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Macroautophagy (autophagy hereafter) captures, degrades, and recycles intracellular com-
ponents to maintain metabolic homeostasis and protein and organelle quality control.
Autophagy thereby promotes survival in starvation and prevents tissue degeneration. There
is an important relationship between autophagy and p53. Autophagy suppresses p53 and
also p53 activates autophagy. The suppression of p53 by autophagy is important for tumor
promotion and likely also for preventing tissue degeneration. Alternatively, the activation
of autophagy by p53 suggests that autophagy is part of the protective function of p53.
Uncovering the underlying mechanisms of the autophagy–p53 reciprocal functional inter-
action and has important implications for human disease and treatment.

A
utophagy is a process controlled by the au-

tophagy-related genes (Atgs), the products

of which orchestrate the formation of double-

membrane vesicles that capture and sequester

intracellular components (Mizushima and Ko-

matsu 2011). These intracellular components,

or autophagy cargo, include proteins, lipids,

glycogen, cytoplasm, and entire organelles. Au-

tophagosomes containing their cargo fuse with

lysosomes that provide the hydrolytic enzymes

to degrade the cargo. The breakdown products

from cargo degradation are then released into

the cytoplasmwhere they are recycled into met-

abolic and biosynthetic pathways (Rabinowitz

and White 2010). Autophagy thereby has a

broad effect on cellular and organismal homeo-

stasis, including enabling survival in starvation,

redox balance, and lipid, glucose, amino acid,

iron, and energy homeostasis.

In tandem with the catabolic recycling ac-

tivity of autophagy is its role in protein and

organelle quality control. The failure to elimi-

nate autophagic cargo in autophagy-deficient

cells and animals causes cargo accumulation

that can be destructive on its own, independent

of metabolic problems arising from defective

recycling of cargo breakdown products (Mizu-

shima and Komatsu 2011). Classic features of

autophagy deficiency are the accumulation of

proteins and protein aggregates, lipids, glyco-

gen, and damaged mitochondria and other

organelles. This failure of waste removal by au-

tophagy greatly alters the composition of the

proteome, elevates oxidative stress, promotes

inflammation, and can generally alter or dis-

rupt cellular function (Degenhardt et al. 2006;

Mathew et al. 2009, 2014; Mizushima and Ko-

matsu 2011; Deretic et al. 2013).

The products of the Atg genes are regulated

by nutrients (e.g., mammalian target of rapa-

mycin [mTOR]), energy (e.g., AMP-activated

protein kinase [AMPK]), and stress (e.g., hyp-
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oxia-inducible factors [HIFs]). In nutrient-re-

plete conditions, basal autophagy levels are

low. Starvation and a broad range of stressors

dramatically induce autophagy that is critical

for cell and organismal survival (Kuma et al.

2004; Mizushima et al. 2004; Komatsu et al.

2005; Karsli-Uzunbas et al. 2014). Autophagy

is derepressed or activated by nutrient- and

stress-signaling pathways. For example, nutri-

ent-responsive mTOR represses autophagy.

Starvation and loss of mTOR signaling dere-

presses inhibitory phosphorylation of the au-

tophagy machinery to facilitate autophagy acti-

vation, catabolism, and survival. Energy crisis

activates AMPK, which activates autophagy at

the transcriptional and posttranscriptional level

to adapt and restore metabolism, energy ho-

meostasis, and survival. Low-oxygen conditions

activate HIFs, which transcriptionally activate

Atgs and autophagy to facilitate survival in hyp-

oxia. These and other signaling pathways serve

to regulate autophagy levels that are a critical

component of adaptation to stress and changes

in the environment.

Another critical component of stress sig-

naling and adaptation is the tumor suppressor

p53. A wide range of stressors, including DNA

damage, metabolic stress, and oxidative stress,

activate p53 as covered in detail in many articles

in this collection. In response to these stressors,

p53 regulates the transcription of genes, or acts

by nontranscriptional mechanisms, to either

aid in stress adaptation (e.g., cell-cycle arrest)

or to eliminate cells that are beyond repair by

apoptosis or senescence. A component of this

p53-mediated transcriptional response is acti-

vation of autophagy (Fig. 1A). Autophagy, in

turn, represses p53 levels and function (Fig.

1A). Thus, the p53 and autophagy pathways

are functionally intertwined, and this has im-

portant significance to stress responses, metab-

olism, and cancer.

AUTOPHAGY SUPPRESSES p53

Autophagy deficiency activates the DNA dam-

age response and promotes genome instability,

suggesting that autophagy provides a protec-

tive function that suppresses DNA damage

(Karantza-Wadsworth et al. 2007; Mathew et

al. 2007). Conversely, autophagy promotes sur-

vival to DNA-damaging agents (Svensson et al.
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Figure 1. Functional interactions between p53 and autophagy. See text for explanation.
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2012). The role of autophagy in suppressing

DNA damage may be multifold. Autophagy de-

fects promote use of error-prone DNA repair

mechanisms (Fig. 1B) (Liu et al. 2015). Recy-

cling by autophagy may also be necessary to

provide substrates for efficient DNA replication

or DNA repair, without which DNA damage is

generated. In this potential scenario, recycling

by autophagy supports metabolism to prevent

DNA damage and thereby activation of the

DNA damage response and p53 (Fig. 1C).

In mouse embryo fibroblasts, Atg7 defi-

ciency increases p53-dependent apoptosis (Lee

et al. 2012). Moreover, suppression of the DNA

damage response by deficiency in Chk2 briefly

delays the perinatal lethality of Atg7-deficient

mice (Lee et al. 2012). Autophagy deficient

mice die during physiological neonatal starva-

tion, and force-feeding these mice only briefly

delays death (Kuma et al. 2004; Komatsu et al.

2005). Neonatal mice are extremely autophagy

dependent, a phenotype accentuated by nu-

trient limitation. As metabolic stress activates

p53 to aid in adaptation (Jones et al. 2005;Mad-

docks et al. 2013), this suggests that autophagy

may support metabolism, thereby mitigating

p53 activation and cell death induction. Given

these findings, it will be interesting to test

whether neonatal death of autophagy-deficient

mice is dependent on p53.

In contrast to neonatal mice, adult mice are

less autophagy dependent under fed conditions,

although they share the exquisite autophagy

dependence during nutrient limitation. Acute,

systemic Atg7 deletion in adult mice limits

life span to 2 to 3 months, with death resulting

predominantly from neurodegeneration (Kar-

sli-Uzunbas et al. 2014). Again, whether auto-

phagy restrains p53 activity or whether this neu-

rodegeneration is p53 dependent is not known

and will be interesting to test. Augmented p53

activity does underlie some brain abnormali-

ties, neurologic dysfunction, and neurodegen-

eration (Trimmer et al. 1996; Morrison et al.

2003; Bae et al. 2005; Terzian et al. 2007; Checler

and Alves da Costa 2014; Zhang et al. 2014),

raising the possibility that restraining p53 by

autophagy in this setting may be important to

prevent tissue damage and organismal death.

Acute, systemic deletion of Atg7 in adult

mice, although not lethal immediately under

fed conditions, is lethal upon fasting (Karsli-

Uzunbas et al. 2014). Deleting Atg7 in thewhole

body prevents mobilization of free fatty acids

from adipose tissue, accelerates catabolism of

liver glycogen, and causes muscle atrophy (ca-

chexia) during fasting. Although serum amino

acid levels are maintained likely because of ele-

vated degradation of muscle proteins, serum

glucose levels are not, and mice suffer brain

damage and die from hypoglycemia. Indeed,

glucose supplementation rescues death of the

fasted Atg7-deleted mice (Karsli-Uzunbas et al.

2014). Whether or not augmentation of p53

function is responsible for death of fasted,

Atg7-ablated mice remains to be determined.

AUTOPHAGY PROMOTES CANCER BY
REPRESSING p53

In the setting of cancer, autophagy suppresses

p53, significantly promoting tumorigenesis

(Fig. 1D,E) (Guo et al. 2013b; White 2015). In

a mouse model of hereditary breast cancer driv-

en by loss of the Palb2 tumor suppressor, allelic

loss of Atg6/Beclin1 suppresses tumor devel-

opment and extends mouse survival (Huo

et al. 2013). This reduction in tumorigenesis

and life-span extension owing to partial Beclin1

deficiency in Palb2 loss-driven tumorigenesis is

eliminated by compound p53 deficiency (Huo

et al. 2013). PALB2 interacts with BRCA1 and

BRCA2 to promote DNA repair by homologous

recombination and also suppresses oxidative

stress. Loss of these functions is thought to be

the mechanism by which Palb2 deficiency pro-

motes hereditary breast cancer. p53 deficiency

greatly promotes tumorigenesis with Palb2 de-

ficiency, indicating that p53 is a barrier to tu-

morigenesis dependent on Palb2 loss (Huo et al.

2013). Because increased DNA damage and ox-

idative stress that result from Palb2 deficiency

activate p53, further augmentation of p53 acti-

vation by compromised autophagy likely ex-

plains these findings (Guo et al. 2013b). This

model of hereditary breast cancer shows that

partial loss of autophagy is sufficient to cause

p53 activation that limits tumorigenesis.

Autophagy and p53
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In a mouse model of lung cancer driven by

oncogenic K-rasG12D, deficiency in Atg7 in tu-

mor cells activates p53, reduces proliferation,

increases cell death, and reduces tumor burden

in comparison to tumors with Atg7 intact (Guo

et al. 2013a). Similar findingswere reportedwith

deletionofAtg5 (Raoet al. 2014), suggesting that

autophagy, not just Atg7, promotes K-ras-driv-

en lung tumor growth. In comparison to tumors

with Atg7, those without Atg7 strikingly accu-

mulate autophagy substrates, including unpro-

cessed LC3-I, damagedmitochondria, and p62/
SQSTM1-containing protein aggregates (Guo

et al. 2013a). Thus, it is clear thatAtg7deficiency

in tumors blocks autophagy, and suppresses

tumor growth and promotes apoptosis.

Spontaneous activation of oncogenic K-ras

in the lung of a mouse model for non-small-

cell lung cancer (NSCLC) produces hyperplasia,

with gradual progression to adenomas and to

adenocarcinomas with acquisition of p53 mu-

tations (Jackson et al. 2001). Deletion of Atg7

in these tumors, however, alters the course of

progression from adenocarcinomas to benign

oncocytomas (Guo et al. 2013a). Oncocytomas

are rare, predominantly benign human neo-

plasms characterized by the accumulation of

defective mitochondria (Gasparre et al. 2011).

This raises the testable hypothesis that auto-

phagy defects may be the underlying basis for

the benign nature of these rare human tumors.

If so, this would provide a natural example of

how autophagy inactivation limits human can-

cer progression.

Despite the reduced tumor burden and be-

nign nature of theseAtg7-deficient K-ras-driven

mouse lung tumors, there is no extension of life

span because themice die of pneumonia instead

of cancer (Guo et al. 2013a). Autophagy defi-

ciency commonly promotes inflammation (De-

genhardt et al. 2006; Rubinsztein et al. 2015)

and, in this case, the cause of the inflammation

is the autophagy-deficient tumors. How au-

tophagy-deficient tumors cause inflammation

is not known but may be related to the failure

to degrade components of the innate immunity

pathways, increased tumor cell death, or activa-

tion of stress-induced signaling pathways (De-

genhardt et al. 2006; Deretic et al. 2013;Mathew

et al. 2014). It will be important to test whether

the inflammatory response to autophagy-defi-

cient tumors contributes to tumor regression.

To test whether amplified p53 induction

contributes to the antitumor activity ofAtg7 de-

ficiency, Trp53 was deleted concurrently with

activation of K-ras with or without deletion of

Atg7. Trp53 loss accelerates tumorigenesis in K-

ras-driven lung cancer, as p53 is a barrier to

tumor growth. Deletion of Atg7 still suppresses

proliferation, increases apoptosis, and reduces

tumor growth in the absence of Trp53, although

to a lesser extent than with Trp53 intact (Guo

et al. 2013a,b). These findings show that Atg7

deficiency activates p53, which limits the growth

ofK-ras-driven lung cancers (Fig. 1D).Atg7 loss,

however, still produces antitumor activity in

the absence of Trp53, indicating the existence

of Trp53-independent mechanisms of tumor

suppression (Fig. 1E) (Guo et al. 2013a,b). In

other words, Atg7 promotes tumor growth by

restraining p53 activation but also promotes tu-

mor growth by p53-independent mechanisms.

Acute, systemic ablationofAtg7 inmicewith

preexisting K-ras-driven, p53-deficient NSCLCs

produces extinction of oncogenic signaling

downstream from K-ras, massive cell death,

and tumor involution, more so than that which

occurs with tumor cell-specific Atg7 deletion at

the time of tumor initiation (Guo et al. 2013a;

Karsli-Uzunbas et al. 2014). This further shows

thep53-independent tumorpromotionbyAtg7.

These findings also suggest that host autophagy,

in addition to tumor cell-autonomous autoph-

agy, may play a role in promoting tumor growth

(Karsli-Uzunbas et al. 2014).

The next question is how doesAtg7 suppress

p53 and promote tumorigenesis? Deletion of

Atg7 in K-ras-driven, Trp53-deficient NSCLCs

strikingly induces tumor lipid accumulation,

which is not observed in K-ras-driven lung

tumors with Trp53 intact (Guo et al. 2013a).

In the absence of Trp53, Atg7 is additionally

required for maintenance of mitochondrial fat-

ty acid oxidation, suggesting that autophagy

plays an important role in the metabolic adap-

tation to Trp53 deficiency.

How autophagy suppresses p53 activation is

not known, but could be because of a reduction
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of oxidative or other stress pathways that would

otherwise activate p53 in the absence of autoph-

agy. It is also not known how autophagy pro-

motes K-ras-driven NSCLC in the absence of

p53, but it could be because of suppression of

p53-independent stress pathways, particularly

those responsive to metabolic crisis triggered

by the absence of autophagy. Indeed, autoph-

agy-deficient tumor cells have impaired energy

charge (Guo et al. 2011). Comparison of Atg7

wild-type and deficient cell lines derived from

these K-ras-driven, p53-deficient NSCLCs

found that they require autophagy to survive

starvation (Guo et al. 2013a). These starved

Atg7-deficient tumor cells were highly depen-

dent on glutamine for survival, suggesting that

autophagy recycles protein to sustain metabo-

lism and survival (Guo et al. 2013a,b). One can

think of autophagy as conferring metabolic fit-

ness, thereby suppressing p53 and other stress-

responsive pathways that limit tumor growth.

Why glutamine is so essential for the survival

of autophagy-deficient tumor cells is not yet

clear; however, glutamine may be critical to re-

plenish tricarboxylic acid (TCA)-cycle inter-

mediates because, in these glycolytic tumor

cells, carbon from glucose is diverted from py-

ruvate to lactate and away from the TCA cycle

(Guo et al. 2013a,b; Strohecker et al. 2013; Stro-

hecker and White 2014a,b). Autophagy may

supply this glutamine from protein and organ-

elle degradation and recycling, thereby replen-

ishing TCA-cycle intermediates (anapleurosis).

Promotion of K-ras-driven lung cancer by

autophagy-mediated suppression of p53 raised

the question as to whether this was Ras-specific

or also generalizable to other oncogenic events.

In a mouse model of lung tumorigenesis driven

by oncogenic BrafV600E, Atg7 deletion initially

accelerates tumor growth because of activation

of the master regulator of antioxidant defense,

NRF2 (Strohecker et al. 2013). NRF2 promotes

the growth of lung cancers by reducing oxida-

tive stress (DeNicola et al. 2011), suggesting that

increased oxidative stress caused by deficiency

in Atg7 induces a protective NRF2 response.

Nonetheless, this tumor promotion by Atg7

deficiency is transient, and is followed by p53

activation, proliferative arrest, suppression of

tumorigenesis, and dramatic life-span exten-

sion (Strohecker et al. 2013). p53 is a barrier

to Braf-driven lung tumor growth as deletion

of p53 accelerates tumorigenesis (Dankort et

al. 2007). The antitumor activity of Atg7 loss

is less in the absence of p53 but still present

(Strohecker et al. 2013). As in the case of K-

ras, Atg7 promotes Braf-driven lung tumor

growth by limiting p53 but also does so by

p53-independent mechanisms.

Cell lines derived from these Braf-driven tu-

mors also displayed increased sensitivity to star-

vation and dependence on glutamine without

Atg7, suggesting that mitigation of metabolic

stress is themechanismbywhichautophagypro-

motes the growth of these tumors (Strohecker

et al. 2013; Strohecker and White 2014a,b). Be-

cause tumor promotion by autophagy is greater

in the setting of oncogenic BrafV600E than K-

rasG12D, this suggests that metabolic reprogram-

ming by the mitogen-activated protein (MAP)

kinase pathway elevates the requirement for au-

tophagy (Strohecker andWhite 2014b).

Is the role of Atg7 in promoting Braf-driven

tumor growth ubiquitous across tumor types or

limited to lung tumors? In BrafV600E-driven and

Pten heterozygous melanomas, Atg7 deletion

dramatically suppresses tumor formation (Xie

et al. 2015). In BrafV600E-driven and Pten-defi-

cient melanomas, Atg7 deletion suppresses the

growth and induces senescence of melanomas,

producing dramatic life-span extension (Xie

et al. 2015). Thus, the autophagy dependence

of tumors is not related to the cell type of origin.

Activation of senescence by the p53 pathway

is a known barrier to melanomagenesis, but

whether p53 pathway inactivation reduces the

autophagy dependence of melanoma remains

to be tested.

Pancreatic cancer is another example in

which autophagy is important for promoting

tumorigenesis. Autophagy is also up-regulated

in pancreatic cancers and tumor cells (Yang et al.

2011) because of transcriptional activation of

autophagy and lysosomal biogenesis (Perera et

al. 2015).Moreover, autophagy deficiency in the

background of K-rasG12D activation with either

p53 intact or with stochastic loss of p53 increas-

es the formation of premalignant lesions (Ro-

Autophagy and p53
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senfeldt et al. 2013; Yang et al. 2014). However,

these premalignant lesions fail to progress to

invasive cancer when autophagy is defective,

which prolongs mouse survival (Rosenfeldt

et al. 2013; Yang et al. 2014). Human pancreatic

cancer cell lines and patient-derived xenografts

with differing Trp53 mutational status are also

sensitive to autophagy ablation, demonstrating

that autophagy promotes the growth of pancre-

atic cancer (Yang et al. 2011, 2014). Although

autophagy ablation with K-rasG12D activation

and deletion of both Trp53 alleles in the embry-

onic pancreas accelerates tumor growth (Rosen-

feldt et al. 2013), this does not physiologically

represent human disease (Amaravadi and Deb-

nath 2014). Why autophagy ablation stimulates

premalignant disease is not known but may be

because of increased oxidative stress as seen in

the BrafV600E lung tumor model, or because of

chronic tissue damage and inflammation de-

pendent on loss of autophagy. The setting of

pancreas cancer provides another example in

which autophagy is required for progression

frombenign tomalignant disease, and this again

is independent of p53.

MECHANISM BY WHICH AUTOPHAGY
SUPPRESSES p53

A common feature of the genetically engineered

mouse models for cancer described above is

identification of the requirement of autophagy

for suppression of p53 and for progression

from benign to malignant disease. Although

the mechanisms behind these tumor-pro-

moting functions of autophagy are unknown,

important clues are emerging. Autophagy can

suppress oxidative stress by eliminating reactive

oxygen species (ROS)–producing organelles,

such as mitochondria and peroxisomes, and

alsomay providemetabolic substrates necessary

for antioxidant defense. Oxidative stress acti-

vates p53, thus, by suppressing oxidative stress

autophagy may limit p53’s activity. Another

possibility already mentioned is that autophagy

may limit p53 activation by providing substrates

for DNA replication and repair thereby prevent-

ingDNAdamage. Autophagy suppresses AMPK

activation by sustaining metabolism and energy

homeostasis, and AMPK activates p53 (Jones

et al. 2005). p53 can also be degraded by chap-

erone-mediated autophagy (Vakifahmetoglu-

Norberg et al. 2013). This does not explain the

findings from the mouse models described here

because these delete Atg5 and Atg7, which are

not involved in chaperone-mediated autophagy.

Compromised macroautophagy, however, may

overwhelm chaperone-mediated autophagy, in-

directly producing p53 accumulation. Whether

these or other mechanisms control p53 levels

and function to modulate cancer remain to be

tested. Regardless of themechanism, autophagy

inhibitors are expected to have anticancer activ-

ity in part by functioning as p53 activators.

p53 ACTIVATES THE TRANSCRIPTION
OF AUTOPHAGY-RELATED GENES

The above studies show that autophagy sup-

presses p53 and there is also evidence that p53

activates autophagy (Fig. 1A). p53 is a se-

quence-specific DNA-binding transcription

factor and, among the many genes regulated

directly by p53, are autophagy genes. One p53

target gene is damage-regulated autophagy

modulator (Dram), and induction of DRAM

expression promotes autophagy (Crighton et

al. 2006). DRAMappears to be required for apo-

ptosis induction by p53, although the mech-

anism is unclear (Crighton et al. 2006). Another

p53 target gene that promotes autophagy is

Isg20L1 (Eby et al. 2010). Isg20L1 overexpres-

sion promotes autophagy and cell death, which

was partly rescued by Atg5 deficiency. Using a

more systematic approach, p53 target genes in-

duced by DNA damage were identified by chro-

matin immunoprecipitation sequencing and

RNA sequencing. Among the genes directly ac-

tivated by p53 are a suite of autophagy genes,

including Ulk1 and Atg7 (Kenzelmann Broz

et al. 2013). p53 induction in this setting induc-

es autophagy. The functional significance of

p53-induced autophagy revealed stimulation

of apoptosis in response to DNA damage and

suppression of transformation by E1A and

H-ras (Kenzelmann Broz et al. 2013). Given

the global and context-dependent role of au-

tophagy, going forward it will be important to
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functionally address p53 transcription-mediat-

ed autophagy in physiological conditions in

vivo. For example, would autophagy wild-type

and deficient mice respond differently to DNA

damage? If there is a differential response, would

that be altered by the absence of p53? With the

development of switchable mouse models for

conditional, systemic autophagy inactivation

in vivo (Karsli-Uzunbas et al. 2014), addressing

these questions is now possible.

In contrast to the direct transcriptional

activation of autophagy by p53, p53 deficiency

activates autophagy that promotes survival

(Tasdemir et al. 2008). The absence of p53

may create stress, requiring remediation by au-

tophagy. This toomay be clarified by deleting an

essential autophagy gene in mice with or with-

out compound deletion of p53 to address the

functional outcome. Nontranscriptional mech-

anisms by which p53 can regulate autophagy

have also been reported (Tasdemir et al. 2008;

Xiao et al. 2015), and it will be interesting to

determine the physiologic context, in which

these events may be important.

CONCLUDING REMARKS

In summary, cellular self-cannibalization by au-

tophagy provides metabolic substrates that pro-

mote survival in starvation. Autophagy is also

critical for protein and organelle quality control

thatmaintains tissue and organismal homeosta-

sis. In normal tissues, it will be important to

address whether autophagy suppresses p53 acti-

vation,whichcontributes to thedestructive con-

sequences of autophagy deficiency. In genetical-

ly engineered mouse models of cancer, it is clear

that autophagy suppresses p53 activation and

subsequent p53-dependent proliferative arrest,

apoptosis, and senescence, which limits tumor-

igenesis (White 2015). Suppression of p53

by autophagy is an important mechanism of

tumor promotion that otherwise limits tumor-

igenesis to benign disease. Autophagy addition-

ally promotes tumorigenesis by p53-indepen-

dent mechanisms that remain to be identified.

p53 also activates autophagy, which may be a

feedback mechanism to control p53 function

in the setting of adaptation to metabolic stress.
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