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Autophagy has long been thought of as a bulk degradation
system in which cytoplasmic components are sequestered
by double-membrane structures called autophagosomes,
and the contents are then degraded after autophagosomes
fuse with lysosomes. Genetic experiments in yeast identi-
fied a set of Autophagy-related (ATG) genes that are
essential for autophagy. We have since elucidated many
of the molecular underpinnings of autophagy and the
physiologic roles of these processes in various systems.
This review summarizes the physiologic roles of autop-
hagy with a particular focus on liver autophagy based
on analyses of knockout mice lacking Arg genes.
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In the lysosomal pathway, degradation of plasma
membrane proteins and extracellular proteins is de-
pendent on endocytosis, whereas cytoplasmic compo-
nents are degraded via three types of autophagy:
microautophagy, chaperone-mediated autophagy and
macroautophagy (/). Microautophagy is characterized
by membrane invagination in lysosomes or endosomes,
which results in sequestration and degradation of
cytoplasmic components close to the lysosome or endo-
some (Fig. 1A). Chaperone-mediated autophagy targets
specific cytosolic proteins that are bound by heat shock
cognate protein of 70 kDa (hsc70), translocated into the
lysosomal lumen via interactions with lysosome-
associated membrane protein type 2A (LAMP-2A)
and rapidly degraded (Fig. 1A). Macroautophagy

(hereafter referred to as autophagy) is the best-
characterized type of autophagy, in which isolated
membranes or phagophores engulf a portion of
cytoplasm into double-membrane vesicles called
‘autophagosomes’. These structures then transport the
contents to lysosomes. Fusion of an autophagosome
with a lysosome triggers breakdown of the inner autop-
hagosomal membrane followed by degradation of
internal contents (Fig. 1B).

This review paper briefly discusses the molecular
machinery underlying mammalian autophagy and
examines the pathophysiologic roles of liver autop-
hagy, including starvation-induced, constitutive and
selective autophagy, assessed using liver-specific autop-
hagy-deficient mouse models.

Molecular Mechanisms of Mammalian
Autophagy

The molecular underpinnings of autophagosome
formation have been mainly uncovered in studies of
the yeast Saccharomyces cerevisiae (2,3). To date, gen-
etic studies of S. cerevisiae have revealed more than 30
Autophagy-related (ATG) genes, 18 of which are core
ATG genes that are essential for autophagosome
formation. Importantly, core ATG genes are well con-
served in mammals, where the functions of the encoded
proteins markedly overlap with the corresponding pro-
teins in yeast, although a few mammal-specific proteins
have been identified (4). Atg proteins have been
categorized into several subclasses, which function se-
quentially and cooperatively to regulate autophago-
some formation (Figs. 1B and 2).

ULK1 complex

Blood levels of amino acids, insulin and/or glucose
regulate autophagic activity. Mammalian target of
rapamycin complex | (mMTORC1), which is downstream
of each of these signals, serves as an important check-
point in autophagy. ULK1 complex is composed of
ULK!1 (a serine/threonine protein kinase), Atgl3,
Atgl01 and RBI-inducible coiled-coil 1/FAK family-
interacting protein of 200 kDa (RBICCI1/FIP200),
and plays a central role in inducing autophagosome for-
mation and regulating mTORCI1 (Fig. 2A). Under
nutrient-rich conditions, mTORCI1 is incorporated
into ULK 1 complex, and subsequently phosphorylates
ULK1 and Atgl3, which suppress autophagic activity
(5, 6). In response to starvation, mTORCI dissociates
from ULK 1 complex, resulting in dephosphorylation of
ULK1 Ser 757, which phosphorylates FIP200 to initiate
autophagosome formation (5, 6) (Fig. 2A). Moreover,
autophagy is also induced when Ser 317 and Ser 777 of
ULKI1 are directly phosphorylated by AMP-activated
protein kinase, which is activated in response to
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Fig. 1 Autophagy. (A) Macroautophagy is the prototypical autophagic process in which cytoplasmic materials, including organelles, are
sequestered inside membranes or phagophores. The resulting autophagosomes fuse with lysosomes, resulting in complete degradation of the
sequestered cytoplasmic components by lysosomal hydrolases. Microautophagy is characterized by membrane invagination in lysosomes or
endosomes to sequester and degrade nearby cytoplasmic material. Chaperone-mediated autophagy targets specific cytosolic proteins that contain
a KFERQ-like pentapeptide sequence. The proteins are trapped by hsc70, and translocated into the lysosomal lumen via interactions with
LAMP-2A, before they are rapidly degraded. (B) Autophagosome formation in mammalian cells. Induction of autophagy activates ULK1
complex, which translocates to locations near the ER. ULK1 complex regulates class 11 PI3K complex, which is assisted by RalB and an
Exo84-containing exocyst complex. The multimembrane spanning protein Atg9L is involved in an early stage of autophagosome formation.
Formation of PI3P recruits DFCP1 and promotes the formation of the omegasome. Other PI3P-binding WIPIs, Atgl2—Atg5—Atgl6L complex
and LC3—PE conjugate play important roles in the elongation and closure of the isolation membrane. Finally, the complete autophagosome
fuses with endosomes or lysosomes to form autolysosomes. In the lysosomes, cytoplasmic components that have been engulfed by the autop-
hagosomes are degraded by resident hydrolases. The resulting amino acids and other basic cellular materials are reused by the cell; at high levels,

these building blocks reactivate mTORCI and suppress autophagy.

decreased ATP levels in a low glucose state (7, 8)
(Fig. 2A).

Class Illl phosphatidylinositol 3-kinase

Autophagy requires phosphatidylinositol 3-kinase
(PI3K) to generate phosphatidylinositol 3-phosphate
(PI3P). In mammals, two types of PI3K are involved
in autophagy: classes I and III PI3K. Whereas class 1

PI3K is principally involved in modulating signalling
cascades (Fig. 2A), class IIT PI3K complexes regulate
organelle biogenesis. Class 111 PI3K can regulate autop-
hagy positively or negatively at the different steps de-
pending on various interaction partners. Class 111 PI3K
complex consisting of p150, Vps34, Beclin 1 and Atgl4
(complex I) is involved in early autophagosome forma-
tion and regulated by ULK1 complex via RalB and an
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Fig. 2 Atg proteins in mammalian cells. (A) As a terminal target of insulin, amino acid and glucose signalling, mMTORC] controls the activity of
ULK1 complex. (B) Autophagy-related class III PI3K complexes. PI3K regulates different steps of autophagy positively or negatively based on
various interaction partners. (C) Ubiquitin-like conjugation systems essential for autophagy. The ubiquitin-like modifiers Atgl2 and LC3 are
activated by Atg7 and transferred to Atgl0 and Atg3, respectively. Atgl2 forms an isopeptide bond with Atg5 followed by formation of

Atgl2—Atg5—AtgloL complexes. LC3 forms an amide bond with PE (LC3-II), which is dependent on Atgl2—Atg5—Atgl6L complex. Finally,
LC3-II on the inner membrane is degraded after autophagosomes fuse to lysosomes, whereas LC3-II on the outer membrane is released from

autophagosomes via the specific cysteine protease Atg4B.

Exo084-containing exocyst complex (9—17) (Figs 1B and
2B). Other PI3K complex composed of pl150, Vps34,
Beclinl and UV irradiation resistance-associated gene
(UVRAG) (complex II) facilitates autophagosome and

endosome maturation (/2, 13) (Fig. 2B). In contrast,
when RUN domain- and cysteine-rich domain-contain-
ing Beclin I-interacting protein (Rubicon) associates
with a subpopulation of UVRAG-containing PI3K
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complex, the complex (complex I1I) negatively regulates
a later step of autophagy and the endocytic pathway
(14, 15) (Fig. 2B). Recruitment of Beclin 1 to PI3K com-
plex is sensitive to starvation conditions. Beclin 1 forms
a complex with endoplasmic reticulum (ER)-associated
Bcl-2 under nutrient-rich conditions and is released
after Bcl-2 is phosphorylated by c-Jun N-terminal
kinase 1 (/6). PI3P generated by complex I recruits the
PI3P-binding protein double Fabl, YotB, Vaclp, and
EEA1 (FYVE)-containing protein 1 (DFCP1) to preau-
tophagosomal structures or phagophore assembly sites
(PASs). DFCP promotes the formation of the omega-
some from which autophagosomes are generated
though it is not essential for autophagosome formation
(17) (Fig. 1B). Other PI3P-binding WD-repeat protein
interacting with phosphoinoside (WIPI) proteins are
also crucial for maturation of the isolation membrane
and the associated omegasome (/8) (Fig. 1B).

Atg9

Most Atg proteins are cytosolic and transiently associ-
ate with PAS via other Atg components and/or lipids.
Mammalian Atg9 moves between the trans-Golgi
network and Rab7- and Rab9-positive endosomes
under normal conditions (/9). In response to starvation,
Atg9 binds to p38IP, which increases levels of Atg9
dispersed throughout the cytosol (20). Atg9 subse-
quently localizes to PAS, which is dependent on
p38IP, ULKI, Atgl3 and PI3K (20) (Fig. 1B). Atg9
returns to endosomes via p38a, which negatively regu-
lates the interaction between Atg9 and p38IP (20). The
motility of Atg9 during the assembly and disassembly of
structures at the site of autophagosome formation
implies that Atg9-containing membrane structures
may be at least one source of membranes for autopha-
gosomes. Alternatively, this structure may supply and/
or remove some critical factors or lipid components
essential for autophagosome formation (21).

Ubiquitin-like conjugating systems

The ubiquitin-like modifiers Atgl2 and microtubule-
associated protein 1 light chain-3 (LC3) are activated
by the El-like enzyme Atg7 and transferred to two dif-
ferent E2-like enzymes: Atgl0 and Atg3, respectively.
Whereas Atgl2 forms an isopeptide bond with Atgs5,
LC3 forms an amide bond with phosphatidylethanola-
mine (PE) in a reaction that is dependent on the
Atgl2—Atg5 conjugation (22, 23) (Fig. 2C). Atgl6L
forms a high molecular weight complex with
Atgl2—Atg5 (24) (Fig. 2C). The Atgl2—Atg5—Atgl6L
complex functions as an E3-like enzyme, determining
the site of LC3 lipidation (25) (Fig. 2C). Although the
Atgl2—Atg5—Atgl6L complex is required for elong-
ation of the isolation membrane (26), PE-bound LC3
(LC3-10) is thought to be important for membrane bio-
genesis and/or closure of the isolation membrane
(27-29) (Fig. 2C).

Physiologic Roles of Liver Autophagy

In late 1950s and early 1960s, after the discovery of the
lysosome by Christian de Duve (30), autophagy was
identified as a machinery that degrades cytoplasmic

components. Later, electron microscopic analyses
identified autophagosomes in isolated liver tissues sub-
jected to stressful conditions (e.g., livers perfused with
glucagon) (31, 32), suggesting an important role for
these structures in responses to starvation. In 1977,
Mortimore’s group examined this potential function
using perfused rat livers and showed that autophagy
is induced in response to decreased amino acid levels
(33) and that glucagon drives autophagy, which dir-
ectly contrasts the activity of insulin (34). During this
period, Seglen and colleagues used a primary rat hep-
atocyte culture system to show that depriving cells of
certain amino acids (e.g., leucine, phenylalanine, tyro-
sine, tryptophan, histidine, asparagine and glutamine)
leads to autophagy (35), and that the inhibitor of class
III PI3K 3-methyladenine suppresses autophagy (36).
Like other research fields, studies of autophagy took
advantage of rodent liver and primary culture hepato-
cytes. For a long time, studies of autophagy were lim-
ited to biochemical and morphologic approaches. The
emergence of genetic techniques led to the identifica-
tion of ATG genes and subsequent analyses of autop-
hagy in various model organisms, including mice.
During the last decade, mouse strains with
liver-specific deletions of Azg genes have uncovered a
number of physiologic roles for liver autophagy in
addition to responses to starvation conditions (Fig. 3).

Starvation adaptation

In response to prolonged fasting, the liver begins to
break down internal proteins to supply the body with
amino acids. In wild-type mice, for example, 48h of
fasting results in catabolization of 30—40% of liver
proteins (37). Whereas amino acid levels in liver
tissue and blood are transiently elevated after 24 h of
fasting, mice with Arg7 specifically knocked out in the
liver exhibit neither fasting-induced decreases in liver
protein levels nor transient increases in amino acid
levels (38). Importantly, blood glucose levels are
stable after the transient elevations in amino acid
levels in the wild-type mice, but the mutant mice
become hypoglycemia, suggesting that glucogenic
amino acids are created via liver autophagy and sub-
sequent gluconeogenesis (38) (Fig. 3A). Liver autop-
hagy also helps to supply free fatty acids in response
to fasting, which induces increased circulating levels of
fat tissue-derived free fatty acids. The free fatty acids
are rapidly captured by various cell types, including
hepatocytes and hypothalamic neurons, and esterified
into triglycerides in lipid droplets. These lipid droplets
are selectively broken down by autophagy (lipophagy)
to provide endogenous free fatty acids for energy pro-
duction through p-oxidation (39, 40) (Fig. 3A).
Consistent with reduced p-oxidation and excess accu-
mulation of cellular lipid droplets in cultured hepato-
cytes in which autophagy is suppressed, liver-specific
knockout of Arg7 in mice causes marked accumulation
of triglycerides and cholesterol in lipid droplets (39).
However, the molecular mechanisms by which autop-
hagosomes selectively sequester lipid droplets are un-
clear, and defective autophagy significantly affects
intracellular metabolic pathways via secondary effects
(our unpublished data). Further studies are needed to
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Fig. 3 Physiologic roles of liver autophagy. (A) In response to fasting, liver autophagy results in nonselective catabolization of cytoplasmic
components into such building blocks as amino acids and free fatty acids, which are used in glyconeogenesis and B-oxidation. (B) Low levels of
autophagy also occur constitutively even under nutrient-rich conditions to mediate global turnover of cytoplasmic materials, regulate selective

turnover of abnormal proteins and organelles, and prevent disease onset.

evaluate the direct contribution of autophagy to
lipolysis.

Quality control

Regardless of the nutritional conditions, basal levels of
autophagy result in the metabolization of cytoplasmic
components to prevent the accumulation of degenerat-
ing proteins and organelles (Fig. 3B). For example,
loss of Atg7 in mouse hepatocytes causes marked
accumulation of swollen and deformed mitochondria,
concentric membranous structures consisting of ER,
increased number of peroxisomes and lipid droplets,
and formation of protein aggregates (4/). The
mutant mice exhibit severe hepatomegaly and hepato-
cytic hypertrophy, which are followed by inflamma-
tion, hepatitis and tumourigenesis (4/, 42). Similar
phenotypes have also been observed in mouse livers
lacking Vps34, which is essential for autophagosome
formation (43). Chaperone-mediated autophagy also
contributes to global protein turnover in hepatocytes
because persistent activation of this process in the liver
prevents age-associated declines in cellular mainten-
ance and hepatic function (44).

Autophagic surveillance of cytoplasmic material in
hepatocytes is likely to be more important under
stressful or pathologic conditions (Fig. 3B). The
phthalate ester diethylhexyl phthalate (DEHP) is a
peroxisome proliferator and hepatic carcinogen.
Increased peroxisome proliferation in response to
DEHP is thought to initiate the neoplastic transform-
ation of hepatocytes by increasing intracellular levels

of DNA-damaging reactive oxygen species. Liver
autophagy contributes to selective clearance of peroxi-
somes (pexophagy) that develop after treatment with
DEHP (45) (Fig. 3B), suggestmg that pexophagy is
ant1tumour1gemc In obese mice, autophagic activity
in hepatocytes is reduced owing to significantly
decreased levels of Atg proteins, including Beclin 1,
Atg5 and Atg7. This results in ER stress, probably
due to impaired ER homeostasis in hepatocytes, lead-
ing to insulin resistance (46). Surprisingly, only adeno-
virus vector-mediated Arg7 overexpression in livers of
obese mice ameliorated ER stress, enhanced hepatic
insulin activity and systemically improved glucose
tolerance (46) (Fig. 3B).

The classic form of oy-antitrypsin deficiency is
caused by a point mutation, resulting in accumulation
of misfolded o;-antitrypsin in the ER and the forma-
tion of intrahepatic inclusions that cause cirrhosis.
This activates autophagy to degrade the inclusions.
Importantly, carbamazepine, which increases autop-
hagy and the disposal of aggregation-prone proteins,
reduces the severity of liver disease in a mouse model
of ay-antitrypsin deficiency by enhancing the degrad-
ation of misfolded oy-antitrypsin (47) (Fig. 3B).
Moreover, autophagy activation using rapamycin—an
inhibitor of mTOR—eliminates Mallory-Denk bodies
that form as acidophilic cytoplasm aggregates, a hall-
mark of alcoholic liver injury (48). Although the re-
moval of the degenerating and/or excessive organelles
and proteins described above seems to be selective, the
molecular underpinnings largely remain unclear.
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Prevention of tumourigenesis

As shown in Fig. 2A, mutation or deletion of onco-
genes and tumour suppressor genes involved in insulin
signalling inhibits autophagy. This suggests that
reduced autophagy owing to constantly activated
mTORCI may participate in neoplasia. In fact,
liver-specific phosphatase and tensin homolog (PTEN)
or tuberous sclerosis 1 (TSCI) knockout mice develop
hepatocellular carcinoma and exhibit constitutively
activated mTOR and decreased autophagic activity
(49-51). How impaired autophagy contributes to
neoplasia, however, was unknown because mTOR
controls multiple physiologic processes, including pro-
tein translation, autophagy and gene transcription. In
1999, Beclin 1 was identified as a tumour suppressor
gene (52), suggesting a tumour suppressive role for
autophagy. Beclin 17~ mice significantly reduced
autophagic activity and increased the risk for cancer;
these mice develop spontaneous tumours, including
hepatocellular carcinoma, and more frequently de-
velop liver tumours after hepatitis B virus infections
(53, 54). Moreover, the Beclin I-interacting protein
UVRAG suppresses the proliferation and tumouri-
genicity of human colon cancer cells (/2). Long-term
deletion of autophagy-specialized gene (e.g., Atg5 or
Atg7) resulted in multiple tumours in the livers,
demonstrating a tumour-suppressive effect for autop-
hagy, at least in mouse livers. Micro tumours form in
the livers of systemically mosaic Arg5-deficient mice
and hepatocyte-specific 47g7 knockout mice when the
mice are 7—9 months old (42, 55). Importantly, Arg5
mosaic knockouts develop tumours only in liver tissues
(55). As the mice get older, the number and size of the
tumours increase, and the livers are almost covered by
tumours when the mice reach 16—19 months. A7g5- or
Atg7-deficient hepatocytes/tumour cells show enlarged
mitochondria and a large number of peroxisomes,
probably due to impaired organelle quality control;
protein oxidation and oxidative stress have also been
observed in these cells (42, 55). As a result, cells in
autophagy-deficient livers are thought to have genomic
instability, resulting in spontaneous tumourigenesis
(Figs. 3B and 4B). Tumours in mutant livers are mono-
clonal with regular arrangements and patterns, and
metastasis is not observed in other tissues, suggesting
that these tumours are benign adenomas (42, 55).
These results suggest that, in addition to suppressing
tumourigenesis in livers, autophagy contributes to the
malignant transformation of hepatic adenomas.

Liver Disorders and the Autophagy-Specific
Substrate p62

p62/SQSTM1/A170 (hereafter referred to as p62) is a
stress-inducible intracellular protein that is conserved in
most multicellular organisms, but not plants or fungi
(56, 57). Mutations in the ubiquitin-associated (Uba)
domain of p62 give rise to inherited Paget’s disease of
bone (58). p62 is targeted to the autophagosome forma-
tion site on the ER; targeting is dependent on the
N-terminal Phox and Bemlp (PB1) domain, which is
responsible for self- and hetero-oligomerization (59)

10

(Fig. 4A) and directly interacts with LC3 through the
LC3-interacting region (LIR) (60, 61) (Fig. 4A).
Subsequently, p62 is incorporated into the autophago-
some and degraded by autophagy. Interestingly, p62 is
also thought to be a receptor for ubiquitinated cargos to
deliver them into autophagosomes (57, 62, 63). This
section focuses on the pathophysiologic significance of
autophagic turnover of p62.

p62 and aggregate formation

Suppression of autophagy results in marked accumu-
lation of p62 followed by formation of large aggregates
positive for p62 and ubiquitinated proteins because of
the nature of both self-oligomerization and ubiquitin-
binding of p62 (64, 65) (Fig. 4B). Notably, similar
ubiquitin- and p62-positive aggregates have been iden-
tified in various human disorders, including neurode-
generative diseases (Alzheimer’s disease, Parkinson’s
disease and amyotrophic lateral sclerosis), liver dis-
orders (alcoholic hepatitis and steatohepatitis) and
cancers (malignant glioma and hepatocellular carcin-
oma) (66). Intriguingly, the aggregates observed in
hepatocytes and neurons of mice with liver- or
brain-specific knockouts of A7g7 mice and in human
hepatocellular carcinoma cells are not observed when
p62 is knocked out (42, 64). Nbrl and p62 have similar
domain structures—for example, a PB1 domain, zinc
finger domain, LC3-interacting region and the Uba
domain (Fig. 4A)—and are both selective substrates
for autophagy (67). Like p62, Nbrl accumulates in
autophagy-deficient hepatocytes, and extensively colo-
calizes with p62- and ubiquitin-positive aggregates
(67); these structures—for example, Mallory-Denk
bodies in acidophilic body are hallmarks of alcoholic
liver injury, and intracytoplasmic hyaline bodies are
found in hepatocellular carcinoma—have been identi-
fied in human liver diseases, although the role of Nbrl
in aggregate formation has not been elucidated.

p62 as a signalling hub

Because p62 was originally identified as an atypical
protein kinase C (aPKC)-interacting protein, p62 has
been hypothesized to be involved in nuclear
factor-kappaB (NF-kB) signalling and cytoskeletal re-
arrangement, which are regulated by aPKC proteins
(68). Moreover, p62 promotes ubiquitination of TNF
receptor-associated factor 6 (TRAF6) in response to
interleukin 1, Receptor Activator of Nuclear Factor
kB (RANK) ligand and nerve growth factor, thereby
activating NF-kB to enhance cell survival (69) (Fig.
4B). In contrast, when caspase-8 is ubiquitinated in
repsonse to tumour necrosis factor (TNF)-related apop-
tosis-inducing ligand, p62 promotes aggregation of ubi-
qutinated caspase-8, leading to full activation and
processing of the enzyme and committing the cell to
apoptosis (70) (Fig. 4B). In addition, p62 interacts
with the Nrf2-binding site of Keapl, a component of
Cullin3-type ubiquitin ligase for Nrf2 that is responsible
for the expression of a battery of genes encoding anti-
oxidant proteins and detoxification enzymes (71, 72)
(Fig. 4B). Because autophagy strictly regulates p62 pro-
tein levels, autophagy may also control NF-«xB sig-
nalling, activation of apoptosis and responses to
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environmental stress. If this is the case, impaired autop-
hagy would be accompanied by dysregulation in these
signalling pathways.

P62 is a predisposing factor for disease in
autophagy-deficient livers

Notably, loss of p62 or Nrf2 markedly attenuates the
liver phenotypes that are induced by impaired autop-
hagy, including hepatomegaly, hepatocytic hypertro-
phy and liver injury (64, 7I), suggesting that
persistent activation of Nrf2 due to impaired p62 turn-
over is a major pathogenic response to deficient autop-
hagy. The mechanism by which constitutive Nrf2
activation causes liver disorders is unclear. In contrast,
concomitant loss of p62 did not ameliorate or exacer-
bate the neurodegeneration phenotype in mice with
brain-specific deletions of Atg7 (64). Thus, the cytotox-
icity of persistent Nrf2 activation may be tissue spe-
cific. A large number of mouse lines with tissue-specific

deletions of Azg have been generated and analyzed,
and loss of autophagy causes various life-threatening
diseases (73). The pathologic significance of abnormal
p62 accumulation for disease onset has been examined
only in liver and brain tissue, however.

The role of p62 in tumourigenesis and tumour
development

As mentioned above, mice heterozygous for Beclin 1
mutation, systemically mosaic for Azg5 deficiency or
lacking Atg7 specifically in liver tissue develop liver
tumours probably due to dysregulation of signal
transduction pathways as well as impaired organelle
quality control (Fig. 4B). Liver adenoma growth in
mice with liver-specific knockouts of 47g7 is markedly
suppressed when p62 is also knocked out (55). Because
constitutive activation of NF-kB is involved in
tumourigenesis, dysregulation of NF-kB signalling
due to excess accumulation of p62 is thought
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to predispose the mouse to tumour development. In
agreement with this hypothesis, suppressing NF-kB
signalling by knocking out p62 prevents growth and
development of Ras-induced lung adenocarcinoma
(74), and inducing p62 expression via constitutive ac-
tivation of Kras contributes to the development of
pancreatic ductal adenocarcinoma (75). Moreover,
dysregulation of NF-kB signalling in autophagy-
incompetent cells is due, at least in part, to increased
p62 levels, which subsequently enhance tumourigenesis
(76). On the other hand, Nrf2 activation also partici-
pates in tumourigenesis and/or tumour development.
Somatic mutations in either Keapl or Nrf2 have been
identified in patients with lung, head and neck, or gall-
bladder cancers (77, 78). These mutations make
tumour cells resistant to oxidative damage and antic-
ancer agents, because the interaction between Keapl
and Nrf2 is disrupted followed by persistent activation
of Nrf2. Nrf2 is activated in certain types of cancer
even in absence of these somatic mutations. For in-
stance, Keapl is succinated in type 2 papillary renal
cell carcinomas that carry mutations in fumarate
hydratase, leading to hyperactivation of Nrf2 (79,
80). In addition, oncogene-driven Nrf2 transcription
serves as an early tumourigenic event (87). These
studies suggest that activation of Nrf2 may be involved
in  tumourigenesis and tumour development.
Interestingly, aggregates positive for p62 and Keapl
are often detected in human cancers, such as hepato-
cellular carcinoma, and expression of Nrf2 target genes
has been observed in most of these tumours (42).
Together, the evidence indicates that persistent activa-
tion of Nrf2 in response to increased levels of p62 con-
tributes to hepatoma development.

Concluding Remarks

Basal levels of selective autophagy in postmitotic cells
serve to protect the cells from accumulation of degen-
erative components, and adaptive autophagy provides
cells with building blocks to overcome adverse condi-
tions. In addition to these fundamental roles, a series
of analyses with mice with disrupted autophagy specif-
ically in the liver revealed some unexpected cellular
functions of autophagy, such as regulation of NF-xB
signalling and stress management via p62 turnover. We
now know that dysfunction in these pathways is
involved in various liver disorders and tumourigenesis.
To take advantage of autophagy clinically for liver dis-
ease and cancer, however, effective indicators, bio-
markers and/or probes of autophagy activity are
required, particularly for monitoring the effects of
drugs that target different steps in autophagy.
Therefore, studies based on collaborations among in-
dustry, academia and government institutions are
needed to develop autophagy-based diagnostic and
therapeutic approaches for various disease states.
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