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Autophagy has opposite effects on hepatocarcinogenesis depending on whether it occurs before or after its onset.
Autophagy prevents the initiation of hepatocarcinogenesis by suppressing oxidative stress and DNA damage. However,
it also inhibits cell death and the expression of tumor suppressors to promote tumor progression once
hepatocarcinogenesis has been initiated.

Autophagy is important for maintain-
ing cellular homeostasis and its dysfunc-
tion can cause a variety of diseases
including neurodegeneration, aging, and
autoimmune disorders. Autophagy is also
associated with cancers, although its role
in carcinogenesis is apparently complex as
it was found to be protumorigenic in
some studies but antitumorigenic in
others.

Autophagy was originally thought to be
antitumorigenic, as genes essential for
autophagy, such as BECN1 (commonly
known as the beclin-1 gene), UVRAG
(UV radiation resistance-associated gene),
ATG2B, ATG5, ATG9B, and ATG12,
were frequently mutated or inactivated in
a variety of cancer cells.1,2 The tumor sup-
pressor role of autophagy had also been
demonstrated using mouse models. It was
shown that monoallelic deletion of Becn1
led to the development of tumor lesions
in the lung, liver, and lymphatic systems;3

knockout of Atg4c increased the suscepti-
bility of animals to carcinogens for the
development of fibrosarcoma;4 and
systemic mosaic knockout of Atg5 or liver-
specific knockout of Atg7 led to the devel-
opment of benign liver tumors.5 However,
autophagy was also reported to be protu-
morigenic, as it was required to enhance
the survival of tumor cells in the hypoxic

regions of solid tumors and promoted
tumorigenesis by maintaining oxidative
metabolism and facilitating glycolysis.6,7

Moreover, inhibition of autophagy by the
deletion of Rb1cc1 (RB1-inducible coiled
coil protein 1, also known as FIP200) sup-
pressed mammary tumorigenesis in mice.8

These reports on the conflicting roles
of autophagy in carcinogenesis suggest
that the effect of autophagy on carcino-
genesis is complex and may be context
dependent. To further understand the
relationship between autophagy and carci-
nogenesis, we produced mice with hepato-
cyte-specific knockout of Atg5, a gene
essential for autophagy, and longitudinally
studied the role of autophagy in hepato-
carcinogenesis.5 A fraction of these knock-
out mice developed liver tumors by 6
months of age and all of them developed
liver tumors by 10 months. In contrast,
no tumors were found in control mice by
12 months. By performing electron
microscopy and a mitochondrial mem-
brane potential assay, we noted the accu-
mulation of defective mitochondria in the
liver of Atg5-knockout mice. This accu-
mulation of defective mitochondria was
associated with increased levels of reactive
oxygen species (ROS) and oxidative DNA
damage, which provided an explanation
for the increase in the incidence of liver

tumors in these mice. The role of oxida-
tive stress in the induction of liver tumors
in Atg5-knockout mice was confirmed by
treatment of these mice with the antioxi-
dant N-acetylcysteine, which reduced the
tumor incidence.

Interestingly, although Atg5-knockout
mice developed liver tumors with a high
frequency, histological analysis of their
liver tumors revealed only focal nodular
hyperplasia and benign adenomas with no
malignant hepatocellular carcinoma
(HCC). Treatment with the carcinogen
diethylnitrosamine (DEN), which
induced HCC with high frequencies in
control mice, failed to induce HCC in
these knockout mice. These results indi-
cated that, in the absence of autophagy,
benign liver tumors could not progress to
become malignant HCC.

To understand why autophagy was
required for the development of HCC,
we analyzed the liver tumor tissues of
Atg5-knockout mice and found an
increase in apoptotic and necrotic cell
death. We also analyzed the expression
of tumor suppressor genes including
Trp53 (commonly known as p53),
Cdkn1a, Cdkn1b, Cdkn2a, Rb1, and
Pten, and found that their expression
levels were increased in the liver tumor
tissues of Atg5-knockout mice. In
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contrast, the expression levels of these
tumor suppressors were reduced in liver
tumors isolated from control mice that
had been treated with DEN. The
increase in p53 expression in the liver of
Atg5-knockout mice was associated with
activation of the ATM (ataxia telangiec-
tasia mutated)-CHEK2 (checkpoint
kinase 2) signaling pathway and a
reduced level of MDM2, an E3 ubiqui-
tin protein-ligase that negatively regu-
lates p53. The role of the ATM-CHEK2
pathway in the induction of p53
when autophagy was impaired was con-
firmed using the HepG2 human

hepatoblastoma cell line. We found that
suppression of ATG5 expression in
HepG2 cells using small-hairpin RNA
(shRNA) similarly led to activation of
the ATM-CHEK2 pathway, suppression
of MDM2 expression, and induction of
p53 expression, and that this induction
of p53 could be abolished by suppress-
ing the expression of ATM with shRNA.
By studying the tumorigenesis of
HepG2 cells in nude mice, we con-
firmed that impairing autophagy could
indeed suppress tumorigenesis and that
this suppression could be partially
reversed if the expression of p53 was

also suppressed by shRNA. Two recent
studies found that impairing autophagy
induced the expression of p53 and sup-
pressed the progression of KRAS (i.e.,
oncogenic RAS)-induced lung and pan-
creatic tumors in mice, and that this
suppression of tumorigenesis could be
partially restored if the expression of
p53 was abolished.9,10 These findings,
together with ours, indicate that autoph-
agy is required for the progression of at
least 3 different types of cancers, and
that p53 plays a negative role in carcino-
genesis when autophagy is impaired.

Our studies thus demonstrate that
autophagy possesses both antitumorigenic
and protumorigenic activities, depending
on whether it occurs before or after the
onset of hepatocarcinogenesis (Fig. 1).
Autophagy is important for removing
damaged mitochondria and if autophagy
is impaired dysfunctional mitochondria
will accumulate to cause oxidative stress,
DNA damage, and the initiation of hepa-
tocarcinogenesis. However, after the initi-
ation of hepatocarcinogenesis, autophagy
is required to suppress the expression of
tumor suppressors, alleviate metabolic
stress,6 and reduce apoptotic and necrotic
cell death, thus promoting the malignant
transformation of benign tumors into
HCC.
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