J Mol Med (2015) 93:159-164
DOI 10.1007/500109-014-1241-3

JMolMed

REVIEW

Protective role of autophagy and autophagy-related protein 5

in early tumorigenesis

He Liu - Zhaoyue He - Hans-Uwe Simon

Received: 10 October 2014 /Revised: 9 November 2014 / Accepted: 2 December 2014 /Published online: 23 December 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract Autophagy, a fundamental cellular catabolic pro-
cess, is involved in the development of numerous diseases
including cancer. Autophagy seems to have an ambivalent
impact on tumor development. While increasing evidence
indicates a cytoprotective role for autophagy that can contrib-
ute to resistance against chemotherapy and even against the
adverse, hypoxic environment of established tumors, relative-
ly few publications focus on the role of autophagy in early
tumorigenesis. However, the consensus is that autophagy is
inhibitory for the genesis of tumors. To understand this appar-
ent contradiction, more detailed information about the roles of
the individual participants in autophagy is needed. This re-
view will address this topic with respect to autophagy-related
protein 5 (ATGS), which in several lines of investigation has
been ascribed special significance in the autophagic pathway.
Furthermore, it was recently shown that an ATGS5 deficiency
in melanocytes interferes with oncogene-induced senescence,
thus promoting melanoma tumorigenesis. Similarly, an ATGS
deficiency resulted in tumors of the lung and liver in experi-
mental mouse models. Taken together, these findings indicate
that ATGS and the autophagy to which it contributes are
essential gatekeepers restricting early tumorigenesis in multi-
ple tissues.
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Introduction

Autophagy is a highly conserved catabolic process which
ensures cell survival and homeostasis under unfavorable con-
ditions. By sequestering supernumerary or toxic, misfolded
proteins and malfunctioning organelles in double-membrane
vesicles called autophagosomes which then fuse with lyso-
somes, cells are able to supply themselves with building
blocks needed for energy and new protein synthesis [1, 2].
Autophagy is highly dependent on the availability of the so-
called autophagy-related proteins (ATGs) (Fig. 1). Among
others, ATGS is recognized as a key player needed for the
formation of autophagosomes which is also important because
of'its potential contribution to apoptosis.

The onset of autophagy is regulated by the mammalian
target of rapamycin complex 1 (mTORCI1), a cellular meta-
bolic regulatory node responding to the availability of nutri-
ents and to growth factor stimulation [3]. As a serine/threonine
protein kinase, mMTORC1 maintains an inhibitory phosphory-
lation on the ATG1/unc-51-like kinase, (Ulk)1/2. Following
mTORCI inactivation, for example, owing to starvation,
Ulk1/2 initiates autophagy by phosphorylating ATG13 and
the focal adhesion kinase family-interacting protein of 200 kD
(FIP200), stimulating the localization of the complex of all
three to a site on the endoplasmatic reticulum, thus beginning
the process of autophagosome formation [3]. The migration of
a second complex containing vacuolar protein sorting-34
(Vps34), a class III phosphatidylinositol 3-kinase, together
with ATG14 ligand and Beclin 1 to this site [4, 5] allows the
local production of the phosphatidylinositol 3-phosphate
(PI3P) which then recruits PI3P-binding proteins, such as
WD-repeat protein interacting with phosphoinositides
(WIPI) and their interaction partners, finally activating the
elongation of the incipient autophagosome [6-8].

For this, two ubiquitin-like conjugation systems are in-
volved, producing the two conjugates needed: ATG5-ATG12
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Fig 1 ATGS is one of the key

players during autophagosome
elongation. Starting from the
autophagosome formation site,
the autophagosome is elongated,
sealed around neighboring
targets, and then fused with a
lysosome to allow the degradation
of the engulfed contents. Two LC3-1
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and microtubule-associated protein 1 light chain 3—phospha-
tidylethanolamine (LC3-PE) [9, 10]. ATG12 is activated by
the E1-like enzyme, ATG7, to form a thioester bond between
the C-terminal Gly 186 of ATG12 and the Cys 507 of ATG7
[11]. Activated ATG12 is transferred to ATG10, an E2-like
enzyme, and finally conjugated to ATGS at Lys 149 through
an isopeptide bond [12]. The ATGS substituent then interacts
with ATG16L leading to the formation of a multimeric com-
plex localizing to the developing autophagosome membrane
[13]. Thereafter, after removal of its C-terminal Arg 117 by the
proteolytic activity of ATG4, LC3 is first activated by ATG7.
Activated LC3 is then transferred to the E2-like enzyme ATG3
and finally attached to PE through an amide bond [14]
(Fig. 1). ATG12-ATGS5-ATG16L is mainly located on the
outer surface of the developing autophagosome and is disso-
ciated from the membrane once the autophagosome is com-
plete [14]. The autophagosome with its enclosed targets is
transported to the lysosome and, with the help of syntaxin 17,
undergoes fusion [15]. Following the subsequent acidification
of the phagolysosome, the contents undergo degradation by a
variety of hydrolytic enzymes.

ATGS is essential for autophagy, and its absence in knock-
out mice causes neonatal lethality [16]. This is probably
because, in liver, ATGS is required for a special form of
autophagy called lipophagy, in which lipid droplets are par-
tially engulfed and processed by autophagosomes [17, 18].
Furthermore, in the context of autophagy, ATGS is essential
for the maintenance and differentiation of adult stem cells [19,
20], but there is also evidence for functions carried out by
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ATGS beyond any role in autophagy [9, 21, 22]. ATGS is
cleaved by calpain to produce a fragment translocating to the
mitochondria and inducing apoptosis [21]. Using a neutrophil
model of spontaneous apoptosis, these authors demonstrated
that calpain-mediated cleavage of ATG5 produces a 24-kDa
amino-terminal apoptogenic fragment. The inhibition of
calpain blocked neutrophil apoptosis and also the appearance
of the 24-kDa fragment. Interestingly, the transduction of cells
with a construct expressing the 24-kDa ATGS amino-terminal
fragment resulted in rapid apoptosis; cells expressing high
levels of BCL-2, however, elicited only little death [21]. The
truncated 24-kDa ATGS protein caused cytochrome c release
from mitochondria and caspase-3 activation. It was found
complexed with BCL-XL in apoptotic Jurkat and HeLa cells
as well as in neutrophils, but not in non-apoptotic cells [21].
DNA damage caused, for example, by etoposide or cisplat-
in, induces ATGS expression. ATG5 subsequently translo-
cates to the nucleus where it interacts with survivin to induce
cell cycle arrest followed by mitotic catastrophe [23]. Surpris-
ingly, the same phenotype was also observed in cells overex-
pressing ATGS ectopically without any DNA-damaging drug
treatment [23]. Furthermore, the nuclear effects of ATGS, its
binding to survivin with resulting disturbances in cytokinesis
leading to mitotic catastrophe, occur independent of autopha-
gy since ATGS causes cell cycle arrest and mitotic catastrophe
even when autophagy is blocked by 3-methyladenine inhibi-
tion. A mutant, ATG5%"*°R which is unable to associate with
ATG12, hence, is incapable of supporting autophagy, still
induces the nuclear effects including the complex with
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survivin [23]. The mechanism linking ATGS overexpression
and the DNA damage response is the ability of ATGS itself to
induce p53 up-regulation and activation [24].

The contradictory effects of ATGS and autophagy on cell
death, namely by either blocking or promoting anticancer
drug-induced cytotoxicity, have been shown in diverse types
of cancers [25-30]. In contrast to this large body of literature
reporting the involvement of ATGS in response to anticancer
drugs, little is known about the role of ATGS in tumorigenesis.
In the following, we will address this point with respect to the
formation of liver and lung carcinomas and melanomas.

The role of ATGS in tumorigenesis
Liver tumorigenesis

Since a systemic deletion of A7g5 leads to neonatal lethality
[16], a mosaic deletion of Azg5 was achieved by crossing
Atg5"*°% mice with CAG-Cre transgenic mice in which the
Cre recombinase is ubiquitously expressed. In contrast to the
expected overall deletion of Azg5, the resulting Azg5"/~,-
CAG-Cre mice showed an incomplete deletion which was only
observed in the liver, heart, skeletal muscle, and brain [31].
Because the incompletely deleted phenotype is reproducible
and the mice are viable for more than 19 months, Takamura
et al. used this mouse model to investigate the role of ATGS in
the tissues where Azg5 was knocked out [32]. Within 6 months
after birth, severe hepatomegaly was observed in Afg (S
CAG-Cre mice. By 6-9 months, multiple small tumors were
visible; the number and size of which increased with age. All of
the mice examined (n=17) showed multiple tumors in their
livers [32]. Interestingly, there was no evidence of tumor for-
mation in other Asg5-deficient organs [32].

The histological examination of Azg5-deficient liver tumors
at a later stage (month 19) showed a slight lymphocytic
infiltration and intracellular vacuolation with necrotic hepato-
cytes. No obvious malignancy-associated signs, such as ab-
normal nuclear morphology or local invasion, were detected,
even at the 19th month, suggesting a benign adenoma [32].
The vacuoles were shown to be lipid droplets by Oil-red O
staining [32]. The formation of numerous lipid droplets in the
liver has also been observed in p73 knockout mice, a phe-
nomenon explainable by the fact that p73 is essential for Azg5
transactivation. Hence, p73~ mice also exhibit a deficiency
for autophagy [18].

Since autophagy is a dynamic degradation process, im-
paired autophagic activity can be monitored by an accumula-
tion of ubiquitinated protein aggregates and an increased level
of p62, a selective substrate in autophagy, responsible for
aggregating cargo proteins to be enclosed in the
autophagosome [33, 34]. To confirm the autophagy deficiency
of A1g5"*/1°*,C AG-Cre adenoma cells, immunostaining of

ubiquitin and p62 was performed. Indeed, more than 80 %
of'the hepatocytes in the tumor areas showed greater ubiquitin
aggregates than those in the non-tumor regions [32]. Similarly,
p62-positive dots were more often (nearly 80 %) seen in the
tumor areas than those in non-tumor areas. These data sug-
gested that a lack of autophagy was probably the main cause
of tumor formation in the liver of 41g5™*/"**;CAG-Cre mice
[32]. In addition, A¢g5-deficient hepatocytes had a growth
advantage over normal cells in vivo as evidenced by the
frequency of the proliferation marker, Ki-67 [32]. The histo-
logical examination of the liver of Atg5"*/"**;CAG-Cre mice
by electron microscopy showed abnormally enlarged mito-
chondria in the hepatocytes, suggestive of increased oxidative
stresses in these cells. The immunostaining of 8-
hydroxydeoxyguanosine (8-OHdG), an indicator of the oxida-
tive stress [35], showed that most hepatocytes were positive for
8-OHdG, especially in the tumor areas in A1g5™/"**;CAG-Cre
mice. Furthermore, a small fraction of the hepatocytes were
positive for phospho-histone H2A.X in the nuclei (approximate-
ly 2 %) of Atg5"/"**,CAG-Cre mice as compared with the
control mice (approximately 0.4 %), suggesting an induction of
the DNA damage response in these mice [32]. Taken together,
these observations indicate that an autophagy deficiency leads
to increased oxidative stress and the induction of the DNA
damage response often implicated in tumorigenesis [36].

To explore the mechanism and chronologic development of
pathological abnormalities in A¢g5-deficient hepatocytes,
hepatocyte-specific A7g5 knockout mice were generated by
crossing A1g5"*°* mice with albumin Cre mice (Hep-Atg5
knockout (KO)). In agreement with previous findings [32],
these mice also developed liver adenomas as early as 9 months
[37]. An impaired autophagic activity was documented by
undetectable levels of LC3-II and increased amounts of p62
in primary cultures of Azg5-deficient hepatocytes [37]. A
higher proliferation rate of the tumor cells and the presence
of abnormal, swollen mitochondria were observed in the livers
of these mice as well [37]. Interestingly, Atg5-deficient hepa-
tocytes showed increased expression of the proapoptotic pro-
tein, BAX, whereas levels of the FLICE-like protein (FLIP),
which inhibits caspase-8 activation declined [37]. Primary
cultures of these hepatocytes exhibited the induction of apo-
ptosis as shown by increased caspase-3 activity and PARP
cleavage [37]. The histological examination of liver sections
from the Hep-A7g5 KO mice showed infiltration of neutro-
phils and macrophages. Accordingly, the secretion of inflam-
matory cytokines was also elevated in the liver of Hep-A1g5
KO mice. Additionally, liver fibrosis was also evidenced by
the up-regulation of profibrotic genes, including collagen type
1, connective tissue growth factor, transforming growth factor
1, and x-smooth muscle actin [37]. Based on previous
publications, showing that the loss of autophagy in livers leads
to the accumulation of p62 [32] and that p62 activates Nrf2 by
the non-canonical p62-keap1-Nrf2 pathway [38], the possible
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involvement of Nrf2 in the pathogenesis of liver tumors was
considered. In human hepatocellular carcinomas, the in-
creased levels of p62 and the activation of Nrf2 have also
been described [39]. Indeed, the deletion of Nrf-2 in Hep-A41g5
KO mice markedly abolished these tumor-associated
pathological features; no liver tumors were observed in
Atg 5% gIb Cre*/Nrf2”"~ double knockout mice [37].
This work has improved our current understanding of
the contribution of Nrf2, a transcription factor regulating
the expression of cytoprotective genes and hepatic detoxi-
fication enzymes [40, 41], in the pathogenesis of liver cancer

(Fig. 2).
Lung tumorigenesis

A dual role for ATG5 and autophagy in tumorigenesis has
been evidenced by the study of KRas®'?P-driven lung cancer
mouse models [42]. In a KRas;Atg5""* mouse model,
where the Cre recombinase can activate the KRas“’?" onco-
gene in pneumocytes [43] leading to a stepwise progression
from epithelial hyperplasia to benign adenoma and finally
adenocarcinoma of the lung, Rao et al. studied the role of
ATGS in lung tumorigenesis by depleting A7g5 using the
adenoviral delivery of the Cre recombinase [42]. They found
a prolonged overall survival of autophagy-deficient
KRas; Atg5"** mice. However, tumor initiation in these
mice was accelerated. As early as 2—6 weeks after Azg5
depletion, enhanced tumor foci were observed in KRas, Atg5-
Slox/flox mice compared with KRas;Atg5"*"" controls. By
8 weeks after Arg5 depletion, however, the overall tumor
burden values for autophagy-competent and autophagy-
deficient mice were comparable. Interestingly, the
autophagy-deficient KRas;Atg5" /" mice, which showed
increased tumor formation at early stages (until 8 weeks after
Atg5 depletion), exhibited reduced tumor progression from
adenoma to adenocarcinoma of the lung as compared to the
autophagy-competent KRas; Atg5™" controls [42]. Mecha-
nistically, pS3 was found to be an essential tumor suppressor
in the progression from adenoma to adenocarcinoma in the
lung [42]. However, the depletion of p53 did not affect the
increased tumor initiation in the KRas; Atg5"*/"** mice, sug-
gesting that p53-independent mechanisms are involved in
promoting early tumorigenesis in autophagy-deficient
KRas; Atg5"*/"°* mice. Indeed, it could be shown that in-
creased infiltration by FOXP3-positive T regulatory cells
(Tregs) correlated with the accelerated tumor initiation in
autophagy-deficient KRas; Atg5™*/"** mice. The depletion of
the infiltrated Tregs slowed down the onset of the oncogenesis
in these mice. Furthermore, it was shown that the
ectonucleoside triphosphate diphosphohydrolase 1
(ENTPD1) or CD39, an ecto-ATPase that converts the
immunostimulatory extracellular ATP to immunosuppressive
adenosine [44], was induced in KRas,; Atg5™ " mice [45].
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The pharmacological inhibition of ENTPDI1 or the blockage
of adenosinergic receptors reduced the infiltration of lung
adenoma by Tregs and slowed down the tumor initiation to a
level comparable with the controls, providing a link between
autophagy deficiency and the inhibition of anticancer
immunosurveillance [45] (Fig. 2).

Melanoma tumorigenesis

Consistent with a tumor-suppressive function of ATGS5 in
early tumorigenesis in the KRas®'*-driven lung cancer
mouse model [42], ATGS expression was found strongly
reduced in a large cohort of primary melanomas (n=194) as
compared to benign nevi (n=150) [46, 47]. Follow-up on 158
primary melanoma patients showed that patients with low
levels of ATGS5 experienced shorter progression-free survival
times than those with high levels of ATGS [46], indicating a
prognostic value of ATGS in primary melanoma. A reduced
level of basal autophagy was also detected in primary mela-
nomas as evidenced by low levels of LC3 II and accumulation
of p62 [46]. On the other hand, no obvious difference in
Beclin 1 expression was observed between these cohorts of
melanoma and nevi patients [46]. Promoter methylation of the
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Fig 2 An ATGS deficiency promotes early tumorigenesis in the liver,
lung, and melanocytes. Insufficient ATGS and/or autophagic dysfunction
result in features associated with tumorigenesis, such as inflammation,
accelerated proliferation, induction of oxidative stresses, and a DNA
damage response in the liver. In the lung, deficient ATG5 and the
resulting inhibition of autophagy lead to immunosuppression by
infiltration of tumor cells by Tregs and an up-regulation of ENTPD1/
CD39, an ecto-ATPase that converts the immunostimulatory ATP to
immunosuppressive adenosine. In the skin, reduced ATG5 expression
delays the onset of OIS, leading to an uncontrolled proliferation of
melanocytes
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Atg5 gene was shown to be one of the possible mechanisms
leading to a down-regulation of ATG5 in primary melanomas
[46]. The enforced expression of ATGS in melanoma cell lines
restored the reduced basal level of autophagy and sensitized
these cells toward autophagy inducers as evidenced by LC3
lipidation [46]. Furthermore, the overexpression of ATG5 re-
duced the colony-forming ability of melanoma cells and in-
duced senescence as shown by the positivity of senescence-
associated (3-galactosidase [46]. More importantly, reducing
ATGS expression in mutated BRAF-transduced normal human
melanocytes accelerated the proliferation of melanocytes by
interfering with oncogene-induced senescence (OIS) [46]. This
study, in particular the data obtained from the in vitro model of
melanoma tumorigenesis, suggests that a tumor-suppressive
function of ATGS in melanoma tumor initiation is obtained
through its promotion of OIS.

Conclusion and perspectives

Unlike apoptosis, the role of autophagy in cell death is two
sided, either promoting or preventing death, leading to a
highly complex function of autophagy in tumorigenesis.
Based on recent publications reporting a role of ATGS in
tumorigenesis, it seems that ATGS and autophagy suppress
early tumorigenesis in liver and lung epithelial cells, as well as
in melanocytes. These studies also provide evidence that the
function of ATGS in tumor formation may be stage- and
cell/tissue-type dependent. Although the overall survival of
the autophagy-deficient KRas;A1g5"**/"* mice was longer,
the initiation of lung adenoma was earlier than the
autophagy-competent KRas;Atg5"”* controls. Furthermore,
in autophagy-competent KRas;Atg5"”" mice, lesions prog-
ress faster from adenoma to adenocarcinoma of the lung than
in the autophagy-deficient KRas;Atg5" /" mice. Similarly,
ATGS was found to be down-regulated in primary melanomas
as compared with benign nevi. Lowering ATGS expression
accelerated the proliferation of mutant BRAF-transformed
melanocytes as a consequence of bypassing, or at least
delaying, OIS. These data provide clinically relevant evidence
that ATGS5 could suppress the early transition from benign to
malignant tumors in melanocytes. Given that Azg5 is deficient
in the liver, heart, skeletal muscle, and brain in Azg5™/x;-
CAG-Cre mice, tumor foci were only observed in the liver,
but not in other organs where Atg5 was also depleted, thus
raising the notion that the tumor-suppressive function of
ATGS and of autophagy may be organ/tissue specific. Since
autophagy has been reported to be up-regulated in multiple
cancer cells in response to chemotherapeutic drugs, the inhi-
bition of autophagy is being considered as a supplement to
current anticancer therapies [23, 48]. However, the basal level
of autophagy in different types of cancers must be evaluated,

and the stage of the targeted tumors must be considered.
Future work on the role of ATGS and autophagy in the
formation and progression of other types of cancer should be
carried out to improve our current understanding of the func-
tion of ATGS and autophagy in tumorigenesis.
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