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Autophagy and mitophagy in hepatocarcinogenesis
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ABSTRACT
Autophagy is required for benign hepatic tumors to progress into malignant hepatocellular carcinoma. In
our recent studies, we found that autophagy, or more specifically mitophagy, was required to suppress
TP53 and induce the expression of the transcription factor NANOG to maintain hepatic cancer stem cells
and promote hepatocarcinogenesis. KEYWORDS
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A specific form of autophagy (i.e., macroautophagy; hereafter
autophagy) removes protein aggregates and damaged organ-
elles and is important for maintaining cellular homeostasis.
Previous studies using mice with hepatocyte-specific knockout
of Atg5 or Atg7, two genes essential for autophagy, indicated
that autophagy was required to suppress the initiation of hepa-
tocarcinogenesis.1,2 In these mice, dysfunctional mitochondria
accumulated in hepatocytes, resulting in the increase of reactive
oxygen species and oxidative DNA damage. The causative
role of oxidative stress in the development of liver tumors in
these mice was confirmed by the treatment of these mice with
the antioxidant N-acetylcysteine, which reduced the incidence
of liver tumors.2 Interestingly, these knockout mice developed
only benign hepatic tumors with no malignant hepatocellular
carcinoma (HCC), not even after they were treated with the
carcinogen diethylnitrosamine (DEN), which induced HCC in
control mice.2 These results indicated that, although autophagy
was required to suppress the initiation of hepatocarcinogenesis,
it was also required to promote hepatocarcinogenesis once this
process had been initiated. How autophagy might be involved
in promoting hepatocarcinogenesis was no clear.

To understand the role of autophagy in the promotion of
hepatocarcinogenesis, we isolated liver tumors from control
mice and Atg5-knockout mice that had been treated with DEN
and examined the possible effect of autophagy on CD133C and
CD49fC cells. CD133 and CD49f are markers of cancer stem
cells (CSCs),3 which are a rare type of cancer cells that are capa-
ble of self-renewal and the production of a heterogeneous pop-
ulation of progeny cells. CSCs can also induce vasculogenic
mimicry, followed by the formation of blood vessels and
increased blood supply, which is critical for the survival of can-
cer cells in solid tumors.4 We found that the loss of ATG5
would greatly reduce the number of CD133CCD49fC cells.5

This observation suggested an important role of autophagy in

the maintenance of hepatic CSCs. This possibility was con-
firmed by analyzing the effect of autophagy in vitro using
human hepatoma cell lines. We found that the inhibition of
autophagy reduced CD133C cells and the induction of auto-
phagy increased it. The CSC properties of CD133C cells were
confirmed by their ability to self-renew and proliferate in low-
attachment plates and to grow tumors when grafted into
immunodeficient nude mice.

Mitophagy is the selective removal of mitochondria by auto-
phagy. It plays a critical role in the removal of damaged mito-
chondria and the control of mitochondrial quality.6

Interestingly, we found that, the same as autophagy, the inhibi-
tion and the induction of mitophagy also increased and
decreased, respectively, CD133C cells, raising the possibility
that the effect of autophagy on CSCs might be solely mediated
by mitophagy. Indeed, our further studies indicated that auto-
phagy and mitophagy had the same effect on the tumor sup-
pressor TP53, best known as p53. We found that the inhibition
of either autophagy or mitophagy could increase the p53 level
and its phosphorylation at serine-392 (S392), and the induction
of either one of them had the opposite effect. Since p53 phos-
phorylated at S392 could bind to the NANOG promoter and
transcriptionally suppress the expression of NANOG,5 a tran-
scription factor critical for the self-renewal and stemness of
CSCs, these results provided an explanation as to how auto-
phagy or mitophagy regulate hepatic CSCs.

To further understand the relationship between mitophagy
and p53, we analyzed the subcellular localization of p53 that
was phosphorylated at S392. This phosphorylated form was
found to localize primarily to the nucleus in control cells. It
was also found to localize to the nucleus when mitophagy was
inhibited. Surprisingly, this S392-phosphorylated form of p53
was found to colocalize with mitochondria when mitophagy
was induced. As the induction of mitophagy reduced the level
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of p53 and its S392-phosphorylated form, this observation indi-
cated that p53 was likely removed with mitochondria by
mitophagy.

PINK1 is PTEN-induced kinase. It plays an important role
in the induction of mitophagy.7 To further investigate how p53
was depleted when mitophagy was induced, we analyzed its
possible relationship with PINK1. To our surprise, we found
that the suppression of PINK1 expression reduced the phos-
phorylation of p53 at S392 and the over-expression of PINK
increased it. By conducting in vitro protein phosphorylation
assays using p53 as the substrate, we concluded that PINK1
was the elusive kinase that phosphorylates p53 at S392. Inter-
estingly, in a subcellular fractionation experiment, we found
that PINK1 physically interacted with p53 only in the mito-
chondrial fraction. Based on these results, we proposed that,
when the basal mitophagy is not perturbed, a low level of
PINK1 that is associated with mitochondria recruits and phos-
phorylates p53 at S392, which may dislodge from mitochondria
and localize to the nucleus to partially control the expression of

NANOG and the population of CSCs. When mitophagy is
induced, p53 recruited by PINK1 to mitochondria is entrapped
by autophagosomes and subsequently removed by mitophagy,
resulting in the increased expression of NANOG and the CSC
population (Fig. 1). However, when mitophagy is impaired,
p53 phosphorylated by PINK1 cannot be removed by mitoph-
agy and is transported into the nucleus where it suppresses the
expression of NANOG, resulting in the reduction of CSCs and
the suppression of hepatocarcinogenesis (Fig. 1).

In conclusion, our findings demonstrated a critical role of
mitophagy in the maintenance of the hepatic CSC population
via the control of p53 activities. Although our studies were
focused on liver tumors, it is likely that mitophagy may also
play similar roles in the control of CSCs of other tumor types.
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Figure 1. Effects of autophagy on hepatic cancer stem cells. PINK1 (PTEN-induced
kinase 1) binds to the tumor suppressor p53 on mitochondria. When mitophagy is
induced, p53 is removed with mitochondria by mitophagy. This leads to the induc-
tion of expression of the transcription factor NANOG and the increase of cancer
stem cells (CSCs). When mitophagy is inhibited, p53 is phosphorylated by PINK1 at
serine-392 (S392). This phosphorylated form of p53 (i.e., p53(pS392)) is then trans-
ported into the nucleus to suppress the expression of NANOG and the production
of CSCs.
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