
Autophagy promotes mammalian survival
by suppressing oxidative stress and p53
Yang Yang,1 Gizem Karsli-Uzunbas,1 Laura Poillet-Perez,1 Akshada Sawant,1 Zhixian Sherrie Hu,1

Yuhan Zhao,1 Dirk Moore,1,2 Wenwei Hu,1,3 and Eileen White1,4

1Rutgers Cancer Institute of New Jersey, NewBrunswick, New Jersey 08903, USA; 2Department of Biostatistics and Epidemiology,
Rutgers School of Public Health, Piscataway, New Jersey 08854, USA; 3Department of Radiation Oncology, Rutgers Cancer
Institute of New Jersey, New Brunswick, New Jersey 08903, USA; 4Department of Molecular Biology and Biochemistry, Rutgers
University, Piscataway, New Jersey 08854, USA

Autophagy captures intracellular components and delivers them to lysosomes for degradation and recycling. Con-
ditional autophagy deficiency in adult mice causes liver damage, shortens life span to 3 mo due to neurodegenera-
tion, and is lethal upon fasting. As autophagy deficiency causes p53 induction and cell death in neurons, we sought to
test whether p53 mediates the lethal consequences of autophagy deficiency. Here, we conditionally deleted Trp53
(p53 hereafter) and/or the essential autophagy gene Atg7 throughout adult mice. Compared with Atg7Δ/Δ mice, the
life span ofAtg7Δ/Δp53Δ/Δmicewas extended due to delayed neurodegeneration and resistance to death upon fasting.
Atg7 also suppressed apoptosis induced by p53 activator Nutlin-3, suggesting that autophagy inhibited p53 acti-
vation. To test whether increased oxidative stress in Atg7Δ/Δ mice was responsible for p53 activation, Atg7 was
deleted in the presence or absence of the master regulator of antioxidant defense nuclear factor erythroid 2-related
factor 2 (Nrf2). Nrf2−/−Atg7Δ/Δ mice died rapidly due to small intestine damage, which was not rescued by p53
codeletion. Thus, Atg7 limits p53 activation and p53-mediated neurodegeneration. In turn, NRF2 mitigates lethal
intestine degeneration upon autophagy loss. These findings illustrate the tissue-specific roles for autophagy and
functional dependencies on the p53 and NRF2 stress response mechanisms.
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Autophagy is the process by which cells direct their own
intracellular proteins, lipids, and organelles to the lyso-
somal compartment for degradation (Mizushima 2010).
Generally, the autophagy pathway involves the formation
of double membrane-bound vesicles called autophago-
somes that capture cargo such as cytoplasmic proteins, or-
ganelles, and bacteria. Autophagosomes with cargo then
fuse with lysosomes to form autolysosomes where the
cargo is degraded (Kaur and Debnath 2015). The break-
down products are then released into the cytoplasmwhere
they are recycled and specifically used as substrates for
central carbon metabolism to sustain survival (Rabino-
witz and White 2010; Guo et al. 2016). These functions
of autophagy are controlled by the autophagy-related
genes (Atg) and other proteins that enable the formation
of autophagosomes and recognition and capture of cargos
(Mizushima and Komatsu 2011).

Autophagy maintains organelle function, prevents the
accumulation of toxic cellular waste products, and sus-
tains cell metabolism and survival during starvation (Poil-

let-Perez and White 2019). Autophagy is required to
prevent the accumulation of damaged mitochondria,
which is particularly important in the liver, muscle, and
brain. In fact, the buildup of damaged mitochondria can
lead to oxidative stress and perturbation of metabolism
(Rabinowitz and White 2010). Autophagy is also impor-
tant for removal of damaged proteins, functioning in-
coordination with proteasome degradation for protein
quality control (Pohl and Dikic 2019). Autophagy defects
lead to endoplasmic reticulum (ER) stress and accumula-
tion of chaperone proteins due to loss of the ability to re-
move the unfolded protein and properly remodel the
proteome in response to stress (Mathew et al. 2009,
2014). Under stress conditions such as nutrient starvation,
autophagy is dramatically induced and essential for stress
adaptation (Mizushima et al. 2004). Cargo-selective
autophagy is also important, for example, to recycle iron
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from ferritin, which is critical for the iron homeostasis
(Mancias et al. 2014).
Autophagy also has a critical role in mouse survival.

Constitutively, Atg5- or Atg7-deficient mice are born
developmentally normal but fail to survive the neonatal
starvation period when the transplacental nutrient supply
is interrupted but not yet restored by milk (Kuma et al.
2004; Komatsu et al. 2005). Force feeding only extends sur-
vival of autophagy-deficient newborn mice to neonatal
starvation by 24 h. In contrast to newborn mice, adult
mice have a greater tolerance to the loss of autophagy.
Conditional whole-body ablation of the essential autoph-
agy geneAtg7 in adult mice shortens life span to 2 to 3mo
due to susceptibility to infection and neurodegeneration
(Karsli-Uzunbas et al. 2014). Autophagy also suppresses
liver, brain, and muscle damage and prevents depletion
of white adipose tissue (WAT). While adult mice tolerate
autophagy deficiency in the short term in the fed state,
fasting is lethal within 16 h due to hypoglycemia (Karsli-
Uzunbas et al. 2014). These findings demonstrate that
autophagy is required to maintain systemic mammalian
metabolism and survival by mitigating metabolic stress
during nutrient deprivation (Karsli-Uzunbas et al. 2014).
Moreover, there are remarkable tissue-specific dependen-
cies on autophagy, with brain, liver, muscle, andWAT be-
ing particularly autophagy-dependent (Karsli-Uzunbas
et al. 2014).
Many major stress responses are controlled by p53, and

there ismounting evidence for a functional interaction be-
tween the p53 and the autophagy pathways. p53 is a tran-
scription factor and tumor suppressor that responds to
diverse types of stresses including DNA damage, onco-
gene activation, oxidative stress, and hypoxia (Fischer
2017). In response to stress, p53 can induce apoptosis, sen-
escence, and cell cycle arrest, and alter cell metabolism by
regulating multiple p53 target genes (Toledo and Wahl
2006). It is generally thought that the p53 stress response
can provide either protection and facilitate adaptation and
recovery (e.g., cell cycle arrest) in the case ofmild stress, or
can eliminate cells (e.g., apoptosis) with excessive damage
in the setting of high levels of stress (Kruiswijk et al. 2015).
p53 thereby controls the nature of the stress response and
its outcome.
p53 can also regulate autophagy. Under nutrient depri-

vation, a low ATP/AMP ratio activates 5′ AMP-activated
protein kinase (AMPK), which then induces p53. Induc-
tion of p53 activates the transcription of genes in the
AMPK pathway including tuberous sclerosis complex 2
(TSC2) and AMPK itself, and leads to the inhibition of
mTOR and activation of autophagy (Feng et al. 2007).
Some p53 target genes like BCL2-associated X protein
(BAX) and p53-up-regulated modulator of apoptosis
(PUMA) can directly activate autophagy in MEF cells
(Yee et al. 2009). p53 can also directly turn on the expres-
sion of essential autophagy genes or induce autophagy via
transcriptional activation of damage-regulated autophagy
modulator (DRAM-1) in human and mouse cell lines
(Crighton et al. 2006; Mah et al. 2012; Kenzelmann Broz
et al. 2013). Autophagy deficiency can cause p53 induc-
tion in mouse models of lung, pancreatic, and breast can-

cer, and also in neurons, correlating with more apoptosis
when p53 is intact, suggesting that autophagy may sup-
press p53 activation in some settings (Zhang et al. 2009;
Yang et al. 2011; Guo et al. 2013; Huo et al. 2013;
Rosenfeldt et al. 2013; Strohecker et al. 2013; Yang and
Kimmelman 2014). As autophagy loss promotes p53 acti-
vation, and this p53 activation can be damaging, we
sought to test the hypothesis that p53 was responsible
for degenerative phenotypes induced by conditional
autophagy loss in vivo.
To address how p53 and autophagy functionally inter-

act in vivo and to determine the role that p53 plays in
limiting the survival of mice without autophagy, we de-
veloped genetically engineered mouse models (GEMMs)
to conditionally delete Atg7 and/or p53 systemically
with tamoxifen (TAM). Whereas conditional, systemic
Atg7 deletion (Atg7Δ/Δ) in adult mice limited their sur-
vival to 2–3 mo, codeletion of p53 and Atg7 (Atg7Δ/Δ

p53Δ/Δ) remarkably extended life span to up to 6 mo and
sustained survival during fasting. Atg7Δ/Δp53Δ/Δ mice
showed decreased tissue damage, apoptosis, and DNA
damage in the liver and brain in comparison with Atg7Δ/Δ

mice. Activation of p53 by Nutlin-3 was inhibited by
autophagy, which protected liver and brain from p53
hyperactivation and apoptosis, suggesting that autophagy
may be a resistance mechanism to p53 activators. NRF2,
in turn, is a resistance mechanism to loss of autophagy
as conditional deletion of both Nrf2 and Atg7 in adult
mice was synthetically lethal. Mice deficient for both
Atg7 and Nrf2 (Nrf2−/−Atg7Δ/Δ) succumbed to damage to
the small intestine, which was independent of p53 func-
tion. Thus,Atg7 protects against excessive p53 activation
and damage in the liver and brain,whereasNRF-2 protects
the intestine from damage upon loss of Atg7, demonstrat-
ing the functional interdependence and tissue specificity
of stress response pathways.

Results

Loss of p53 delays neurodegeneration and prolongs
survival of Atg7-deficient mice

To test whether p53 plays a role in limiting the survival in
mice without autophagy, adult mice were engineered
with or without floxed alleles of Atg7 (Kuma et al.
2004), p53 (Marino et al. 2000), and a transgene expressing
a TAM-regulated Cre recombinase under the control of
ubiquitin C promoter that is ubiquitously expressed in
the whole body (Ubc-CreERT2) (Ruzankina et al. 2007).
Injecting TAM activates Cre throughout these mice and
the floxed alleles ofAtg7 and/or p53 are deleted separately
or together (Fig. 1A). Mice with systemic loss of Atg7 or
p53 or both in all tissues are thereby generated and gene
deletion was confirmed by qRT-PCR at 2, 5, and 8 wk fol-
lowing the five consecutive days of TAM administration
(Supplemental Fig. S1A). Loss of ATG7 protein expression
was also associated with accumulation of an unprocessed
form of microtubule-associated protein 1A/1B light chain
3 (LC3-I), decrease in or absence of the processed (active)
form of LC3 (LC3-II), and accumulation of the autophagy
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Figure 1. Atg7Δ/Δ, p53Δ/Δ mice have extended life span, delayed tissue damage and neurodegeneration compared with Atg7Δ/Δ mice.
(A) Experimental design for generation of Atg7Δ/Δ mice, p53Δ/Δ mice, andAtg7Δ/Δ p53Δ/Δ mice. Ubc-CreERT2/+, Ubc-CreERT2/+; Atg7flox/flox

mice, Ubc-CreERT2/+; p53flox/flox, Ubc-CreERT2/+; p53flox/flox; Atg7flox/flox mice were treated with TAM at 8–10 wk of age and analyzed at
certain time points afterward. (B) Western blot for ATG7, p62, and LC3 at the indicated times of the indicated tissues from wild-type
mice, Atg7Δ/Δ mice, p53Δ/Δ mice, and Atg7Δ/Δp53Δ/Δ mice. β-Actin was used as a loading control. (C ) Kaplan-Meier survival curve of
wild-type mice,Atg7Δ/Δ mice, p53Δ/Δ mice, andAtg7Δ/Δp53Δ/Δ mice. Dotted line indicates 109 d, when the first lymphomawas identified
in p53Δ/Δmice. (n.s,) Not significant; (∗) P< 0.05; (∗∗)P <0.01; (∗∗∗∗) P <0.0001 (log-rank test andGehan-Breslow-Wilcoxon test as indicated).
(D) Percentage distribution for the cause of death of Atg7Δ/Δ, p53Δ/Δ, andAtg7Δ/Δp53Δ/Δ mice. The cause of death was analyzed at 30–90 d
after TAM and 109–180 d after TAM. (E) Representative histology of liver, muscle, cerebrum, cerebellum, pancreas, white adipose tissue
(WAT), and lung by hematoxylin and eosin stain (H&E) from wild-type, Atg7Δ/Δ, p53Δ/Δ, and Atg7Δ/Δp53Δ/Δ mice at the 8-wk time point.
Black arrows indicate the damage site for these tissues. (F ) Kaplan-Meier survival curve of wild-typemice, p53Δ/Δmice, andAtg7Δ/Δp53Δ/Δ

mice that died after 109 d. Black dots on the survival curve indicate the censoring times thatmice died of no tumor development. (∗∗∗∗) P <
0.0001 (log-rank test). (G) Kaplan-Meier survival curve of wild-type mice,Atg7Δ/Δ mice, p53Δ/Δ mice, andAtg7Δ/Δp53Δ/Δ mice during star-
vation at 10 d after TAM. (∗) P <0.05 (log-rank test). See also Supplemental Figure S1.
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substrate protein p62 in both Atg7Δ/Δ and Atg7Δ/Δp53Δ/Δ

mice, indicating blockage of autophagy function (Fig.
1B). Atg7Δ/Δ mice had a life span of ∼2–3 mo, primarily
due to susceptibility to infection early, and to neurodegen-
eration later, which is consistent with our previous find-
ings (Fig. 1C,D; Karsli-Uzunbas et al. 2014). Similar to
constitutively deficient p53−/− mice, p53Δ/Δ mice died
from lymphoma, which limited life span to up to 6 mo
(Fig. 1C,D; Donehower et al. 1995). In contrast to Atg7Δ/Δ

mice, one-third of theAtg7Δ/Δp53Δ/Δmice lived >3mo and
up to 6 mo after TAM, while all of the Atg7Δ/Δ mice died
before 3 mo after TAM (Fig. 1C,D). Although Atg7Δ/Δ

p53Δ/Δ lived longer than Atg7Δ/Δ mice, death was still pre-
dominantly from neurodegeneration (Fig. 1D). As loss of
p53 did not alter survival to Atg7 deficiency early after
deletion where death is due to susceptibility to infection
(Karsli-Uzunbas et al. 2014), the role of p53 was specific
to promoting death due to neurodegeneration (Fig. 1C,
D). Therefore, p53 promotes neurodegeneration in mice
deleted for Atg7.

p53 deficiency reduces tissue damage in Atg7Δ/Δ mice

Histological examination (H&E) of tissues fromwild-type,
Atg7Δ/Δ, p53Δ/Δ, and Atg7Δ/Δp53Δ/Δ mice revealed no dif-
ferences 2 wk after TAM (Supplemental Fig. S1B). At
5 wk after TAM, Atg7Δ/Δ mice began to show early evi-
dence of loss of hepatocytes in the liver, pyramidal neu-
rons in the cerebrum, Purkinje cells in the cerebellum,
and depletion of lipid in WAT as reported previously (Kar-
sli-Uzunbas et al. 2014), which was not observed in the
p53Δ/Δ or Atg7Δ/Δp53Δ/Δ mice (Supplemental Fig. S1C).
Two months after TAM, Atg7Δ/Δ mice showed severe
loss of hepatocytes, pyramidal neurons, Purkinje cells,
andWAT, as well as muscle wasting, whereas the kidneys
and lungs were not affected (Fig. 1E; Supplemental Fig.
S1D; Karsli-Uzunbas et al. 2014). In contrast, these tissue
damage phenotypes resulting from Atg7 deficiency were
not observed in wild-type, p53Δ/Δ, and Atg7Δ/Δp53Δ/Δ

mice (Fig. 1E; Supplemental Fig. S1D). These results sug-
gest that tissue damage caused by autophagy deficiency
is induced by p53. Atg7Δ/Δp53Δ/Δ mice did display the
same phenotype as the Atg7Δ/Δ mice at 16 wk after dele-
tion (Supplemental Fig. S1E), indicating that loss of p53
delays but does not prevent lethal neurodegeneration
caused by autophagy deficiency.

ATG7 is required for tumorigenesis driven by
p53 deletion

Constitutive p53 deficiency leads to the development of
lethal thymic lymphomas, which limits life span to
∼6 mo (Donehower et al. 1995). Here, conditional p53
deficiency in adult mice (p53Δ/Δ) produced the same phe-
notype as 36 out of 39 mice died of thymic lymphoma
between 3 and 6 mo after deletion (Fig. 1C,D).
Atg7Δ/Δp53Δ/Δ mice showed similar life span limitation
as the p53Δ/Δ mice; however, the vast majority of the
mice died from neurodegeneration without tumor devel-
opment. Fifteen out of 18 Atg7Δ/Δp53Δ/Δ mice died of

neurodegeneration after the first lymphoma was identi-
fied in p53Δ/Δ mice at 109 d after TAM (Fig. 1C,D). Of
the three Atg7Δ/Δp53Δ/Δ mice that died from cancer,
two died from thymic lymphomas and one died from a
sarcoma, in which all of these tumors were deleted for
Atg7 and p53 (Fig. 1D; Supplemental Fig. S1F). Analysis
of the Kaplan-Meier survival curve for p53Δ/Δ and
Atg7Δ/Δp53Δ/Δ mice that died after 109 d revealed that
the death probability from lymphoma in Atg7Δ/Δp53Δ/Δ

mice is much lower compared with p53Δ/Δ mice
(P-value < 0.0001, Log-rank test) (Fig. 1F). Thus, Atg7 pro-
motes development of lethal thymic lymphomas driven
by deletion of p53, consistent with the tumor-promoting
role for autophagy reported in other settings (Poillet-Pe-
rez and White 2019).

p53 deficiency prevents fasting lethality in Atg7Δ/Δ mice

While Atg7Δ/Δ mice survive in the short term, in contrast
to wild-type mice, fasting is lethal within 16 h due to hy-
poglycemia (Karsli-Uzunbas et al. 2014). Since p53 defi-
ciency extended the life span and attenuated tissue
damage in Atg7Δ/Δ mice, we sought to test whether p53
contributes to the death of Atg7Δ/Δ mice during fasting.
In contrast to Atg7Δ/Δ mice where fasting was lethal,
none of theAtg7Δ/Δp53Δ/Δmice died upon fasting, suggest-
ing that p53 was responsible for fasting-induced death of
Atg7-deficient mice (Fig. 1F).

ATG7 is required to protect the liver and brain from p53-
mediated damage

Autophagy deficiency causes p53 induction in neurons
and in some cancer models and promotes cell death.
Therefore, we tested whether p53 induction occurred in
the whole body afterAtg7 deletion. Immunohistochemis-
try (IHC) for p53 protein revealed that p53 accumulation
was detectable at 2 wk after TAM administration, and
was maintained at 5 and 8 wk after TAM in the livers
and brains of Atg7Δ/Δ mice, while p53 activation was not
apparent in wild-type, p53Δ/Δ, and Atg7Δ/Δp53Δ/Δ mice
(Fig. 2A; Supplemental Fig. S2A,B). qRT-PCR for the p53
target genes cyclin-dependent kinase inhibitor 1A
(Cdkn1a, or p21), BCL2-associated X (Bax), and BCL2-
binding component 3 (Bbc3, or Puma) showed increased
Cdkn1a, Bax, and Bbc3 expression in Atg7Δ/Δ mice at 2,
5, and 8 wk after TAM in the liver and brain compared
with wild-type, p53Δ/Δ, and Atg7Δ/Δp53Δ/Δ mice (Fig. 2B,
C). These data suggest that loss of Atg7 promotes activa-
tion of p53.
Whole-body ATG7 deficiency leads to DNA damage

and apoptosis in the liver and cerebrum (Karsli-Uzunbas
et al. 2014) and p53 is known to be activated by different
stress signals includingDNAdamage and oxidative stress,
and triggers cell cycle arrest and apoptosis (Fischer 2017).
Therefore, we hypothesized that p53 induction inAtg7Δ/Δ

mice may promote apoptosis. IHC for the DNA damage
response activation marker γ-H2AX revealed accumula-
tion of γ-H2AX in Atg7Δ/Δ liver hepatocytes, neurons,
and nonneuronal cells in cerebrum starting at 2 wk that
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Figure 2. Autophagy is required to protect liver and brain from p53 accumulation, DNA damage response activation, and apoptosis.
(A) Representative liver and cerebrum IHCstaining of p53 andquantification at the indicated times fromwild-type andAtg7Δ/Δmice. Black
arrows indicate p53-positive cells. (2w) 2-wk time point; (5w) 5-wk time point; (8w) 8-wk time point. (B,C ) Quantitative real-time PCR of
Cdkn1a, Bax, and Bbc3 for liver and brain tissues fromwild-type, Atg7Δ/Δ, p53Δ/Δ, and Atg7Δ/Δp53Δ/Δ mice at the indicated times. (∗∗) P <
0.01; (∗∗∗) P<0.001; (∗∗∗∗) P<0.0001 (unpaired t-test). (D) Representative liver and cerebrum IHC staining for γ-H2AX and active caspase-3
with quantification at the indicated times from wild-type and Atg7Δ/Δ mice. Black arrows indicate γ-H2AX or active caspase-3-positive
cells. (2w) 2 wk; (5w) 5 wk; (8w) 8 wk. (∗) P<0.05; (∗∗) P<0.01; (∗∗∗) P<0.001 (∗∗∗∗) P<0.0001(unpaired t-test). (E) Representative liver
IHC staining for MDA at the indicated times from wild-type, Atg7Δ/Δ, p53Δ/Δ, and Atg7Δ/Δp53Δ/Δ mice. See also Supplemental Figure S2.
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was apparent through 8 wk after TAM (Fig. 2D; Supple-
mental Fig. S2C,D). In contrast, γ-H2AX accumulation
was not detected in wild-type, p53Δ/Δ, and Atg7Δ/Δ

p53Δ/Δ mice (Supplemental Fig. S2C,D). As a likely conse-
quence of p53 activation in Atg7Δ/Δ mice, they also
showed more apoptosis marked by increased active cas-
pase-3 in liver hepatocytes, neurons, and nonneuronal
cells in cerebrum in comparison with Atg7Δ/Δp53Δ/Δ

mice (Fig. 2D; Supplemental Fig. S2E,F). These data indi-
cated that p53 induction caused apoptosis in Atg7Δ/Δ

mice.Atg7Δ/Δ mice also displayed increased malondialde-
hyde (MDA) in the liver by IHC compared with wild-type,
p53Δ/Δ, and Atg7Δ/Δp53Δ/Δ mice, indicating that p53 in-
duction was associated with increased oxidative stress
in Atg7Δ/Δ mice (Fig. 2E). As the phenotype of the
Atg7Δ/Δp53Δ/Δ mice was similar to the Atg7Δ/Δ mice,
just delayed, this suggests that other responses similar
to p53 act later when p53 is absent. It is intriguing to spec-
ulate that other p53 family members, such as p63 and
p73, may be responsible for the neurodegeneration in
the Atg7Δ/Δp53Δ/Δ mice.

ATG7 limits p53 activation by Nutlin-3a

Regulation of p53 activity relies on the essential p53 an-
tagonist MDM2, which is a direct transcriptional target
of p53 and is up-regulated when p53 is activated by phos-
phorylation at specific serine and threonine residues (Bode
andDong 2004).MDM2binds to p53, and the ubiquitin E3
ligase of MDM2 ubiquitinylates p53, which decreases its
stability by targeting it to the proteasome for degradation
(Honda et al. 1997; Kubbutat et al. 1997; Matsumine et al.
1997). Under stress conditions, p53 is phosphorylated at
its transactivation domain (Ser15, Ser20, and Thr18),
which disrupts its binding of MDM2, and is thereby stabi-
lized and activated (Craig et al. 1999). In this way, p53 and
MDM2 form a negative feedback loop resulting from p53-
dependent induction of MDM2 and MDM2-dependent
suppression of p53 activity, which helps the cell to deal
with stress without hyperactivation of p53 (Montes de
Oca Luna et al. 1995; Dotto 2009; Marine and Lozano
2010). Nutlin-3 works as an MDM2 antagonist and up-
regulates the cellular p53 level by competing for the
p53-binding site onMDM2, and is being assessed clinical-
ly to promote p53 activation for cancer therapy (Vassilev
et al. 2004; Drost et al. 2015; Yee-Lin et al. 2018; Forte
et al. 2019). Since Atg7 limits p53 accumulation and acti-
vation, we sought to test whether Atg7 also limited the
ability of Nutlin-3 to activate p53 (Khoury and Domling
2012) as a potential resistance mechanism in normal
tissues.
Following deletion of Atg7 and/or p53, mice were treat-

ed with either vehicle or Nutlin-3 (200 mg/kg) once per
day for 1 wk (Fig. 3A). Deletion of Atg7 and p53 was con-
firmed by qRT-PCR (Supplemental Fig. S3A). Western
blot for loss of ATG7 protein, accumulation of LC3-I
and loss of LC3-II, and accumulation of p62 in the livers
and brains fromAtg7Δ/Δ andAtg7Δ/Δp53Δ/Δmice indicated
blockage of autophagy (Fig. 3B). As described previously,
liver damage and neuron loss in Atg7Δ/Δ mice were con-

firmed by H&E, which was not affected by Nutlin-3 (Sup-
plemental Fig. S3B). IHC of the livers and brains from
Atg7Δ/Δ mice revealed increased p53 compared with
wild-type mice, which was further increased in Nutlin-
3-treated Atg7Δ/Δ mice, suggesting that Nutlin-3 induced
p53 in the absence but not in the presence of autophagy.
As expected, Nutlin-3 did not affect p53 levels in p53Δ/Δ

mice and Atg7Δ/Δp53Δ/Δ mice (Fig. 3C; Supplemental Fig.
S3C). qRT-PCR for the p53 target genes Cdkn1a, Bax,
and Bbc3 showed increased Cdkn1a, Bax, and Bbc3 ex-
pression in untreatedAtg7Δ/Δ mice, which was further in-
creased in Nutlin-3-treated Atg7Δ/Δ mice in the liver and
brain compared with vehicle or Nutlin-3-treated wild-
typemice (Fig. 3D). This suggested that p53 was activated
by Nutlin-3 only in the absence of Atg7 in normal tissues
such as liver and brain. IHC of liver and brain revealed in-
creased γ-H2AX and active caspase-3 in Atg7Δ/Δ mice
compared with wild-type mice, and activation of p53 by
Nutlin-3 greatly increased γ-H2AX and active caspase-3
levels. Induction of γ-H2AX and active caspase-3 were
not observed in p53Δ/Δ and Atg7Δ/Δ p53Δ/Δ mice, suggest-
ing that loss of autophagy induced apoptosis through
p53 activation (Fig. 3E; Supplemental Fig. S3D,E). There-
fore, autophagy is essential to protect tissues from apopto-
sis by limiting p53 activation.
Since p53 can induce a series of essential autophagy

genes including Atg7 in MEF cells (Kenzelmann Broz
et al. 2013), we hypothesized that up-regulation of p53
by Nutlin-3 can turn on essential autophagy genes and
protect tissues from damage caused by p53 induction in
wild-type mice. Real-time PCR on a series of autophagy
essential genes indicated no significant difference in the
autophagy genemRNA levels, suggesting that the autoph-
agy transcription program is not detectably induced by
p53 at the times the tissues were collected (Supplemental
Fig. S4).

Atg7 deficiency is synthetically lethal in the absence
of Nrf2

Autophagy can reduce reactive oxygen species (ROS) by
removing damaged mitochondria and unfolded protein,
and autophagy deficiency leads to increased ROS and ac-
cumulation of unfolded protein (Manjithaya et al. 2010;
Mizushima 2010). Since we found induction of oxidative
stress markers in Atg7Δ/Δ mice (Fig. 2E), we investigated
whether the increased oxidative stress was responsible
for tissue damage caused by p53 activation. NRF2 is the
master regulator of the antioxidant defense and is ubiqui-
tinated by an E3 ubiquitin ligase Kelch-like ECH-associat-
ed protein 1 (KEAP1) and degraded by the proteosome
pathway under normal conditions (Kensler et al. 2007).
With increased ROS, NRF2 is released from KEAP1 and
triggers expression of a series of antioxidant genes, and
NRF2 is induced by autophagy deficiency (Komatsu
et al. 2010; Lau et al. 2010; Levonen et al. 2014). To exam-
ine the role of antioxidant defense inmice lacking autoph-
agy, micewith constitutive deficiency inNrf2 (Chan et al.
1996) were crossed with Ubc-CreERT2/+; Atg7flox/flox mice
to generateNrf2−/−; Ubc-CreERT2/+; Atg7flox/flox mice (Fig.

ATG7 suppresses oxidative stress, p53 for survival

GENES & DEVELOPMENT 693

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.335570.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.335570.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.335570.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.335570.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.335570.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.335570.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.335570.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.335570.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.335570.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.335570.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.335570.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.335570.119/-/DC1


BA

C

E

D

Figure 3. Activation of p53 by MDM2 antagonist Nutlin-3a in Atg7Δ/Δ mice leads to further increased DNA damage response and apo-
ptosis in the liver and brain. (A) Experimental design for generation of Atg7Δ/Δ, p53Δ/Δ, and Atg7Δ/Δp53Δ/Δ mice and Nutlin-3 administra-
tion. Nutlin-3 was administered tomice by oral gavage 2 wk after TAM administration at a dosage of 200mg/kg for 1 wk. (B) Western blot
for ATG7, p62, and LC3 for liver and brain tissues fromwild-type,Atg7Δ/Δ, p53Δ/Δ, andAtg7Δ/Δp53Δ/Δmice treated with vehicle or Nutlin-
3. β-Actin was used as a loading control. (V) Treated with vehicle; (N) treated with Nutlin-3. (C ) Representative liver and cerebrum IHC
staining for p53 and quantification from wild-type and Atg7Δ/Δ mice treated with vehicle or Nutlin-3. Black arrows indicate p53-positive
cells. (V) Vehicle; (N) Nutlin-3. (∗) P<0.05; (∗∗∗∗) P <0.0001; (n.s.) not significant (unpaired t-test). (D) Quantitative real-time PCR of
Cdkn1a, Bax, and Bbc3 for liver and brain tissues from wild-type, Atg7Δ/Δ, p53Δ/Δ, and Atg7Δ/Δp53Δ/Δ mice treated with vehicle or Nut-
lin-3. (V) Vehicle; (N) Nutlin-3. (∗) P <0.05; (∗∗) P <0.01; (∗∗∗) P< 0.001; (n.s.) not significant (unpaired t-test). (E) Representative liver and
cerebrum IHC staining for γ-H2AX and active caspase-3with quantification fromwild-type andAtg7Δ/Δmice treated with vehicle orNut-
lin-3. Black arrows indicate γ-H2AX or active caspase-3-positive cells. (V) Vehicle; (N) Nutlin-3. (∗) P<0.05; (∗∗∗) P <0.001; (∗∗∗∗) P <0.0001;
(n.s.) not significant (unpaired t-test).
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Figure 4. Atg7 deficiency is synthetically lethal in the absence ofNrf2. (A) Experimental design for generation of Atg7Δ/Δ mice,Nrf2−/−

mice, andNrf2−/−Atg7Δ/Δ mice. (B) Kaplan-Meier survival curve of wild-type,Atg7Δ/Δ,Nrf2−/−, andNrf2−/−Atg7Δ/Δ mice. (∗∗∗∗) P< 0.0001
(log-rank [Mantel-Cox] test). (C ) Representative histology of duodenum, jejunum, and ileum by H&E at the indicated times from wild-
type, Atg7Δ/Δ, Nrf2−/−, andNrf2−/−Atg7Δ/Δ mice. (D) Representative Bodipy C11 stain of duodenum, jejunum, and ileum at the indicated
times fromwild-type,Atg7Δ/Δ,Nrf2−/−, andNrf2−/−Atg7Δ/Δmice. (E) RepresentativeAlcian blue stain of duodenum, jejunum, and ileumat
the indicated times from wild-type, Atg7Δ/Δ, Nrf2−/−, and Nrf2−/−Atg7Δ/Δ mice. (F ) Representative duodenum, jejunum, and ileum IHC
stain of OLFM4 at the indicated times from wild-type, Atg7Δ/Δ, Nrf2−/−, and Nrf2−/−Atg7Δ/Δ mice.
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4A). TAM administration was then used to delete Atg7 in
the presence and absence of Nrf2.

In contrast to Atg7Δ/Δ and Nrf2−/− mice, most of
which survive, Nrf2−/−Atg7Δ/Δ mice had a life span of
<7 d (Fig. 4B). Histological examination of tissues by
H&E surprisingly showed no damage to the liver, brain,
pancreas, lungs, and kidneys in Nrf2−/−Atg7Δ/Δ mice
(Supplemental Fig. S5A). The only tissue with significant
damage was the intestine (duodenum, jejunum, and ile-
um), which may be the cause of increased muscle wast-
ing and loss of WAT (Fig. 4C; Supplemental Fig. S5B).
Bodipy C11 staining of the whole small intestine was
significantly increased in Nrf2−/−Atg7Δ/Δ intestine, indi-
cating increased lipid peroxidation that results from
ROS (Fig. 4D). IHC for active caspase-3 displayed in-
creased staining in Nrf2−/−Atg7Δ/Δ intestine in both the
crypt and villus, indicating increased apoptosis (Sup-
plemental Fig. S5C–E). Thus, conditional deletion of
the essential autophagy gene Atg7 in adult mice is syn-
thetically lethal in the absence of Nrf2 due to damage
to the intestine.

We then investigated which cell type in the intestine
was most affected by deficiency in Atg7 in the absence
of Nrf2. Alcian blue staining of paraffin sections from
intestine tissues was significantly decreased in the
Nrf2−/− Atg7Δ/Δ mouse intestine, suggesting loss of goblet
cells (Fig. 4E). IHC for the stem cell marker OLFM4 re-
vealed loss of OLFM4 staining in Nrf2−/− Atg7Δ/Δ but
not in wild-type, Atg7Δ/Δ, and Nrf2−/− mouse intestine,
suggesting loss of stem cells (Fig. 4F). IHC for the Paneth
cell marker Lysozyme revealed diffuse staining in the
Nrf2−/− Atg7Δ/Δ mouse intestines in comparison with
wild-type,Atg7Δ/Δ, andNrf2−/− intestines, which suggests
that Paneth cell function is abnormal (Supplemental Fig.
S5F; Cadwell et al. 2008). We then investigated whether
this deleterious phenotype in the intestine was induced
by p53 activation. p53flox/flox mice were crossed with
Nrf2−/−; Ubc-CreERT2/+ mice and Nrf2−/−; Ubc-CreERT2/+;
Atg7flox/flox mice to generate Nrf2−/−; Ubc-CreERT2/+;
p53flox/flox mice and Nrf2−/−; Ubc-CreERT2/+; p53flox/flox;
Atg7flox/flox mice. After TAM administration, loss of p53
in Nrf2−/−p53Δ/ΔAtg7Δ/Δ intestine was confirmed by
qRT-PCR, and we found that Nrf2−/−p53Δ/ΔAtg7Δ/Δ mice
did not survive longer thanNrf2−/−Atg7Δ/Δ mice, suggest-

ing that the intestinal damage in theNrf2−/−Atg7Δ/Δ mice
was not caused by p53 (Supplemental Fig. S5G,H).

Discussion

Both autophagy and p53 can protect tissues from stress
such as DNA damage, oxidative stress, and hypoxia (Miz-
ushima and Komatsu 2011; Fischer 2017), and their over-
lapping functions have suggested that these two
pathways interact. p53 up-regulates the expression of es-
sential autophagy genes and autophagy function in vitro
(Crighton et al. 2006; Feng et al. 2007; Zhang et al. 2009;
Mah et al. 2012; Kenzelmann Broz et al. 2013). In turn,
autophagy inhibits p53 in some tumors providing a nega-
tive feedback loop (Guo et al. 2013; Rosenfeldt et al. 2013;
Strohecker et al. 2013; Yang et al. 2014). Whether autoph-
agy can regulate p53 in normal tissues in vivo, however,
was not clear. We found that Atg7 suppresses p53 activa-
tion in the liver and brain, without which hyperactiva-
tion of p53 is responsible for damage to these tissues.
Thus, essential autophagy gene Atg7 is a tissue-specific
negative regulator of p53 and contributes to a negative
feedback loop to limit p53 activation in vivo (Fig. 5A). Re-
markably, eliminating p53 also rescued the survival of
Atg7-deficient mice during fasting, suggesting that Atg7
restricts p53 activation in response to exogenous as
well as endogenous stress (Fig. 5). Even when p53 activa-
tion is forced by Nutlin-3, Atg7 prevents these tissues
from p53-mediated damage (Fig. 5A,B). However, how
p53 is activated remains unclear, which could either be
a direct effect of loss of Atg7, or an indirect effect caused
by cellular microenvironment change afterAtg7 deletion.
These findings are consistent with the observation that
Nutlin-3 does not activate p53 in normal tissues unless
under stress conditions caused by Atg7 deficiency, but
can efficiently activate p53 in different types of cancer
cells without side effects on normal tissues (Vassilev
et al. 2004; Drost et al. 2015; Yee-Lin et al. 2018; Forte
et al. 2019). Therefore, autophagy may limit the effective-
ness of MDM2 antagonists, and this should be tested in
the cancer setting.

The NRF2 and autophagy pathways both contribute to
antioxidant defense. NRF2 is activated by autophagy

BA C Figure 5. Mechanism by which autophagy
interacts with the p53 and NRF2 stress re-
sponse mechanisms to protect tissues in a
tissue specific manner. See the text for
details.
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deficiency in vitro and in tumors (Lau et al. 2010; Stro-
hecker et al. 2013; Saito et al. 2016). The autophagy sub-
strate p62, which accumulates when autophagy is
blocked, interacts with KEAP1, thereby releasing and sta-
bilizingNRF2 and promoting expression of its target genes
(Komatsu et al. 2010; Lau et al. 2010; Ichimura et al. 2013;
Levonenet al. 2014).We found that theprotective function
of NRF2 is essential for the survival of mice with loss of
ATG7, as in stark contrast to Atg7Δ/Δ mice, Nrf2−/−

Atg7Δ/Δ mice die rapidly, specifically from damage to the
small intestine. Atg5 deficiency in intestine epithelia
causes decreased numbers of intestinal stem cells, and
these stem cells have a higher ROS level compared with
wild-type mice, which can be rescued by treating
mice with antioxidant N-acetyl cysteine (Asano et al.
2017).Atg16L1 is also required to protect the intestinal ep-
ithelium from necroptosis induction in response to virus-
induced intestinal bowel disease by maintaining mito-
chondrial homeostasis (Matsuzawa-Ishimoto et al. 2017).
We report here that knockout of NRF2 is synthetically le-
thal with loss ofAtg7, which causes deathwithin 1wk be-
fore liver and brain damage can be observed, as NRF2 is
specifically required to protect the survival of intestinal
stem cells (Fig. 5C). The compensatory protective effect
of NRF2 to loss of autophagy may be broad as recent cell-
based screens identified NRF2 activation as a resistance
mechanism selected for in cancer cells deleted for essen-
tial autophagy genes (Towers et al. 2019). In conclusion,
autophagy limits p53 activation and damage in the liver
and brain, whileNRF2 limits intestinal stem cells damage
due to loss of autophagy by a p53-independent mecha-
nism. These findings demonstrate the functional interac-
tion and tissue specificity of these stress regulated
pathways (Fig. 5A–C).
ATG7 is an essential autophagy protein in the canoni-

cal autophagy pathway where it functions as an E1-like
ubiquitin activating enzyme (Mizushima and Klionsky
2007). ATG7, however, also contributes to the other non-
canonical LC3-dependent pathways LC3-associated
phagocytosis (LAP) and LC3-associated endocytosis
(LANDO). Macrophages use LAP to engulf and degrade
particles and pathogens, which is immune-suppressive
(Sanjuan et al. 2007; Florey et al. 2011; Martinez et al.
2011, 2015; Kim et al. 2013). LANDO is also immune
suppressive and functions in microglia to remove the
β-amyloid aggregates and protect the brain from neurode-
generation (Heckmann et al. 2019). Canonical autophagy,
LAP, and LANDO all require autophagy machinery pro-
teins including Beclin1, vacuolar protein sorting 34
(VPS34), ATG7, ATG5, and LC3, but activation of LAP
or LANDO does not require some proteins in the autoph-
agy initiation complexes such as RB1-inducible coiled-
coil protein 1 (FIP200) (Martinez et al. 2011, 2015; Heck-
mann et al. 2019). Although LAP and LANDO have not
been identified in hepatocytes, neurons, or intestinal
stem cells as examined here, it would be interesting to
test whether Fip200 deletion activates the p53 response
in the liver and brain, or causes dependence on NRF2 in
the intestine to distinguish roles of canonical and nonca-
nonical autophagy pathways.

Material and methods

Mouse models

All animal care was carried out in compliance with Rutgers Uni-
versity Institutional Animal Care and Use Committee guide-
lines. Ubc-CreERT2/+ mice (The Jackson Laboratory) (Ruzankina
et al. 2007) and Atg7flox/flox mice (provided by Dr. M. Komatsu,
Tokyo Metropolitan Institute of Medical Science) (Komatsu
et al. 2005) were cross-bred to generate the Ubc-CreERT2/+;
Atg7flox/flox mice as described previously (Karsli-Uzunbas et al.
2014). To generate Ubc-CreERT2/+; Atg7flox/flox; p53flox/flox mice,
p53flox/flox mice (The Jackson Laboratory) (Marino et al. 2000)
were cross-bred with our previously created Ubc-CreERT2/+;
Atg7flox/flox mice. To generate Nrf2−/−; Ubc-CreERT2/+ mice and
Nrf2−/−; Ubc-CreERT2/+; Atg7flox/floxmice,Nrf2−/−mice (provided
by YWKan, University of California at San Francisco) (Chan et al.
1996) were cross-bred withUbc-CreERT2/+mice and our previous-
ly generated Ubc-CreERT2/+; Atg7flox/flox mice.

TAM administration

For acute deletion ofAtg7 and/or p53, detailed rationale andTAM
preparation is described as published previously (Karsli-Uzunbas
et al. 2014). For TAMdelivery to the adultmice, 200 μL of the sus-
pended solution per 20 g of body weight was injected intraperito-
neally (IP) into 8- to 10-wk-old Ubc-CreERT2/+; Atg7flox/flox mice
and Ubc-CreERT2/+; Atg7flox/flox; p53flox/flox mice once per day for
five consecutive days to delete the floxed gene systematically.
Additionally, the same dosages of TAM were given to Ubc-
CreERT2/+ mice and Ubc-CreERT2/+; p53flox/flox mice, and these
mice were examined as control groups.

Statistical methods

Survival curves were estimated using the Kaplan-Meier method.
Comparisons of survival curvesweremade using the log-rank test
and Gehan-Breslow-Wilcoxon test (Cox and Oakes 1984).

Fasting

Fasting was conducted as described previously (Karsli-Uzunbas
et al. 2014).

Histology

Mouse tissues were collected and fixed in 10% formalin solution
(Formaldehyde Fresh, Fisher Scientific SF94-4). Tissues were
fixed overnight and then transferred to 70% ethanol for paraf-
fin-embedded sections or 15% sucrose following by 30% sucrose
for frozen sections. For Alcian blue staining, paraffin sections
were processed with the Alcian blue stain kit (Abcam) following
the manufacturer’s protocol. For Bodipy C11 (Thermo Scientific
D3861) stain, 5 µM Bodipy C11 dye were used to stain the frozen
sections of intestine for 30 min and counterstained with DAPI.
For IHC, paraffin sections were stained with antibodies against
p53 (1:400; Novus Biologicals NB200-103), active caspase-3
(1:300; Cell Signaling 9661), γ-H2AX (1:480; Cell Signaling
9718), MDA (1:200; Cosmo Bio USA NOF-N213530-EX),
OLFM4 (1:2000; Cell Signaling 39141), Lysozyme (1:2000; Agi-
lent A0099). For quantification of IHC on p53, active caspase-3,
and γ-H2AX, the liver and brain tissues were analyzed by quanti-
fying at least 10 images at 60×magnification using ImageJ. Amin-
imumof 100 cells in the liver and brainwas scored for each image.

ATG7 suppresses oxidative stress, p53 for survival

GENES & DEVELOPMENT 697



Nutlin-3a administration

TAM were injected via IP into 8- to 10-wk-old Ubc-CreERT2/+;
Atg7flox/flox mice and Ubc-CreERT2/+; Atg7flox/flox; p53flox/flox

mice once per day for five consecutive days. Additionally, same
dosages of TAM were given to Ubc-CreERT2/+ mice and Ubc-
CreERT2/+; p53flox/flox mice. After 2 wk, 200 mg/kg Nutlin-3 (Cay-
man Chemicals) resolved in 50% DMSO was delivered to the
mice by oral gavage once per day for seven consecutive days.
Mice were sacrificed 1 d after the last administration of Nutlin-
3 and tissues were collected for histology and snap-frozen for
Western blot and real-time PCR.

Real-time PCR

Total RNA were isolated from tissue by Trizol (Invitrogen).
cDNAwere then reverse-transcribed from the total RNA byMul-
tiScribe RT kit (Thermo Fisher). Real-time PCR were performed
on Applied Biosystems StepOne Plus machine. Atg7 and p53
were performed using SYBR Green for deletion detection (Atg7:
forward 5′-ACTTGACCGGTCTTACCCTG-3′; reverse 5′-TAC
TCCTGAGCTGTGGTTGC-3′ p53: forward: 5′-CGACTACAGT
TAGGGGGCAC-3′; reverse: 5′-GGAGGAAGTAGTTTCCATA
AGCCT-3′; Actin: forward 5′-GAACCCTAAGGCCAACCGT
GAAAAGATGAC-3′; reverse 5′ GCAGGATGGCGTGAGGGA
GAGCA-3′). Besides that, all of the other genes were detected
using predesigned commercial TaqMan primers for each gene
accordingly (Cdkn1a: Mm00432448-m1; Bax: Mm00432050;
Bbc3: Mm00519268; Actin: Mm00607939-s1; Uvrag: Mm0072
4370-m1; Ulk1: Mm0437238-m1; Ulk2: Mm03048846-m1;
Vmp1: Mm00774656-m1; Atg2b: Mm006 20760-m1; Atg4a:
Mm04214755-s1; Atg4c: Mm00558175-m1; and Atg10:
Mm00470550-m1). Results were calculated using the ΔΔCT

method and then normalized to actin.

Western blot

Different tissues were ground in a Cryomillmachine (Retsch) and
then total protein extracts were isolated by Tris lysis buffer (1
mol/L Tris HCl, 1 mol/L NaCl, 0.1 mol/L EDTA, 10% NP40).
Separated proteins were probed with antibodies against ATG7
(1:2000; Sigma A2856), LC3 (1:1500; Novus Biologicals NB600-
1384), p62 (1:2000; American Research Products 03-GP62-C),
GAPDH (1:1000; Santa Cruz Biotechnology sc-365062), and β-ac-
tin (1:5000; Sigma A1978).
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