to cell death14 or constitute a cel-
lular defence response, and its inhibition may improve the therapeutic 
effects of p53 re-activation on B cell lymphomas13.

Although the activation of the p53 system can induce autophagy, 
we made the surprising observation that removal of p53 can stimulate 
autophagy as well. Here, we provide evidence that p53 functions as an 
endogenous repressor of autophagy. Our results add to an increasingly 
complex homeostatic regulation in which p53 and autophagy are inter-
connected in a hitherto unexpected fashion.

RESULTS 
Autophagic vacuolization after deletion, depletion or inhibition 
of p53
HCT116 colon cancer cells showed cytoplasmic accumulation of 
autophagosomes and/or autolysosomes, a morphological correlate 
of autophagy, as determined by transmission electron microscopy 
(TEM), when p53 was knocked down with a specific short interfer-
ing (si) RNA (Fig. 1a), knocked out by homologous recombination15 or 
inhibited with cyclic pifithrin-α (PFT-α), a pharmacological antagonist 
of p53 (ref. 16; Fig. 1b). Depletion or inhibition of p53 also induced 
TEM-detectable autophagy in non-transformed HFFF2 human 
fibroblasts, SH-SY5Y neuroblastoma and HeLa cervical cancer cells 
(Supplementary Information, Fig. S1a, b). Inhibition, depletion or dele-
tion of p53 increased two biochemical signs of autophagy17, namely 
the conversion of LC3-I into LC3-II and reduced expression of p62/
SQSTM1 (Fig. 1c). PFT-α, p53 knockout or p53 knockdown stimulated 
the redistribution of GFP–LC3 fusion protein from a ubiquitous, dif-
fuse pattern towards autophagosomes, which became visible as cyto-
plasmic puncta, in HCT116 cells (Fig. 1d; Supplementary Information, 
Fig. S1c), mouse embryonic fibroblasts (MEFs; Fig. 1e; Supplementary 
Information, Fig. S1d) and human HFFF2, SH-SY5Y and HeLa cells 
(Supplementary Information, Fig. S1e–g).

Various tissues (pancreas, liver and kidney, but not muscle) from 
adult mice expressing a GFP–LC3 transgene18 on a p53–/– background 
showed a higher level of GFP–LC3 puncta than p53+/+ littermate con-
trols (Fig. 1f; Supplementary Information, Fig. S2). Starvation for 24 h 
induced autophagy in GFP–LC3-transgenic p53+/+ mice18, whereas 
no further increase in GFP–LC3 puncta was observed in p53–/– mice 
(Fig. 1f; Supplementary Information, Fig. S2d), suggesting either that 
autophagy was occurring at a maximal level in the pancreas, liver 
and kidney, or that p53 is required for the induction of autophagy in 
response to starvation. TEM confirmed that p53–/– hepatocytes (Fig. 1g) 
and pancreatic epithelial cells (Supplementary Information, Fig. S2e) 
showed more autophagy than heterozygous p53+/– littermates. Systemic 
administration of PFT-α into mice also induced autophagy in the cer-
ebellum and heart (Supplementary Information, Fig. S3a–f). Finally, 
knockout or RNAi-mediated depletion of the p53 orthologue cep-1 in 
Caenorhabditis elegans stimulated autophagy, as demonstrated by the 
increased expression and cytoplasmic aggregation of the DsRed::LGG-1 
reporter gene product (LGG-1 is the orthologue of LC3) in embryos 
(Fig. 1h) and in adult pharyngeal cells (Supplementary Information, 
Fig. S3g, h). These data indicate that regulation of autophagy by p53 is 
phylogenetically conserved.

Mechanisms of enhanced autophagic vacuolization after p53 
inhibition
GFP–LC3 puncta induced by p53 neutralization were suppressed by 
the depletion of Atg5, Beclin 1/Atg6, Atg10, Atg12 or hVps34 with previ-
ously validated siRNAs7,19, indicating that this phenomenon follows a 
canonical autophagic pathway (Fig. 2a, b). Similarly, MCF7 breast can-
cer cells, which are normally autophagy-incompetent due to deficient 
Beclin 1 expression20, failed to activate autophagy after p53 knockdown; 
however, the autophagic programme was restored when Beclin 1 expres-
sion was induced (Fig. 2c). The accumulation of autophagosomes and 
autolysomes by p53 depletion could involve an enhanced autophagic 
sequestration (on-rate) or a reduced degradation of autophagic mate-
rial (off-rate). To distinguish between these possibilities, we assessed 
PFT-α-induced autophagic vacuolization by monitoring colocalization 
of GFP–LC3 with the lysosomal marker Lamp-2, either in the absence 
or in the presence of bafilomycin A1, which inhibits fusion beween 
autophagosomes and lysosomes7 (Fig. 2d, e). Bafilomycin A1 further 
enhanced the PFT-α-triggered accumulation of GFP–LC3 puncta 
(Fig. 2f). Similarly, the lysosomal protease inhibitor leupeptin21 further 
increased the PFT-α-triggered induction of LC3-II (Fig. 2g). These data 
suggest that p53 inhibition increases the on-rate of autophagy, at least 
in vitro, in cultured cells.

Autophagy is controlled by several kinases including AMP kinase 
(AMPK), which induces autophagy22, and the mammalian target of 
rapamycin (mTOR), which suppresses autophagy23. In p53–/– cells, 
AMPK and the AMPK substrates tuberous sclerosis complex 2 (TSC2) 
and acetyl CoA carboxylase (ACCα) were hyperphosphorylated (which 
indicates AMPK activation), whereas p70S6K, an mTOR substrate, was 
hypophosphorylated (which reflects mTOR inhibition; Fig. 3a). siRNA-
mediated depletion of AMPKα1 and AMPKα2, which inhibited the 
hyperphosphorylation of its substrate ACCα in p53–/– cells (Fig. 3c), or 
inhibition of mTOR with rapamycin (Fig. 3d) eliminated the difference 
in autophagy between p53-inhibited and control HCT116 (Fig. 3b–d) 
or SH-SY5Y cells (not shown). These results are consistent with the 
possibility that p53 controls autophagy through the AMPK/mTOR-
dependent pathway.

Inhibition or deletion of p53 leads to stress resistance by 
induction of autophagy
Autophagy allows cells to maintain high ATP levels under condi-
tions of starvation24. When wild-type HCT116 cells were transferred 
from a glucose-containing to a glucose-free medium, the cytosolic 
ATP levels were reduced within minutes (Fig. 4a; Supplementary 
Information, Fig. S4a). In wild-type cells, this reduction in ATP 
was blunted by supply of the glycolytic product pyruvate (provided 
as membrane-permeable methylpyruvate; Fig. 4b; Supplementary 
Information, Fig. S4b) and by the autophagy inducer rapamycin 
(Fig. 4c; Supplementary Information, Fig. S4c). In contrast, p53–/– 
cells maintained high ATP levels even in the absence of glucose 
(Fig. 4a). However, the capacity of p53–/– cells to maintain high 
ATP levels under glucose-free conditions was compromised when 
autophagy was inhibited by depletion of AMPKα, Beclin 1 (Fig. 4c), 
Atg5 or Atg10 (data not shown). This affects cell survival under 
conditions of metabolic stress (nutrient deprivation and hypoxia). 
After 48 h of metabolic stress, the mitochondrial transmembrane 
potential (∆Ψm measured with the fluorochrome DiOC6(3)) was 
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Figure 2 PFT-α triggers autophagic vacuolization and has no effect on 
vacuole-lysosome fusion. (a) PFT-α or p53 siRNA-induced GFP–LC3 
puncta in WT HCT116 cells transfected with siRNAs to deplete the 
essential autophagy gene products Atg5, Atg10, Atg12, Beclin 1 or 
hVps34. Culture in nutrient-free (NF) conditions was used as a control of 
autophagy induction. (b) PFT-α or p53 siRNA-mediated GFP–LC3 puncta 
in MEFs transfected with siRNAs specific for mouse Atg5 or Beclin 1. 
(c) Requirement of Beclin 1 expression for autophagy induction by p53 
depletion in MCF7 cells. MCF7 cells stably transfected with a tetracycline-
repressible Beclin 1 construct were maintained in conditions that prevent 
or allow Beclin 1 expression, transfected with GFP–LC3 and subjected to 
p53 knockdown before quantification of GFP–LC3 puncta. Data in a–c are 
mean ± s.d. of 3 independent experiments. (d–f) Effect of bafilomycin A1 

(BafA1) on PFT-α-induced GFP–LC3 puncta. GFP–LC3-expressing HeLa 
cells were treated with PFT-α and/or BafA1 and then immunostained for 
Lamp-2 to observe the colocalization between GFP–LC3 and Lamp-2. 
Representative confocal microphotographs are shown together with the 
profiles of colocalization (d) within the area of interest, indicated by 
the orientation of the arrow. Percentage overlap was plotted for control 
cells and cells cultured in the presence of PFT-α and/or BafA1 after 6 h 
(d, e). Columns represent the percentage of colocalization of GFP–LC3 
and Lamp-2 (mean ± s.d.; *P < 0.05), quantified for at least 50 cells for 
each condition. The kinetics of GFP–LC3 redistribution was quantified by 
conventional fluorescence microscopy (mean ± s.d., 3 experiments, f). 
(g) Immunoblot detection of LC3-I/II in cells treated with PFT-α and/or 
leupeptin in WT HCT116 cells (n = 3).
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reduced in a significant number of wild-type cells, a sign of immi-
nent cell death and/or a loss of viability (measured with the vital dye 
propidium iodide or clonogenic assays). p53–/– cells were relatively 
resistant to metabolic stress; however, this resistance was reversed 
by knockdown of AMPKα or the essential autophagy gene products 
Atg5, Atg10 (Fig. 4d, e) or Beclin 1 (Supplementary Information, 
Fig. S4f). Methylpyruvate partially reversed the lethal effect of meta-
bolic stress (Supplementary Information, Fig. S4d, e). Similar results 
were obtained when p53 and Beclin 1 levels were manipulated in 
MCF7 cells (autophagy-incompetent unless Beclin 1 expression is 
induced20; Fig. 4f), as well as in MEFs (autophagy-competent, except 
when Beclin 1 is depleted; Fig. 1e). Irrespective of the cell type, p53 
depletion conferred an enhanced resistance to metabolic stress, but 
only when the cells expressed Beclin 1 and hence were capable of 
autophagy (Fig. 4f, g). These results indicate that the resistance of 
p53–/– cells to metabolic stress depends on increased autophagy.

Cytoplasmic, not nuclear, p53, is required for inhibition of 
autophagy
To understand the mechanism by which p53 inhibits autophagy, we 
determined the transcriptome of wild-type and p53–/– HCT116 cells, 
but failed to identify changes in autophagy-related transcripts listed in 
a gene ontology program (www.ingenuity.com). Therefore, we inves-
tigated whether p53 suppression of autophagy is transcription-inde-
pendent using cytoplasts (anucleate cells). In response to PFT-α, HeLa 
cytoplasts (arrows in Fig. 5a) were still able to accumulate GFP–LC3 
puncta (Fig. 5a, b; Supplementary Information, Fig. S5a), indicating that 
nuclei (and by extension transcription) were not required for PFT-α-
stimulated autophagy.

Next, we re-transfected p53–/– HCT116 cells with p53 targeted to nuclear 
or extranuclear locations (Fig. 5c). Both wild-type and endothelium reticu-
lum (ER)-targeted p53 (p53ER)25 inhibited autophagy, whereas a p53 form 
locked into the nucleus (using a disrupted nuclear export signal, NES) failed 

a b

d

α1 + α2 siRNAα1 siRNA

Control siRNA α2 siRNA
62

42

siRNA Control α1 α2 α1+2

AMPKα

Actin

HCT116

WT WT + PFT-α p53–/–

0

20

40

60

80

*

*

WT PFT-α p53–/–

0

20

30

50

40

Control

Rapamycin

HCT116

G
FP

-L
C

3va
c  

ce
lls

 (p
er

ce
nt

ag
e)

G
FP

-L
C

3va
c  

ce
lls

 (p
er

ce
nt

ag
e)

10

WT p53–/–

TSC2200

AMPKα62

P-TSC2200

P-AMPKα62

280 P-ACCα

70 P-p70S6K

280 ACCα

70 p70S6K

42 Actin

42 Actin

WT p53–/–

c

280 P-ACCα

P-AMPKα62

AMPKα62

280 ACCα

42 Actin

siRNA Co α1+2 Co α1+2 Co α1+2

WT PFT-a p53–/–

Mr(K)

Mr(K)

Mr(K)

Mr(K)
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of autophagy. (a) Immunoblot detection of the phosphorylation status of 
AMPKα, ACCα, TSC2 and p70S6K in HCT116 cells. Hypophosphorylation 
of p70S6K and hyperphosphorylation of AMPKα, ACCα and TSC2 was 
detected in p53–/– HCT116, compared with WT HCT116 cells after culture 
in complete medium (n = 5). (b) Quantification of GFP–LC3vac cells in WT 
and p53–/– HCT116 cells transfected with siRNAs specific for the catalytic 
α1 and α2 subunits of AMPK (mean ± s.d. of 3 independent experiments; 

*P < 0.05). The inset in b demonstrates the efficiency of siRNA-mediated 
downregulation of AMPKα1  and AMPKα2 , as assessed by immunoblot 
analysis (n = 3). Note that the antibody recognizes both AMPKα1 and 
AMPKα2. (c) Immunoblot detection of ACCα phosphorylation in WT and 
p53–/– HCT116 cells subjected to knockdown of AMPKα1 and AMPKα2 
(n = 5); Co, control. (d) Quantification of GFP–LC3vac cells (means ± s.d., 
n = 3 separate experiments) in WT HCT116 and p53–/–  HCT116 treated with 
PFT-α and/or rapamycin.
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Figure 4 p53 deletion attenuates ATP depletion during glucose deprivation 
and favours survival under metabolic stress. (a) Cytosolic ATP levels in WT 
and p53–/–  HCT116 cells in the absence of glucose. Measurements were 
performed on luciferase-expressing HCT116, after perfusion of the cells with 
medium first containing then missing glucose. (b) Effect of methylpyruvate 
(MetPyr) on ATP levels in WT p53–/– HCT116 cells depleted of glucose. 
ATP levels were measured as in a, in the presence of glucose and 15 min 
after its withdrawal or replacement by MetPyr. (c) Effect of autophagy on 
the ATP levels of WT and p53–/– HCT116 cells depleted of glucose. Cells 
were transfected with siRNAs specific for Beclin 1 and AMPKα, or they 
were treated with rapamycin for 6 h, followed by measurement of ATP levels 
as in a, before or after glucose withdrawal (means ± s.d. of triplicates, 
3 independent experiments). (d) Metabolic stress-induced cell death is 
attenuated in the absence of p53. HCT116 cells were transfected with 
control, Atg5-, Atg10-, or AMPKα-specific siRNAs and were subjected 

48 h later to metabolic stress (cultured for 48 h in nutrient-free, hypoxic 
conditions) and stained with DiOC6(3) and PI. The black and white portions 
of the columns refer to the DiOC6(3)low PI– (dying) and DiOC6(3)low PI+ (dead) 
population, respectively. (e) Metabolic stress-induced decrease of clonogenic 
survival was attenuated in the absence of p53. HCT116 cells subjected to 
metabolic stress as in d were monitored for clonogenic survival. (f) Expression 
of Beclin 1 in MCF7 cells restores the survival advantage conferred by 
p53 depletion. MCF7 cells that carry a tetracycline-repressible Beclin 1 
expression construct were cultured to avoid Beclin 1 expression or to induce 
it, transfected with a control siRNA or a p53-specific siRNA, subjected to 
metabolic stress, and finally stained with DiOC6(3)/PI. (g) Effect of p53 and 
autophagy on the survival of metabolically stressed MEFs. WT MEFs were 
transfected with the indicated siRNAs and then subjected to metabolic stress 
before performing clonogenic assays. Results in d–g are mean ± s.d. of 3 
separate experiments (*P < 0.05); Co, control.
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to inhibit autophagy (Fig. 5d, e; Supplementary Information, Fig. S5b). The 
mutation R175H, which is known to inhibit the nuclear and cytoplasmic 
effects of p53 (refs 26, 27), prevented inhibition of autophagy by p53 and 

p53ER. A p53 mutant with a mutation in the nuclear localization sequence 
(NLS), which causes cytoplasmic retention of p53, efficiently inhibited 
autophagy. The p53ERTAM fusion construct (the hormone-binding region of 

a  

d

bNuclei

V
ec

to
r

p
53

 W
T

p
53

 N
E

S
–

p
53

 N
LS

–

WT

NES–

ER

ER R175H

R175H

WT ERTAM

WT ERTAM ∆PP

NLS–

DNA BD: DNA Binding Domain

Cb5: Cytochrome b5 Localization Signal NES: Nuclear Export Signal

NLS: Nuclear Localization Signal

PP: Proline-rich Domain

TAD: Transactivation Domain

c

Leu
348

Oligomerization domain

p53

P
FT

-α
C

on
tr

ol

10 µm

Overlay

10 µm
0

20

30

HeLa
50

Cells
Cytoplasts

40

Control PFT-α Nutrient-freeRapamycin

NLS

NES

TAD PP DNA BD

350
Ala

305 Lys Asn

Arg175 His

TAD PP DNA BD

TAD PP DNA BD

Cb5TAD PP DNA BD

Cb5TAD PP DNA BD

ERTAMTAD PP DNA BD

ERTAMTAD DNA BD

TAD PP DNA BD

Arg175 His

ERTAM: Estrogen Receptor Domain

ER: Endoplasmic Reticulum

GFP-LC3

(Nuclear)

(Cytoplasmic)

GFP-LC3 / Nuclei

10 µm

G
FP

-L
C

3va
c  

ce
lls

 (p
er

ce
nt

ag
e)

10

*

e

0

10

30

50

–

Control 4-OHT

*
*

Plasmid

p53–/– HCT116

20

40

G
FP

-L
C

3va
c  

ce
lls

 (p
er

ce
nt

ag
e)

C
on

tro
l

p5
3 

W
T

p5
3 

N
ES

–
p5

3 
N

LS
–

p5
3 

ER
p5

3 
ER

 R
17

5H
p5

3 
R

17
5H

p5
3 

W
T 

ER
TA

M

p5
3 

W
T 

ER
TA

M  ∆
PP

p5
3 

W
T 

ER
TA

M

p5
3 

W
T 

ER
TA

M  ∆
PP

f

Actin

P-p70S6K

p70S6K

p53

ACCα

P-ACCα

P-AMPKα

AMPKα

280

280

70

70

62

62

53

42
Plasmid

200

200 TSC2

P-TSC2

–

C
on

tro
l

p5
3 

W
T

p5
3 

N
ES

–
p5

3 
N

LS
–

Mr(K)

Figure 5 Inhibition of autophagy by cytoplasmic p53. (a, b) PFT-α-
mediated stimulation of autophagy in cytoplasts. GFP–LC3-transfected 
HeLa cells were enucleated by density-gradient centrifugation after 
cytochalasin B treatment and cultured on polylysine-coated coverslips. 
Mixtures of cells and cytoplasts (arrows, identified by the lack of Hoechst 
33342 staining) were then exposed to three different autophagy inducers: 
PFT-α, nutrient starvation and rapamycin. Results are means ± s.d. 
n = 3 experiments). (c–e) Effect of p53 mutants on autophagy in p53–/– 

HCT116 cells. The p53 domains and mutants used in this study are 
schematically represented in c. Representative micrographs of cells 
transfected with plasmids expressing WT, nuclear and cytoplasmic p53 
are shown in d. Quantification of GFP–LC3 puncta of p53–/–  HCT116 
cells transiently transfected with p53 mutants is shown in e (mean ± s.d., 
n = 3 experiments, *P < 0.05). (f) Detection of the phosphorylation status 
of AMPKα, AACα, TSC2 and p70S6K in p53–/– HCT116 cells transiently 
expressing WT or mutant p53 (n = 5).
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the oestrogen receptor fused to p53) is inactive unless 4-hydroxytamoxifen 
(4-OHT) is added28. Transfection of p53–/– cells with p53ERTAM only inhib-
ited autophagy in the presence of 4-OHT. Removal of the Pro-rich domain 
(∆PP) curtailed the inhibitory effect of p53ERTAM on autophagy, arguing 

against non-specific effects (Fig. 5e). Inhibition of autophagy by wild-type 
or cytoplasm-targeted p53 was accompanied by reduced phosphoryla-
tion of AMPKα, ACCα and TSC2, as well as increased phosphorylation of 
p70S6K, underscoring the impact of p53 on the AMPK/mTOR axis (Fig. 5f). 
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Figure 6 p53 inhibition induces autophagy by ER stress (a–c) WT 
HCT116 cells were transiently transfected with GFP–LC3, treated with 
PFT-α for 2, 4 or 6 h and subjected to immunofluorescence staining 
to observe the colocalization of GFP–LC3+ puncta with the ER marker 
ERp57 (a) or a mitochondrial marker (b). Note that cells with GFP–LC3+ 

puncta often contain scarce amounts of ERp57 (white arrows) after 
prolonged incubation with PFT-α. The percentage of colocalization 
(means ± s.d., n = 3 experiments with 50 images per experiment) was 

determined by confocal microscopy (c). (d) eIF2α phosphorylation in 
WT or p53–/– HCT116 cells treated with PFT-α (n = 5). (e, f) WT HCT116 
cells (e, f) or p53–/– HCT116 cells (f) were transfected with GFP–LC3, 
plus a control siRNA or the indicated combination of IRE1α- and/or 
p53-specific siRNA, and treated with PFT-α, thapsigargin, tunicamycin 
or brefeldin A. (g) GFP–LC3-transfected WT or ire1α–/– MEF were treated 
with PFT-α. Columns in e–g show means ± s.d. of 3 independent 
experiments (*P < 0.05).
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Figure 7 Induction of autophagy requires p53 degradation mediated by HDM2 
and the proteasome. Kinetics of p53 degradation (a) and induction of GFP–LC3 
puncta (b) in WT HCT116 cells cultured in complete medium in the presence 
of rapamycin (Rapa), tunicamycin (Tn), lithium (Li) or in nutrient-free medium 
(NF). (c) WT HCT116 cells transfected with control or HDM2-targeted siRNAs 
were cultured in the presence or absence of MG132 for 3 h, followed by the 
treatment with autophagy inducers for 6 h (Tp, thapsigargin; other abbreviations 
as in b). The abundance of p53 and HDM2 was determined by immunoblotting 
analysis and the percentage of cells showing accumulation of GFP–LC3 in 
vacuoles (GFP–LC3vac) was determined. (d) Effects of HDM2 inhibitors on 
p53 protein levels and autophagy. WT HCT116 were left untreated or treated 
with Nutlin-3, RITA and/or the indicated autophagy inducers, followed by the 
p53 immunoblot or immunofluorescence microscopy to visualize GFP–LC3 
redistribution. (e) Effect of MG132 and HDM2 siRNA on autophagy of WT 

and p53–/– HCT116 cells. (f) Failure of HDM2 inhibitors to prevent autophagy 
induced by the absence of p53. Nutlin-3 and RITA were added to p53–/– 

HCT116 cells, followed by quantification of GFP–LC3 puncta. (g) Effect of 
WT and ubiquitination-resistant p53 on autophagy. p53–/– HCT116 cells were 
transfected with GFP–LC3 alone or in combination with different concentrations 
of pcDNA3.1, WT p53 or p53 lacking the ubiquitination site at amino acids 
13–19 (p53∆I), then treated with rapamycin, tunicamycin or thapsigargin. 
Thereafter, p53 expression and GFP–LC3 puncta were quantified. (h) Depletion 
of Atg5 or Beclin 1 does not prevent p53 degradation triggered by rapamycin 
or ER stressors. In WT HCT116 cells transfected with siRNA targeting Atg5 
or Beclin 1, p53 levels were determined by immunoblot analysis after 6 h of 
treatment with rapamycin, tunicamycin or thapsigargin. Quantification of GFP–
LC3vac cells in b–g are mean ± s.d. of 3 separate experiments, *P < 0.05. The 
blots in a, c, d, g and h shown are representative of 3–5 different experiments.
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These results indicate that p53 inhibits autophagy through a transcription-
independent effect exerted from a cytoplasmic localization.

Implication of p53 in the physiological regulation of autophagy
Inhibition of p53 by PFT-α induced autophagy rapidly, with similar 
kinetics as those for rapamycin (see below). Shortly after addition of 
PFT-α (2 h), newly formed GFP–LC3+ puncta colocalized with the 
ER markers ERp57 (Fig. 6a) or calreticulin (data not shown), whereas 
colocalization with mitochondrial markers, such as the core 2 subunit 
of the OXPHOS complex, occurred at later time points (Fig. 6b). The 
level of ER markers in autophagic cells decreased 4–6 h after addition 
of PFT-α (Fig. 6a). Hence, inhibition of p53 initially induces efficient 
reticulophagy (autophagy of the ER), which is followed by mitophagy 
(autophagy of mitochondria). Reticulophagy is also induced by ER 
stressors such as thapsigargin, tunicamycin and brefeldin A, through a 
pathway that relies on IRE-1α-dependent phosphorylation of eIF2α29. 
Similarly, depletion or inhibition of p53 increased phosphorylation of 
eIF2α (Fig. 6d). siRNA-mediated depletion of IRE-1α  from HCT116 
(Fig. 6e, f) cells or removal of the ire1α gene from MEFs (Fig. 6f) inhib-
ited autophagy induced by p53 neutralization.

As well as inducing autophagy, tunicamycin, a specific inhibitor of 
N-glycosylation, and other autophagy inducers (for example, nutrient 
depletion, rapamycin and lithium) caused concomitant depletion of 
p53 (Fig. 7a, b). Both cytoplasmic and nuclear p53 were depleted with 
similar kinetics (data not shown). Rapamycin treatment or ER stress 
induced by tunicamycin, thapsigargin or brefeldin A caused HDM2- 
and proteasome-dependent degradation of p53 (refs 30, 31) as well 
as autophagy29,32 (Fig. 7a–d). When p53 degradation was prevented 
by proteasome inhibition with MG132 or siRNA-mediated deple-
tion of HDM2, autophagy was not induced. This effect was observed 
in HCT116 cells (Fig. 7c, d), as well as in HeLa cells (Supplementary 
Information, Fig. 6c, d) and non-transformed fibroblasts (data not 
shown). Two pharmacological inhibitors of HDM2, Nutlin-3 (ref. 33) 
and RITA34, also stabilized p53 and inhibited autophagy induced by 
ER stressors, nutrient starvation, lithium and rapamycin (Fig. 7d). In 
control experiments, HDM2 knockdown, MG132 (Fig. 7e), Nutlin-3 
or RITA (Fig. 7f) did not block the constitutively elevated autophagy 
of p53–/– cells, indicating that these agents do not exert an intrinsic 
autophagy-inhibitory effect. Overexpression of wild-type p53 and a p53 
mutant that is resistant to HDM2-dependent degradation (p53∆I)35 also 
inhibited autophagy induced by tunicamycin, thapsigargin and rapamy-
cin in a concentration-dependent manner. In this assay, the p53∆I 
mutant was relatively resistant to degradation triggered by autophagy 
inducers and was more efficient than wild-type p53 in inhibiting GFP–
LC3 redistribution (Fig. 7g).

These results provide evidence for a link between p53 depletion and 
induction of autophagy. Notably, under conditions of ER stress, depletion 
of Atg5 or Beclin 1 did not prevent p53 degradation (Fig. 7h), suggesting 
that autophagy is not required for depletion of p53. Rather, depletion of 
p53 seems to be required for induction of autophagy (Fig. 7a–h).

DISCUSSION
Here we show that deletion, depletion or inhibition of p53 induces 
autophagy in human, mouse and nematode cells. Moreover, various 
inducers of autophagy cause p53 degradation, whereas inhibition of 
p53 degradation prevents autophagy, suggesting that p53 inhibition is 

essential for induction of autophagy. These findings have implications 
for the spatial regulation of the p53 system, the connections between 
p53 and autophagy/survival pathways and the role of p53 as a tumour 
suppressor protein.

At present, the exact mechanisms by which autophagy-inducing 
stimuli, such as ER stress, cause the cytoplasmic translocation and 
subsequent degradation of p53 remain unknown. However, this proc-
ess involves sequential phosphorylation of p53 on Ser 315 and Ser 376, 
its nuclear export, ubiquitination by HDM2 and proteasome-mediated 
degradation30,31. As shown here, inhibiting HDM2 or the proteasome 
prevents degradation of p53 induced by various autophagy triggers, 
and inhibits autophagy. The present study provides some insight into 
the mechanisms by which p53 depletion de-represses autophagy. 
We have shown that p53 inhibits autophagy through a cytoplasmic 
(non-nuclear) effect, as indicated by the finding that pharmacologi-
cal inhibition of p53 can trigger autophagy in cytoplasts. Moreover, 
cytoplasm-targeted, but not nucleus-targeted, variants of p53 suppress 
autophagy. Importantly, either a point mutation that changes the con-
formation of p53 (R175H) or the removal of the ∆PP abolished the 
autophagy-inhibitory action of p53. Another cytoplasmic function of 
p53, namely the induction of mitochondrial membrane permeabiliza-
tion and apoptosis, is abolished by the R175H and ∆PP mutations as 
well27,36,37. Factors that interact with p53 to induce apoptosis belong to 
the Bcl-2 family of proteins27,36,38, which also regulate autophagy39. As 
with pro-apoptotic BH3-only proteins, p53 inhibits the anti-apoptotic 
effect of Bcl-2 homologues36 and activates Bax38 and Bak40, which are 
Bcl-2 proteins that promote apoptosis. However, BH3-only proteins are 
autophagy inducers, not inhibitors41, indicating that the modulatory 
effect of p53 in autophagy is different from that of BH3-only proteins. 
Hence, the exact molecular pathway through which cytoplasmic p53 
inhibits autophagy remains elusive.

Irrespective of the molecular details, induction of autophagy by p53 
has been linked to inhibition of mTOR10,42, whereas autophagy inhi-
bition by p53 correlates with enhanced mTOR activity. Moreover, it 
appears that induction of autophagy by p53 depends on transactivation 
of genes such as DRAM14, whereas inhibition is a cytoplasmic effect. 
Nucleo-cytoplasmic shuttling of p53 is regulated by post-translational 
modifications of nuclear export signals43 and has a major role in regula-
tion of autophagy.

p53 is activated by various stressors, including agents that affect DNA 
structure (for example, ultraviolet light, ionizing irradiation and chemo-
therapeutics) and conditions that induce reactive oxygen species. The 
activation of p53 by stress involves multiple mechanisms that often lead 
to stabilization of the p53 protein44. Once activated, p53 mediates several 
effects ranging from stimulation of DNA repair after transient cell-cycle 
arrest to irreversible cell-cycle arrest (senescence) or induction of apop-
tosis. Most of these effects depend on the transactivation of p53 target 
genes9,45. Determining whether p53 induces adaptive responses (DNA 
repair) or cellular demise has been linked to distinct transcriptional 
programmes, correlating with the particular pattern of post-transcrip-
tional modifications of p53 (such as phosphorylation of Ser 46, which is 
pro-apoptotic). Although DNA-damaging and pro-oxidant conditions 
activate p53, some cellular stressors inactivate p53, as demonstrated for 
ER stressors30,31 and starvation (as shown in this study). These findings 
demonstrate that subtle differences in the nature of the stressors can 
either induce or inhibit p53.
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As mentioned earlier, p53 may potently induce autophagy through 
transcriptional activation of the autophagy-inducing protein DRAM14, 
and also through inactivation of the mTOR pathway10. This p53-mediated 
activation of autophagy has been linked to cell death in a positive fash-
ion (because DRAM is also required for apoptosis induction via p53) or 
in a negative fashion (because autophagy inhibition can enhance p53-
mediated apoptosis). In addition, we show here that physiological levels  
of p53 repress autophagy. Thus, any perturbation of p53 system — either 
activation or inhibition — may induce autophagy. It is possible that any 
kind of cellular stress, caused by either inactivation or overactivation of 
p53, may induce autophagy, perhaps in the context of genotoxic stress or 
failure to handle such stress. Autophagy induced by p53 overactivation 
can either be cytocidal or cytoprotective, as discussed above. In contrast, it 
seems plausible that autophagy linked to p53 inhibition is cytoprotective, 
as illustrated by the finding that autophagy is required for the enhanced 
resistance of p53–/– cells to metabolic stress.

Together, these findings indicate that p53 may be either activated 
or inhibited by different stressors, that p53 can inhibit or enhance 
autophagy and that autophagy can increase or reduce cell survival, in 
a series of binary decisions that are probably determined by cellular 
events, as well as by the intensity of the signals. For example, reduction 
of glucose concentration can activate p53 through AMPK-mediated 
phosphorylation42,46, but the removal of all nutrients from the medium 
induces p53 degradation, as shown here. Moreover, although p53 can 
stimulate autophagy by mTOR inhibition10 or DRAM transactivation14 
in the context of DNA damage or p53 overexpression, we show here that 
baseline p53 levels can inhibit autophagy in other cellular contexts.

Undoubtedly, p53 is one of the tumour suppressors most frequently 
inactivated in cancer. What could be the advantage, in teleological terms, 
of increasing autophagy in tumour cells? Pharmacological stimulation 
of autophagy increases the resistance of cells to apoptosis, presumably 
due to the removal of pro-apoptotic mitochondria47; both resistance to 
apoptosis and reduction of oxidative phosphorylation are hallmarks of 
cancer48,49. Autophagy is a process by which cells struggle to survive under 
conditions of reduced intracellular metabolite concentrations, caused by 
loss of growth factor signalling that governs the uptake of nutrients24. As 
shown here, cells lacking p53 are particularly resistant to ATP depletion 
and cell death induced by metabolic stress caused by hypoxia and nutri-
ent depletion, and this resistance is lost when autophagy is inhibited. 
Oxygen and glucose supply to cancer cells is often low, especially in 
non-vascularized areas of tumour nodules. In this tumour microen-
vironment, an enhanced level of baseline autophagy may improve the 
fitness of malignant cells and constitute an initial advantage for those 
cancer cells that lose paracrine or contact-dependent growth signals as 
they infiltrate normal tissue or metastasize.

Although enhanced autophagy may confer an advantage, at least for 
stressed cells, it is plausible (yet remains to be proven) that a constant 
increase in self-cannibalism may reduce cell proliferation rates. In this 
context, the partial inhibition of autophagy either by loss of one beclin 1 
allele (and perhaps other, yet-to-be-discovered genetic or epigenetic mod-
ifications) or constitutive activation of the PI-3K/Akt axis may function 
as a ‘corrective’ measure to dampen autophagy. It will be important to 
determine in which order p53 and Beclin-1 are inactivated (or the PI-3K/
Akt pathway is activated) during the natural history of breast, ovary and 
prostate cancers and how this correlates with the enhanced or reduced 
autophagic capacity of premalignant and malignant cells.�

Methods
Cells and in vitro treatments. HCT116 cells were a gift from B. Vogelstein15. 
MCF7 cells stably transfected with a tetracycline (2 µg ml–1)-repressible Beclin 
1 construct were a gift from B. Levine20. Human fetal fibroblasts (HFFF2) and 
neuroblastoma SH-SY5Y cells were purchased from ATCC. For serum and amino 
acid starvation, cells were cultured in serum-free Earle’s Balanced Salt Solution 
medium (Sigma), which we refer to as nutrient-free medium7. Metabolic stress 
was induced by culturing the cells for 48 h in nutrient free medium under hypoxic 
conditions (0.1% oxygen, 5% CO2).

Cells (3 × 104) were seeded in 24-well plates and grown for 24 h before treat-
ment with rapamycin (1 µM; Tocris Bioscience), PFT-α (30 µM), tunicamycin 
(2.5 µM), thapsigargin (3 µM; Calbiochem), brefeldin A (20 µM), lithium chlo-
ride (10 mM), bafilomycin A1 (1 nM), leupeptin (100 nM), 4-hydroxytamoxifen 
(4-OHT, 100 nM), methylpyruvate (MetPyr, 10 mM), MG132 (10 µM; Sigma), 
Nutlin-3 (10 µM) or RITA (10 µM, Alexis Biochemicals) for the indicated period 
(6 h, unless otherwise stated).

Plasmids, transfection and RNA interference. Cells at 80% confluence were 
transfected in 6-well plates with Oligofectamine (Invitrogen) and siRNAs 
(100 nM). siRNA-mediated protein downregulation was controlled by immu-
noblots or by RT–PCR with specific primers. Transient transfections were per-
formed with Lipofectamine 2000 (Invitrogen), and cells were used 24 h after 
transfection, unless indicated otherwise. Cells were transfected with an empty 
vector alone or together with plasmids encoding GFP–LC3 (ref. 50), in the 
presence or absence of p53 NES–, p53 NLS– (gift from C.G. Maki, Department 
of Radiation and Cellular Oncology, University of Chicago, IL), p53 ERTam, 
p53 ERTam ∆PP (gift from J. Chipuk, Department of Immunology, St Jude’s 
Children’s Hospital, Memphis TN), p53 ∆I (gift from K. Vousden, The Beatson 
Institute for Cancer Research, Glasgow, UK), p53WT, p53ER, p53ER R175H 
or p53 R175H27,36.

Quantification of GFP–LC3 puncta. Autophagy was quantified by counting 
the percentage of cells showing accumulation of GFP–LC3 in dots or vacuoles 
(GFP–LC3vac, of a minimum of 100 cells per preparation in three independent 
experiments). Cells presenting a mostly diffuse distribution of GFP–LC3 in 
the cytoplasm and nucleus were considered non-autophagic, whereas cells 
representing several intense punctate GFP–LC3 aggregates with no nuclear 
GFP–LC3 were classified as autophagic. Each GFP–LC3 staining was read by 
two independent investigators (E.T. and M.C.M. or E.M.). To study the effect 
of starvation, 6-week-old mice carrying a GFP–LC3 transgene on a p53+/+ 
or p53–/– background were deprived of food for 24 h, but had free access to 
drinking water.

Statistical Analysis. Student’s t-distribution probability density function was used 
for calculation of P values.

Note: Supplementary Information is available on the Nature Cell Biology website.
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	Figure 1 Induction of autophagic vacuolization by deletion, depletion or inhibition of p53. (a) Ultrastructural evidence of autophagy induced by depletion of p53 with a specific siRNA or pharmacological inhibition of p53 with PFT-α in HCT116 cells. (b) Autophagy induced by PFT-α, p53 knockdown, or p53 knockout in HCT116 cells. The number of autophagosomes and autolysosomes was determined for at least 50 cells in 3 independent experiments (mean ± s.e.m.; *P < 0.05). Culture in nutrient-free (NF) conditions was used as a positive control. (c) Effect of p53 on the maturation of LC3. Immunoblots are shown for wild-type (WT) or p53–/– HCT116 (n = 3). (d) GFP–LC3 puncta induced by PFT-α, p53 knockdown or knockout. WT and p53–/– HCT116 cells were transfected with control or p53-specific siRNAs, re-transfected with a GFP–LC3 plasmid, cultured in complete medium for 24 h and kept for 6 h in the presence or absence of 30 µM PFT-α. The percentage of cells showing accumulation of GFP–LC3 in puncta (GFP–LC3vac) is reported (mean ± s.d., n = 3; *P < 0.05). (e) GFP–LC3 puncta in p53–/– MEF, compared with WT MEF transfected with GFP–LC3 (mean ± s.d., n = 3; *P < 0.05). (f) GFP–LC3 dots in tissues from p53+/+ or p53–/– mice expressing a GFP–LC3 transgene (mean ± s.d.; *P < 0.05), without or after 24 h of starvation. The number of GFP–LC3 dots per area was determined for a minimum of 4 fields (at ×400 magnification for 4 slides per animal, 3 animals per condition). (g) TEM pictures of p53–/– and p53+/– mouse livers. p53–/– hepatocytes carry approximately 3 autophagosomes, p53+/– controls approximately 1 per cell. (h) Modulation of DsRed::LGG-1 levels by the p53 orthologue CEP-1 in C. elegans. Representative pictures are shown for WT animals and for nematodes carrying a cep-1 deletion allele (gk138). The count of puncta per cell was 6.9 ± 3.3 for WT, 52.2 ± 9.4 for cep-1 (gk138) embryos (mean ± s.e.m. for 20 individuals, 5 cells per embryo). The quantification of DsRed::LGG-1 puncta is shown for the indicated genetic backgrounds and conditions (dots represent pixel intensity for individual embryos).
	Figure 2 PFT-α triggers autophagic vacuolization and has no effect on vacuole-lysosome fusion. (a) PFT-α or p53 siRNA-induced GFP–LC3 puncta in WT HCT116 cells transfected with siRNAs to deplete the essential autophagy gene products Atg5, Atg10, Atg12, Beclin 1 or hVps34. Culture in nutrient-free (NF) conditions was used as a control of autophagy induction. (b) PFT-α or p53 siRNA-mediated GFP–LC3 puncta in MEFs transfected with siRNAs specific for mouse Atg5 or Beclin 1. (c) Requirement of Beclin 1 expression for autophagy induction by p53 depletion in MCF7 cells. MCF7 cells stably transfected with a tetracycline-repressible Beclin 1 construct were maintained in conditions that prevent or allow Beclin 1 expression, transfected with GFP–LC3 and subjected to p53 knockdown before quantification of GFP–LC3 puncta. Data in a–c are mean ± s.d. of 3 independent experiments. (d–f) Effect of bafilomycin A1 (BafA1) on PFT-α-induced GFP–LC3 puncta. GFP–LC3-expressing HeLa cells were treated with PFT-α and/or BafA1 and then immunostained for Lamp-2 to observe the colocalization between GFP–LC3 and Lamp-2. Representative confocal microphotographs are shown together with the profiles of colocalization (d) within the area of interest, indicated by the orientation of the arrow. Percentage overlap was plotted for control cells and cells cultured in the presence of PFT-α and/or BafA1 after 6 h (d, e). Columns represent the percentage of colocalization of GFP–LC3 and Lamp-2 (mean ± s.d.; *P < 0.05), quantified for at least 50 cells for each condition. The kinetics of GFP–LC3 redistribution was quantified by conventional fluorescence microscopy (mean ± s.d., 3 experiments, f). (g) Immunoblot detection of LC3-I/II in cells treated with PFT-α and/or leupeptin in WT HCT116 cells (n = 3).
	Figure 3 Role of AMPK, p70S6K and mTOR in the p53-mediated modulation of autophagy. (a) Immunoblot detection of the phosphorylation status of AMPKα, ACCα, TSC2 and p70S6K in HCT116 cells. Hypophosphorylation of p70S6K and hyperphosphorylation of AMPKα, ACCα and TSC2 was detected in p53–/– HCT116, compared with WT HCT116 cells after culture in complete medium (n = 5). (b) Quantification of GFP–LC3vac cells in WT and p53–/– HCT116 cells transfected with siRNAs specific for the catalytic α1 and α2 subunits of AMPK (mean ± s.d. of 3 independent experiments; *P < 0.05). The inset in b demonstrates the efficiency of siRNA-mediated downregulation of AMPKα1  and AMPKα2 , as assessed by immunoblot analysis (n = 3). Note that the antibody recognizes both AMPKα1 and AMPKα2. (c) Immunoblot detection of ACCα phosphorylation in WT and p53–/– HCT116 cells subjected to knockdown of AMPKα1 and AMPKα2 (n = 5); Co, control. (d) Quantification of GFP–LC3vac cells (means ± s.d., n = 3 separate experiments) in WT HCT116 and p53–/–  HCT116 treated with PFT-α and/or rapamycin.
	Figure 4 p53 deletion attenuates ATP depletion during glucose deprivation and favours survival under metabolic stress. (a) Cytosolic ATP levels in WT and p53–/–  HCT116 cells in the absence of glucose. Measurements were performed on luciferase-expressing HCT116, after perfusion of the cells with medium first containing then missing glucose. (b) Effect of methylpyruvate (MetPyr) on ATP levels in WT p53–/– HCT116 cells depleted of glucose. ATP levels were measured as in a, in the presence of glucose and 15 min after its withdrawal or replacement by MetPyr. (c) Effect of autophagy on the ATP levels of WT and p53–/– HCT116 cells depleted of glucose. Cells were transfected with siRNAs specific for Beclin 1 and AMPKα, or they were treated with rapamycin for 6 h, followed by measurement of ATP levels as in a, before or after glucose withdrawal (means ± s.d. of triplicates, 3 independent experiments). (d) Metabolic stress-induced cell death is attenuated in the absence of p53. HCT116 cells were transfected with control, Atg5-, Atg10-, or AMPKα-specific siRNAs and were subjected 48 h later to metabolic stress (cultured for 48 h in nutrient-free, hypoxic conditions) and stained with DiOC6(3) and PI. The black and white portions of the columns refer to the DiOC6(3)low PI– (dying) and DiOC6(3)low PI+ (dead) population, respectively. (e) Metabolic stress-induced decrease of clonogenic survival was attenuated in the absence of p53. HCT116 cells subjected to metabolic stress as in d were monitored for clonogenic survival. (f) Expression of Beclin 1 in MCF7 cells restores the survival advantage conferred by p53 depletion. MCF7 cells that carry a tetracycline-repressible Beclin 1 expression construct were cultured to avoid Beclin 1 expression or to induce it, transfected with a control siRNA or a p53-specific siRNA, subjected to metabolic stress, and finally stained with DiOC6(3)/PI. (g) Effect of p53 and autophagy on the survival of metabolically stressed MEFs. WT MEFs were transfected with the indicated siRNAs and then subjected to metabolic stress before performing clonogenic assays. Results in d–g are mean ± s.d. of 3 separate experiments (*P < 0.05); Co, control.
	Figure 5 Inhibition of autophagy by cytoplasmic p53. (a, b) PFT-α-mediated stimulation of autophagy in cytoplasts. GFP–LC3-transfected HeLa cells were enucleated by density-gradient centrifugation after cytochalasin B treatment and cultured on polylysine-coated coverslips. Mixtures of cells and cytoplasts (arrows, identified by the lack of Hoechst 33342 staining) were then exposed to three different autophagy inducers: PFT-α, nutrient starvation and rapamycin. Results are means ± s.d. n = 3 experiments). (c–e) Effect of p53 mutants on autophagy in p53–/– HCT116 cells. The p53 domains and mutants used in this study are schematically represented in c. Representative micrographs of cells transfected with plasmids expressing WT, nuclear and cytoplasmic p53 are shown in d. Quantification of GFP–LC3 puncta of p53–/–  HCT116 cells transiently transfected with p53 mutants is shown in e (mean ± s.d., n = 3 experiments, *P < 0.05). (f) Detection of the phosphorylation status of AMPKα, AACα, TSC2 and p70S6K in p53–/– HCT116 cells transiently expressing WT or mutant p53 (n = 5).
	Figure 6 p53 inhibition induces autophagy by ER stress (a–c) WT HCT116 cells were transiently transfected with GFP–LC3, treated with PFT-α for 2, 4 or 6 h and subjected to immunofluorescence staining to observe the colocalization of GFP–LC3+ puncta with the ER marker ERp57 (a) or a mitochondrial marker (b). Note that cells with GFP–LC3+ puncta often contain scarce amounts of ERp57 (white arrows) after prolonged incubation with PFT-α. The percentage of colocalization (means ± s.d., n = 3 experiments with 50 images per experiment) was determined by confocal microscopy (c). (d) eIF2α phosphorylation in WT or p53–/– HCT116 cells treated with PFT-α (n = 5). (e, f) WT HCT116 cells (e, f) or p53–/– HCT116 cells (f) were transfected with GFP–LC3, plus a control siRNA or the indicated combination of IRE1α- and/or p53-specific siRNA, and treated with PFT-α, thapsigargin, tunicamycin or brefeldin A. (g) GFP–LC3-transfected WT or ire1α–/– MEF were treated with PFT-α. Columns in e–g show means ± s.d. of 3 independent experiments (*P < 0.05).
	Figure 7 Induction of autophagy requires p53 degradation mediated by HDM2 and the proteasome. Kinetics of p53 degradation (a) and induction of GFP–LC3 puncta (b) in WT HCT116 cells cultured in complete medium in the presence of rapamycin (Rapa), tunicamycin (Tn), lithium (Li) or in nutrient-free medium (NF). (c) WT HCT116 cells transfected with control or HDM2-targeted siRNAs were cultured in the presence or absence of MG132 for 3 h, followed by the treatment with autophagy inducers for 6 h (Tp, thapsigargin; other abbreviations as in b). The abundance of p53 and HDM2 was determined by immunoblotting analysis and the percentage of cells showing accumulation of GFP–LC3 in vacuoles (GFP–LC3vac) was determined. (d) Effects of HDM2 inhibitors on p53 protein levels and autophagy. WT HCT116 were left untreated or treated with Nutlin-3, RITA and/or the indicated autophagy inducers, followed by the p53 immunoblot or immunofluorescence microscopy to visualize GFP–LC3 redistribution. (e) Effect of MG132 and HDM2 siRNA on autophagy of WT and p53–/– HCT116 cells. (f) Failure of HDM2 inhibitors to prevent autophagy induced by the absence of p53. Nutlin-3 and RITA were added to p53–/– HCT116 cells, followed by quantification of GFP–LC3 puncta. (g) Effect of WT and ubiquitination-resistant p53 on autophagy. p53–/– HCT116 cells were transfected with GFP–LC3 alone or in combination with different concentrations of pcDNA3.1, WT p53 or p53 lacking the ubiquitination site at amino acids 13–19 (p53∆I), then treated with rapamycin, tunicamycin or thapsigargin. Thereafter, p53 expression and GFP–LC3 puncta were quantified. (h) Depletion of Atg5 or Beclin 1 does not prevent p53 degradation triggered by rapamycin or ER stressors. In WT HCT116 cells transfected with siRNA targeting Atg5 or Beclin 1, p53 levels were determined by immunoblot analysis after 6 h of treatment with rapamycin, tunicamycin or thapsigargin. Quantification of GFP–LC3vac cells in b–g are mean ± s.d. of 3 separate experiments, *P < 0.05. The blots in a, c, d, g and h shown are representative of 3–5 different experiments.

