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REVIEW

Autophagy: process and tunction
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Autophagy is an intracellular degradation system that
delivers cytoplasmic constituents to the lysosome. De-
spite its simplicity, recent progress has demonstrated
that autophagy plays a wide variety of physiological and
pathophysiological roles, which are sometimes complex.
Autophagy consists of several sequential steps—seques-
tration, transport to lysosomes, degradation, and utiliza-
tion of degradation products—and each step may exert
different function. In this review, the process of au-
tophagy is summarized, and the role of autophagy is dis-
cussed in a process-based manner.

Autophagy is a general term for the degradation of cyto-
plasmic components within lysosomes (Cuervo 2004,
Levine and Klionsky 2004; Shintani and Klionsky 2004;
Klionsky 2005, 2007; Mizushima and Klionsky 2007).
This process is quite distinct from endocytosis-mediated
lysosomal degradation of extracellular and plasma mem-
brane proteins. There are three types of autophagy—
macroautophagy, microautophagy, and chaperone-medi-
ated autophagy—and the term “autophagy” usually in-
dicates macroautophagy unless otherwise specified (Fig.
1). Autophagy is mediated by a unique organelle called
the autophagosome. As autophagosomes engulf a portion
of cytoplasm, autophagy is generally thought to be a non-
selective degradation system. This feature is in marked
contrast to the ubiquitin-proteasome system, which spe-
cifically recognizes only ubiquitinated proteins for pro-
teasomal degradation. It is therefore reasonable to as-
sume that the ubiquitin—proteasome system has numer-
ous specific functions because it can selectively degrade
thousands of substrates.

However, recent studies have clearly demonstrated
that autophagy has a greater variety of physiological and
pathophysiological roles than expected, such as starva-
tion adaptation, intracellular protein and organelle clear-
ance, development, anti-aging, elimination of microor-
ganisms, cell death, tumor suppression, and antigen pre-
sentation (Mizushima 2005). Additionally, in some
situations, the contribution of autophagy seems to be
very complicated. For example, it is very difficult to gen-
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eralize the role of autophagy in cancer and cell death.
This is like the question: “Is inflammation good or bad
for life?” Of course, inflammation is required for the
anti-bacterial response, but the inflammatory response
associated with bacterial pneumonia can be life-threat-
ening. Therefore, it may be difficult to draw simplified
connections between autophagy and higher-order func-
tions.

How can a bulk degradation system exert so many
functions? One determinant is probably the extent of
degradation. Too much destruction without construc-
tion would be harmful for cells. This may explain many
of the controversial issues related to the toxicity of au-
tophagy, particularly observed in cultured cells. How-
ever, the range of autophagy seems to be strictly con-
trolled in vivo; autophagic activity or total proteolysis is
not sustained, and decreases during prolonged starvation
(Mortimore et al. 1983; de Waal et al. 1986; Mizushima
et al. 2004).

To understand the various roles of autophagy, it may
be useful to subclassify macroautophagy into “induced
autophagy” and “basal autophagy” (Mizushima 2005).
The former is used to produce amino acids following
starvation, while the latter is important for constitutive
turnover of cytosolic components. However, even this
distinction is too simplified and cannot be applied to
more complicated issues.

Autophagy consists of several sequential steps: seques-
tration, degradation, and amino acid/peptide generation.
Each step seems to exert different functions in a variety
of cellular contexts. These step-dependent functions
may allow autophagy to be multifunctional. Thus, in
this review, I will attempt to follow the role of au-
tophagy in a process-based manner.

The process of autophagy
Induction of autophagy

The most typical trigger of autophagy is nutrient starva-
tion; in this sense, lack of any type of essential nutrient
can induce autophagy. In yeast, nitrogen starvation is the
most potent stimulus, but withdrawal of other essential
factors such as carbon, auxotrophic amino acids and
nucleic acids, and even sulfate can induce autophagy,
albeit less efficiently (Takeshige et al. 1992). Nitrogen or
carbon starvation also triggers autophagy in plant cells
(Moriyasu and Ohsumi 1996; Yoshimoto et al. 2004).
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Figure 1. The process of macroautophagy in mammalian cells. A portion of cytoplasm, including organelles, is enclosed by a
phagophore or isolation membrane to form an autophagosome. The outer membrane of the autophagosome subsequently fuses with
the endosome and then the lysosome, and the internal material is degraded. In yeast, autophagosomes are generated from the PAS,
which has not yet been identified in mammalian cells. The nomenclature for various autophagic structures is indicated.

In mammals, regulation of autophagy appears to be
highly complicated. Depletion of total amino acids
strongly induces autophagy in many types of cultured
cells, but the effects of individual amino acids differ.
Leu, Tyr, Phe, Gln, Pro, His, Trp, Met, and Ala suppress
autophagy in ex vivo perfused liver (Mortimore and Pos6
1987). However, such profiles depend on cell type be-
cause amino acid metabolism differs greatly among tis-
sues. For example, only leucine has a dominant effect on
skeletal muscle and heart (Mortimore and Poso 1987).
How cells sense amino acid concentration is not fully
understood. One candidate sensor is GCN2, a tRNA-
binding protein kinase (Tall6czy et al. 2002), and recent
reports suggest the presence of other amino acid signal-
ing pathways involving class III phosphatidylinositol 3
(PI13)-kinase and Beclin 1 (Byfield et al. 2005; Nobukuni
et al. 2005). However, the physiological significance of
autophagy regulation by amino acid starvation has not
yet been clarified. Changes in amino acid concentration
in tissues and plasma during fasting are relatively small
(Palou et al. 1981). In multicellular organisms, each cell
would not necessarily sense nutrient availability.
Rather, nutrient consumption is a problem for the organ-
ism, and it is therefore reasonable to think that au-
tophagy should be regulated by a highly organized sys-
tem. It is now believed that the endocrine system, par-
ticularly insulin, manages autophagy regulation in vivo.
Liver autophagy is suppressed by insulin and enhanced
by glucagon (Mortimore and Pésé 1987). Furthermore,
recent Drosophila genetic studies have demonstrated the
physiological importance of insulin signaling in vivo
(Rusten et al. 2004; Scott et al. 2004). Other hormones
and growth factors also seem to contribute to autophagy
regulation. It is well known that serum starvation can
induce autophagy in many types of cultured cell. The
hematopoietic growth factor interleukin-3 (IL-3) sup-
presses autophagy through, at least in part, regulation of
nutrient availability (Lum et al. 2005b; see below).

Amino acid and insulin/growth factor signals are
thought to converge on mTOR (mammalian target of
rapamycin), which is a master regulator of nutrient sig-
naling. Indeed, treatment with inhibitors of TOR such as
rapamycin and CCI-779 induces autophagy in yeast
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(Noda and Ohsumi 1998) and even in animals (Raviku-
mar et al. 2004). However, not all autophagy signals are
transduced through mTOR; some amino acid signaling
can suppress autophagy in an mTOR-independent man-
ner (Mordier et al. 2000; Kanazawa et al. 2004). More
recently, small-molecule enhancers of the cytostatic ef-
fects of rapamycin (called SMERs) were identified to in-
duce autophagy, which acts independently of mTOR
(Sarkar et al. 2007).

In addition to insulin and amino acid signaling, the
involvement of many other factors in autophagy regula-
tion has recently been reported (Codogno and Meijer
2005). These include Bcl-2 (see below), reactive oxygen
species (ROS) (Djavaheri-Mergny et al. 2006; Scherz-
Shouval et al. 2007; Xiong et al. 2007b), calcium (Hoyer-
Hansen et al. 2007), AMP-activated protein kinase
(AMPK) (Meley et al. 2006; Hoyer-Hansen et al. 2007;
Liang et al. 2007), BNIP3 (Daido et al. 2004), p19 ARF
(Reef et al. 2006), DRAM (Crighton et al. 2006), calpain
(Demarchi et al. 2006), TRAIL (Mills et al. 2004), FADD
(Pyo et al. 2005; Thorburn et al. 2005), and myo-inositol-
1,4,5-triphosphate (IP;) (Sarkar et al. 2005; Criollo et al.
2007).

Autophagosome formation

Membrane dynamics during autophagy are highly con-
served from yeast to plants and animals. In the first step
of autophagosome formation, cytoplasmic constituents,
including organelles, are sequestered by a unique mem-
brane called the phagophore or isolation membrane,
which is a very flat organelle like a Golgi cisterna. Com-
plete sequestration by the elongating phagophore results
in formation of the autophagosome, which is typically a
double-membraned organelle. This step is a simple se-
questration, and no degradation occurs. Where and how
autophagosomes emerge has been a major question. In
yeast, 31 Atg (autophagy-related) proteins have been
identified, and many of them gather at a site that can be
identified by fluorescence microscopy as a punctate spot
very close to the vacuolar membrane. Since autophago-
somes are generated from this site, it is called the “pre-
autophagosomal structure (PAS)” (Kim et al. 2001; Su-
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zuki et al. 2001; Suzuki and Ohsumi 2007). Unfortu-
nately, detailed structural information regarding the PAS
is not currently available, and it is even unknown
whether it is a membranous structure. Equivalent struc-
tures have not been observed in mammalian cells. Yeast
cells may have a stable PAS because it is shared with the
cytoplasm-to-vacuole targeting (Cvt) pathway, a consti-
tutive transport pathway for amino peptidase 1 (Apel)
and a-mannosidase (Ams1) from the cytosol to the vacu-
ole (Klionsky and Ohsumi 1999).

Among the 31 Atg proteins, 18 Atg proteins—Atgl-10,
Atgl2-14, Atgl6-18, Atg29, and Atg3l—are involved in
autophagosome formation and are called “AP-Atg pro-
teins” (Klionsky et al. 2003; Kabeya et al. 2007; Suzuki
and Ohsumi 2007). Since the function of these Atg pro-
teins has been extensively reviewed (Klionsky 2005;
Klionsky et al. 2007; Suzuki and Ohsumi 2007), only
some topics are highlighted here. A recent systematic
analysis showed that the AP-Atg proteins depend on
each other for recruitment to the PAS (Suzuki et al.
2007); in particular, Atgl7 was found to be a scaffold for
PAS organization (Fig. 2). The recently identified Atg29
(Kawamata et al. 2005) and Atg31 (Kabeya et al. 2007)
appear to function together with Atgl7. Atgll is also
important for PAS organization but is essential only for
the Cvt pathway (Suzuki et al. 2007). Other AP-Atg pro-
teins target to the PAS as shown in Figure 2 and exert
their own roles in autophagosome formation. Although
the precise function of each protein remains to be under-
stood, an unexpected function was shown for yeast Atg8.
Atg8, a ubiquitin-like protein, is present on autophagic
membranes as a phosphatidylethanolamine (PE)-conju-
gated form (Atg8-PE). Atg8 mediates tethering and hemi-
fusion of liposomes containing Atg8-PE in an in vitro
system (Nakatogawa et al. 2007). This unique membrane
fusion process was proposed to account for membrane
elongation of phagophore/isolation membranes in vivo.

Although many Atg proteins are conserved between
yeast and mammals, several mammalian-specific factors
that modulate the functions of Atg proteins have been
identified. The most well studied is Beclin 1, which is a
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mammalian Atg6/Vps30 (vacuolar protein sorting 30) or-
tholog and a subunit of the class III PI3-kinase complex.
Beclin 1 was originally identified as an interaction part-
ner of Bcl-2, an anti-apoptotic protein (Liang et al. 1998).
This Bcl-2-Beclin 1 interaction is mediated through a
BH3 domain in Beclin 1 (Maiuri et al. 2007; Oberstein et
al. 2007) and is reduced upon starvation, freeing Beclin 1
to activate autophagy (Pattingre et al. 2005; Maiuri et al.
2007). The endoplasmic reticulum (ER)-targeted but not
mitochondrial-targeted Bcl-2 effectively suppresses au-
tophagy (Pattingre et al. 2005; Criollo et al. 2007). The
starvation-induced dissociation of Beclin 1 and Bcl-2 (or
Bcl-X; ) could be one manner in which nutrient starva-
tion induces autophagy. Therefore, it was proposed that
Bcl-2 is not only an anti-apoptotic but also an anti-au-
tophagic protein. Alternatively, Bcl-2 was reported to
suppress autophagy by inhibiting cytosolic calcium el-
evation, which can induce autophagy (Hoyer-Hansen et
al. 2007). Another Beclin 1 partner is UVRAG (UV irra-
diation resistance-associated gene) (Liang et al. 2006),
which interacts via the coiled-coil region of Beclin 1.
UVRAG was shown to be a member of the class III PI3-
kinase complex and a positive regulator of autophagy.
Most recently, a WD-40 domain-containing protein
named Ambral, which was identified by a gene trap ex-
periment, was shown to be a Beclin 1-interacting protein
(Maria Fimia et al. 2007) and was shown to positively
regulate Beclin 1-dependent autophagy. Ambral is pri-
marily expressed in neural tissues and is indispensable
for normal neural tube development. Therefore, mam-
malian Beclin 1 is likely to be regulated by its binding
partners, which may not be present in yeast.

In contrast, it is known in yeast that Atg6/Vps30 func-
tions in both autophagy and the Vps pathways by form-
ing two distinct class III PI3-kinase complexes (Kihara et
al. 2001). The type 1 complex is required for autophagy
and comprises Atg6/Vps30, Vps34, Vpsl5, and Atgl4,
whereas the type 2 complex is required for the Vps path-
way and contains Atg6/Vps30, Vps34, Vpsl5, and Vps38.
The involvement of Atg6/Vps30/Beclin 1 in pathways
other than autophagy remains controversial in other spe-

Figure 2. Interdependence of Atg proteins for PAS lo-

] Starvation signal
I@ v_ calization. This figure is based on the hierarchical clas-
Atg18 (WIPI) 5 ) < sification analysis performed in yeast by Suzuki et al.
w

(2007). Blue arrows indicate interdependence of Atg
proteins for PAS targeting. For example, PAS-targeting
of Atg5 is highly dependent on the class III PI3-kinase
complex, but not on Atg8 or Atg2. Black arrows indi-
cate positive and negative regulation. Some mamma-
lian-specific proteins (Bcl-2, Bcl-X;, UVRAG, and Am-
bral) are listed, but PAS targeting has not been deter-
mined because a PAS-equivalent structure has not been
identified in mammalian cells. Parentheses indicate
mammalian nomenclature. Asterisks (*) indicate fac-
tors that have been analyzed only in yeast
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cies (Takacs-Vellai et al. 2005; Zeng et al. 2006). Consid-
ering that Beclin 1 knockout mice die at about embry-
onic day 7.5 (Yue et al. 2003) whereas Atg5 and Atg7
knockout mice can survive until birth (Kuma et al. 2004;
Komatsu et al. 2005), Beclin 1 likely has more compli-
cated functions beyond autophagy. Characterization of
its interacting proteins will facilitate our understanding
of the role of Beclin 1 in autophagy and possibly other
pathways.

Autophagosome membranes cannot recognize what
they enclose, as most of their contents are not proximal
to the autophagosomal membrane. Therefore, sequestra-
tion takes place primarily in a random manner. How-
ever, autophagosome membranes can recognize some
proteins, and possibly organelles, at their surfaces. The
best-studied example of such selective incorporation is
the Cvt pathway (Klionsky and Ohsumi 1999; Klionsky
2005). This differs somewhat from canonical autophagy,
as Cvt vesicles are much smaller than autophagosomes.
However, as the membrane dynamics and molecular ma-
chinery of the Cvt pathway are quite similar to those of
autophagy, the Cvt pathway may be thought of as selec-
tive autophagy of the vacuolar enzymes Apel and Amsl
(although these enzymes are not targeted for degrada-
tion). In this case, Atgl9 functions as a cargo receptor for
selective incorporation of these enzymes into Cvt
vesicles (Klionsky 2005). Some Cvt-specific factors are
also used for selective degradation of peroxisomes in Pi-
chia pastoris (Klionsky et al. 2003), suggesting the pres-
ence of machinery shared by selective autophagy. One
way selective autophagy can be achieved is through the
specific protein composition of the autophagosome
membrane.

The compositions of the outer and inner autophago-
somal membranes seem to be quite different. To date,
only LC3, a mammalian homolog of Atg8, has been iden-
tified on the autophagosomal inner membrane (Kabeya
et al. 2000). LC3 has been proposed to function as a re-
ceptor for a selective substrate, p62/SQSTMI1 (Bjorkoey et
al. 2005), which functions in a variety of signaling path-
ways (Wooten et al. 2006; Moscat et al. 2007) and is
mutated in Paget disease patients (Laurin et al. 2002).
Independent of these functions, p62/SQSTMI1 binds to
LC3 and is preferentially degraded by autophagy (Bjerkey
et al. 2005; Pankiv et al. 2007). p62/SQSTM1 markedly
accumulates in autophagy-deficient cells (Wang et al.
2006; Nakai et al. 2007), confirming that it is selectively
recognized and degraded by autophagy. Furthermore,
since p62/SQSTMI1 has a ubiquitin-binding domain, it
has been proposed that ubiquitinated proteins and inclu-
sion bodies can be recruited to the autophagosome mem-
brane via p62/SQSTMI1 (Bjerkey et al. 2005; Pankiv et al.
2007). Although the precise mechanism is not known,
preferential degradation by autophagy also has been dem-
onstrated for Ald6 in yeast (Onodera and Ohsumi 2004),
peroxisomes and catalase (Luiken et al. 1992, Iwata et al.
2006; Yu et al. 2006), mitochondria (Kim et al. 2007), and
invading bacteria (Nakagawa et al. 2004; Ogawa et al.
2005). There should be various mechanisms underling se-
lective autophagy, which remain to be revealed.
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Degradation

In the next step, autophagosomes fuse with lysosomes
(in metazoan cells) or vacuoles (in yeast and plant cells).
The inner membrane of the autophagosome and the cy-
toplasm-derived materials contained in the autophago-
some are then degraded by lysosomal/vacuolar hydro-
lases. One unique enzyme in this process is yeast Atgl5/
Aut5/Cvtl7, which is a putative lipase that is likely
involved in the intravacuolar lysis of autophagic bodies
(Epple et al. 2001; Teter et al. 2001).

These degrading structures are often called “autolyso-
somes” or “autophagolysosomes.” However, since al-
most all lysosomes receive continuous flow from the
endocytic pathway (Gordon and Seglen 1988), these au-
tolysosomes should also contain heterophagic (non-self)
materials. In addition, it has been proposed that autopha-
gosomes fuse with endosomes to become amphisomes
before fusion with lysosomes (Tooze et al. 1990; Berg et
al. 1998). Fusion with endosomes is believed to provide
nascent autophagosomes with machinery that is re-
quired for lysosome fusion.

The definition of autophagosomes, amphisomes, and
autolysosomes is based on their function, not on mor-
phology (Fig. 1). Therefore, it is not always easy to dis-
tinguish these structures by electron microscopy. In
such cases, the term “autophagic vacuoles” may be used
because it covers all autophagic structures (Fig. 1). Alter-
natively, morphological definitions such as initial au-
tophagic vacuoles (AVi), intermediate autophagic vacu-
oles (AVi/d), and degrading autophagic vacuoles (AVd) can
be used, which roughly represent autophagosomes, amphi-
somes, and autolysosomes. The average half-life of AVs
appears to be ~10 min (Pfeifer 1978; Schworer et al. 1981).
One current problem is that this degradation step is rather
difficult to measure, although some methods to monitor
autophagy flux have been proposed (Tanida et al. 2005;
Klionsky et al. 2007; Mizushima and Yoshimori 2007).

Reuse

Once macromolecules have been degraded in the lyso-
some/vacuole, monomeric units (e.g., amino acids) are
exported to the cytosol for reuse. However, little is
known about this step. Yeast Atg22, which was first
identified as Aut4, a membrane protein required for the
breakdown of autophagic bodies (Suriapranata et al.
2000), was later identified as a putative amino acid ef-
fluxer (Yang et al. 2006) that cooperates with other vacu-
olar permeases, such as Avt3 and Avt4. Although a
mammalian counterpart of Atg22 has not been found,
counterparts of Avt3 and Avt4 have been identified as
SLC36A1/LYAAT-1 (lysosomal amino acid transporter-
1) (Sagné et al. 2001) and SLC36A4/LYAAT-2, respec-
tively. The contribution of autophagy to reuse of other
macromolecules such as carbohydrates and lipids is un-
known.

Function

In this section, the physiological roles of autophagy are
discussed based on the aforementioned processes (Fig. 3).


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on July 22, 2024 - Published by Cold Spring Harbor Laboratory Press

Utilization of degradation products

Under normal conditions and during very short periods
of starvation, maintenance of the amino acid pool seems
to rely primarily on the ubiquitin-proteasome system
rather than autophagy (Vabulas and Hartl 2005). How-
ever, during starvation that persists for several hours,
necessary amino acids are produced by autophagy, which
is up-regulated as an adaptive response. Indeed, both in-
tracellular and extracellular amino acid levels decrease
in autophagy-deficient yeast cells (Onodera and Ohsumi
2005) and mice (Kuma et al. 2004) when they are sub-
jected to starvation. Although induction of autophagy is
critical for survival of starvation, it is not fully under-
stood how the generated amino acids are used. At least
three pathways are likely to exist. First, in animals, car-
bohydrate stores (i.e., glycogen) are consumed within 1 d
of starvation. Thereafter, glucose is supplied through
gluconeogenesis in the liver; this process uses lactate
and amino acids. In the well-described glucose-alanine
cycle, alanine is secreted from peripheral tissues, includ-
ing muscle, and is delivered to the liver to be converted
to glucose during starvation. Autophagy may be a major
contributor to this cycle.

Second, amino acids can be used as an energy source
through the tricarboxylic acid (TCA) cycle. It is generally
believed that both glucose and amino acids are im-
portant for energy homeostasis and cell proliferation
(Newsholme et al. 1985). Recent studies have suggested
that energy can be produced through autophagy. One
study demonstrated that autophagy could support viabil-
ity of an IL-3-dependent hematopoietic cell line (estab-
lished from apoptosis-deficient mice) even after IL-3
withdrawal. However, when autophagy was also sup-
pressed, cell viability could be restored by addition of
methylpyruvate, which is cell permeable and can serve
as a substrate of the TCA cycle (Lum et al. 2005a). An-
other recent study demonstrated that autophagy-defec-
tive embryoid body cells (differentiated from embryonic
stem cells) undergoing apoptosis fail to expose phospha-
tidylserine at the cell surface due to low levels of cellular
ATP, which can be overcome by addition of methylpy-
ruvate (Qu et al. 2007). Finally, AMPXK is activated in the
hearts of starved Atg5~/~ mice, suggesting that autophagy
also regulates energy status in vivo (Kuma et al. 2004).
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Third, amino acids produced by autophagy can be used
to synthesize proteins, which are important for adapta-
tion to starvation environments. Yeast cells decrease
bulk protein synthesis during starvation, but the reduc-
tion is much more severe in autophagy-defective mutant
cells (Onodera and Ohsumi 2005). In addition, up-regu-
lation of several starvation-induced proteins, including
argininosuccinate synthetase (Argl), heat shock protein
of 26 kDa (Hsp26), Apel, and carboxypeptidase Y (CPY),
occurs only slightly in autophagy mutants during nitro-
gen starvation. Inefficient production of such adaptive
proteins may be a primary cause of loss of viability dur-
ing starvation in autophagy-deficient cells (Tsukada and
Ohsumi 1993). More dynamic nutrient mobilization via
autophagy appears to be observed in remodeling during
development. It should be noted that most remodeling
steps are related to nutrient starvation, which can facili-
tate autophagy. These processes include spore formation
in yeast (Tsukada and Ohsumi 1993), multicellular de-
velopment (fruiting body formation) of Dictyostelium
discoideum (Otto et al. 2003), dauer formation of Cae-
norhabditis elegans (Melendez et al. 2003), and meta-
morphosis of fly pupae (Juhasz et al. 2003; Scott et al.
2004). Indeed, autophagy-defective mutants do not suc-
ceed in these remodeling processes, probably due to
shortage of amino acids, which cannot be obtained from
the environment during these periods.

These three usages are not mutually exclusive. Cells
or organisms probably combine more than one function
to survive adverse conditions (Tsukada and Ohsumi
1993; Otto et al. 2003; Kuma et al. 2004; Scott et al.
2004). In addition to nutrient limitation, it has been sug-
gested that autophagy might be responsive to hypoxia:
Autophagy is induced in a mouse cerebral ischemia-hy-
poxia model (Adhami et al. 2006) and in ischemic myo-
cardium (Yan et al. 2005; Matsui et al. 2007). This might
be mediated by HIF-1, a master regulator of the hypoxic
response (Bohensky et al. 2007). Furthermore, autophagy
occurs in an in vitro metabolic stress model (glucose
free, 1% oxygen), as well as in the center of tumors
where ischemic conditions exist until angiogenesis is es-
tablished (Degenhardt et al. 2006). Such metabolic stress
typically induces apoptosis, but apoptosis-defective cells
can survive under hypoxic conditions. Since cell survival
depends on autophagy, excess amino acid generation is

Figure 3. Functions of autophagy at each step. (See
the text for details.)
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likely important under conditions of metabolic stress. If
both apoptosis and autophagy are suppressed, cell sur-
vival is severely impaired. Intriguingly, the resulting ne-
crotic cell death promotes tumorigenesis, which is prob-
ably mediated by the inflammatory response (Degen-
hardt et al. 2006). Thus, tumorigenesis may be a
secondary effect of autophagy suppression in this con-
text (further discussed below).

It should be emphasized that excess production of
amino acids by autophagy is an acute response or emer-
gency action. Therefore, induction of autophagy can sup-
port cell survival only for a short time. For example,
during tumor growth, autophagy is activated at initial
stages, but returns to basal levels after a blood supply is
established (Degenhardt et al. 2006). In contrast, little is
known about how useful autophagy is in overcoming
chronic starvation.

Elimination of macromolecules and organelles

The second purpose of autophagy is the elimination of
cytoplasmic contents. Although this role has been
thought to be the specialty of the ubiquitin—proteasome
system, many recent studies have shown that autophagy
also participates in intracellular clearance or protein/or-
ganelle quality control. The most direct evidence is the
accumulation of abnormal proteins and organelles in au-
tophagy-deficient hepatocytes, neurons, and cardiomyo-
cytes even in the absence of any disease-associated mu-
tant protein (Komatsu et al. 2005, 2006; Hara et al. 2006;
Nakai et al. 2007). Soluble ubiquitinated proteins, ubig-
uitin-positive inclusion bodies, and deformed organelles
accumulate in these cells. Since induced autophagy is
not observed in the brain during starvation, low levels of
basal autophagy are likely sufficient for quality control.

Some types of induced autophagy are aimed at the
elimination of excess or unneeded organelles. For ex-
ample, peroxisomes induced by metabolic demand are
selectively degraded primarily by microautophagy (Sakai
et al. 1998) and macroautophagy (Iwata et al. 2006) in
yeast and mammals, respectively, when they are no
longer needed. Similarly, damaged mitochondria seem to
be selectively eliminated by macroautophagy, while mi-
tophagy occurs nonselectively under starvation condi-
tions (Kim et al. 2007).

The elimination of cytoplasmic contents by autophagy
is so important that defects cause various cellular mal-
functions. Two possible outcomes of autophagy defects,
neurodegeneration and tumorigenesis, are discussed fur-
ther. The accumulation of autophagic vacuoles has been
observed in many human neurodegenerative diseases, in-
cluding Alzheimer’s disease (Okamoto et al. 1991;
Cataldo et al. 1996), polyglutamine (CAG) repeat dis-
eases (Petersen et al. 2001; Ravikumar et al. 2002), and
Parkinson’s disease (Anglade et al. 1997). It remains
largely unknown whether these represent up-regulation
of autophagy or blockage of autophagic flux. Since neural
tissue-specific knockout of autophagy genes causes neu-
rodegenerative disease, and there are many reports show-
ing that degradation of various disease-associated mu-
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tant proteins largely depends on autophagy (Rubinsztein
2006; Martinez-Vicente and Cuervo 2007), one would ex-
pect up-regulation of autophagic activity to be a useful
therapeutic strategy for treatment of such disorders. In-
deed, rapamycin and its analog CCI-779, which induce
autophagy by inhibiting TOR, attenuate symptoms in fly
and mouse Huntington disease models (Ravikumar et al.
2004). Furthermore, the autophagy-enhancing SMERs,
which function independently of mTOR suppression, ac-
celerate the clearance of mutant huntingtin and
a-synuclein and protect against neurodegeneration in a
fly Huntington disease model (Sarkar et al. 2007).
Whether abnormal proteins and inclusion bodies are se-
lectively degraded by autophagy in these cases remains
unknown; the random degradation of cytoplasmic con-
tents may fully account for the effects of these au-
tophagy inducers. However, as discussed above, p62-me-
diated recognition of ubiquitinated proteins and inclu-
sion bodies was proposed (Bjorkay et al. 2005; Pankiv et
al. 2007). p62 gene-targeting experiments should further
clarify the contribution of this type of selective au-
tophagy.

Another possible outcome of defects in autophagic
degradation is tumorigenesis. Although autophagy may
be a survival mechanism for tumor cells (Lum et al.
2005a; Degenhardt et al. 2006; Amaravadi et al. 2007;
Karantza-Wadsworth et al. 2007; Mathew et al. 2007),
there are many reports that autophagy may act as a tu-
mor suppressor (Hippert et al. 2006; Jin and White 2007;
Levine 2007). Monoallelic deletions of Beclin 1 are fre-
quently observed in human breast, ovarian, and prostate
cancers (Liang et al. 1999). In addition, Beclin 1*/~ mice
consistently develop spontaneous malignancies (Qu et
al. 2003; Yue et al. 2003). Allelic loss of beclinl in im-
mortal kidney and mammary epithelial cells promotes
tumorigenesis (Karantza-Wadsworth et al. 2007; Mathew
et al. 2007). Like Beclin 1, UVRAG is mutated in human
cancers (Ionov et al. 2004; Liang et al. 2006). The expres-
sion of UVRAG suppresses anchorage-independent
growth of HCT116 cells (human colon cancer cells with
a UVRAG mutation), while a dominant-negative form of
UVRAG promotes cell growth (Liang et al. 2006). AtgdC
knockout mice show an increased susceptibility to car-
cinogen-induced fibrosarcomas (Marino et al. 2007). Fi-
nally, Ambral mutant mice show hyperproliferation of
neural tissues, suggesting that loss of autophagy may
lead to dysregulation of cell proliferation, although this
phenotype is not observed in Atg5~/~ and Atg7~/~ mice.
How autophagy protects against tumorigenesis is not
fully understood. As discussed above, it was proposed
that loss of autophagy causes necrotic cell death in apo-
ptosis-deficient cells during metabolic stress; this might
contribute to tumorigenesis via the inflammatory re-
sponse (Degenhardt et al. 2006). However, it was also
suggested that loss of autophagy in these cells has a cell-
autonomous effect on tumorigenesis; autophagy can
limit genome damage (Karantza-Wadsworth et al. 2007,
Mathew et al. 2007). High rates of gene amplification and
aneuploidy were observed in Beclin 1%/~ immortalized
kidney epithelial cells. Atg5~/~ kidney epithelial cells
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also showed elevated induction of the DNA damage re-
sponse during metabolic stress (Mathew et al. 2007). Fur-
thermore, DNA damage and genomic instability were
demonstrated in mammary epithelial cells in response to
metabolic stress when both autophagy and apoptosis
were suppressed (Karantza-Wadsworth et al. 2007). This
genome damage and genetic instability promoted by de-
fective autophagy may drive tumor progression by el-
evating the mutation rate. It may be that autophagy pre-
vents the accumulation of abnormal proteins and organ-
elles that are harmful to genomic stability; for example,
as described above, damaged mitochondria can be selec-
tively degraded by autophagy (Kim et al. 2007). Consis-
tent with this, mitochondria with abnormal shape are
found in Atg7-deficient hepatocytes (Komatsu et al.
2006). Even in yeast, autophagy was found to be impor-
tant for maintaining mitochondrial function (Zhang et
al. 2007). Importantly, ROS accumulate in autophagy-
defective yeast mutants when they are cultured in non-
fermentable medium. Autophagy-defective plants also
show increased oxidative stress under normal conditions
(Xiong et al. 2007a). These ROS may promote DNA dam-
age and ultimately tumorigenesis.

Elimination by autophagy is directed not only at cel-
lular self-components, but also intracellular pathogens.
Various pathogenic bacteria, such as Streptococcus pyo-
genes (Nakagawa et al. 2004) and Shigella flexneri (icsB
mutant) (Ogawa et al. 2005), are sequestered by large
autophagosomes or autophagosome-like structures and
degraded following fusion with lysosomes. Another
well-known pathogen persisting inside phagocytes is
Mycobacterium tuberculosis. These bacteria inhibit
phagosome maturation and survive in premature phago-
somes. However, when autophagy is stimulated by star-
vation, rapamycin, or IFN-y, mycobacterial phagosomes
are enclosed, delivered to lysosomes, and acidified,
which results in microbacterial death (Gutierrez et al.
2004). IFN-y-induced autophagy in mouse cells requires
a downstream effector, Irgm1 (LRG-47), which is an im-
munity-related guanosine triphosphatase (IRG) (Singh et
al. 2006). In contrast to mouse cells, human IRGM is not
induced by IFN-y, but it was suggested that constitutive
expression of IRGM could mediate autophagy in human
macrophages (Singh et al. 2006). Recently, genome-wide
association studies showed that both Atgl6L1 and IRGM
are susceptibility genes for Crohn’s disease, an inflam-
matory bowel disorder (Hampe et al. 2007; Parkes et al.
2007; Rioux et al. 2007). Atgl6L is one of two Atgl6
homologs and interacts with the Atgl2-Atg5 conjugate
that is essential for autophagosome formation (Mi-
zushima et al. 2003). Therefore, autophagy-mediated
bacterial elimination might be important to prevent
Crohn’s disease.

It is also possible that excessive degradation by au-
tophagy causes cell death. However, there is almost no
evidence supporting this speculation under physiological
or pathological conditions (Edinger and Thompson 2004;
Debnath et al. 2005; Kroemer et al. 2005). During devel-
opment, autophagy occurs in dying cells in various em-
bryonic tissues (Levine and Klionsky 2004; Mizushima
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2005). However, such autophagy can be interpreted as a
nutrient mobilization system. It remains unknown
whether these cells would survive if autophagy were
blocked.

Transportation from the cytoplasm to the lysosome/
endosome

At times, autophagy can be simply used as a pathway
from the cytosol to lysosomes or vacuoles. The clearest
example is the Cvt pathway in yeast. The vacuolar en-
zymes, Apel and Amsl, are synthesized without signal
sequences and are cytosolic. They are delivered to the
vacuole, where they function, by the autophagy-related
Cvt pathway (Klionsky 2005). This is apparently a bio-
synthetic rather than a degradation pathway.

Autophagy is also used to present endogenous antigens
on major histocompatibility complex (MHC) class II
molecules, which are recognized by CD4" T cells. In the
case of MHC class I antigen presentation, the protea-
some degrades endogenous antigens into peptides, which
are then delivered to the ER lumen via the transporter
associated with antigen processing (TAP). MHC class I
molecules load these peptides and move to the cell sur-
face to be recognized by CD8" T cells. In contrast, the
antigen-binding site of MHC class II molecules is
blocked by the invariant chain until they reach the MHC
class IT loading compartment (MIIC), which is related to
the lysosome. Therefore, endogenous peptides cannot
bind MHC class II in the ER, allowing exogenous pep-
tides to efficiently bind MHC class II following endocy-
tosis. Nonetheless, ~20% of peptides bound to MHC
class II seem to be derived from cytosolic and nuclear
proteins (Schmid and Mtinz 2007). Recent evidence sug-
gests that autophagy (both macroautophagy and CMA)
accounts for the delivery of these peptides (Schmid and
Miinz 2007). Furthermore, it was shown that influenza
antigen fused to LC3 was preferentially incorporated
into autophagosomes and very efficiently presented on
MHC class II molecules (Schmid et al. 2007). This study
demonstrates not only that this pathway is physiologi-
cally relevant but also that it might be applied to vaccine
development.

The autophagy pathway is also used by plasmacytoid
dendritic cells to recognize viral single-stranded RNA
(ssRNA). Toll-like receptors (TLRs) are key molecules in
innate immunity, which recognize various molecules
derived from microbes. Some TLRs are present on the
plasma membrane, while others localize to endosomes
(TLR3, TLR7, TLRS, and TLR9). Among these, TLR7 rec-
ognizes viral ssRNA in endosomes and triggers immune
responses, such as induction of inflammatory cytokines
(Kawai and Akira 2006). However, it was recently dem-
onstrated that cytosolic replication intermediates are
also recognized by TLR7 following transportation to en-
dosomes/lysosomes via autophagy, leading to inter-
feron-a secretion by plasmacytoid dendritic cells (Lee et
al. 2007). Autophagy is therefore a rather common path-
way from the cytosol to lysosomes, in pathways other
than degradation.
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Sequestration/packing

In some cases, sequestration in autophagic membranes,
even without degradation, seems to be important to ex-
ert special functions. Autophagy can be induced by sev-
eral stresses, including ER stress. Although there are
likely to be some exceptions (Ding et al. 2007), ER stress-
induced autophagy is basically protective against cell
death in both yeast and mammals (Bernales et al. 2006;
Ogata et al. 2006; Yorimitsu et al. 2006; Ding et al. 2007;
Kouroku et al. 2007). How autophagy protects cells dur-
ing ER stress is not exactly known, but it was suggested
that sequestration of ER into autophagosomes might be
sufficient to relieve ER stress (Bernales et al. 2006).
When yeast cells are treated with ER stress-inducing
agents such as DTT or tunicamycin, ER-containing au-
tophagosomes (ERAs) appear in the cytoplasm. Surpris-
ingly, these ERAs do not fuse with vacuoles (Bernales et
al. 2006). Nonetheless, autophagy mutants show growth
defects under severe ER stress conditions. Furthermore,
vacuolar proteases are not required for this protective
effect, confirming that ER sequestration, rather than deg-
radation, is important in the response to ER stress. It is
possible that stressed ER is segregated into ERAs so that
it does not disseminate cytotoxic signals. Whether this is
also the case in mammalian cells remains unknown.

As discussed above, autophagy is now recognized as
part of the innate immune response to intracellular mi-
croorganisms. However, some pathogenic organisms are
able to subvert autophagy for replication. Legionella
pneumophila (Amer and Swanson 2005), Coxiella bur-
netti (Beron et al. 2002), Brucella abortus (Pizarro-Cerda
et al. 1998), and Porphyromonas gingivalis (Dorn et al.
2001) have been suggested to enter the autophagic path-
way. It is proposed that phagosomes containing these
pathogens fuse with autophagosomes to generate pro-
tected vacuoles. These bacteria benefit from autophagy
rather than being eliminated, because inhibition of au-
tophagy reduces their survival. Although the precise
mechanisms are unknown, these pathogens likely estab-
lish intracellular niches for survival and replication in
autophagic (or related) vacuoles. This type of strategy is
called the “pregnant pause” for survival (Swanson and
Fernandez-Moreira 2002).

Similarly, while autophagy acts as a defense mecha-
nism against some viruses (Talloczy et al. 2002; Liu et al.
2005), others subvert the autophagic pathway for repli-
cation (Kirkegaard et al. 2004). Mouse hepatitis virus
(MHV) induces the generation of intracellular double-
membraned vesicles, in which the virus replicates.
These vesicles contain LC3, suggesting autophagosomal
origin (Prentice et al. 2004). Unexpectedly, suppression
of autophagy by Atg5 gene disruption in embryonic stem
cells resulted in decreased MHV replication. Poliovirus,
a picornavirus, also uses the autophagic machinery to
induce double-membraned vesicles for replication (Jack-
son et al. 2005). Indeed, stimulation of autophagy in-
creased virus yield. These reports suggest that autopha-
gic structures provide membrane niches for the replica-
tion of certain viruses. However, conflicting observa-

2868 GENES & DEVELOPMENT

tions were recently reported. MHV replication seems not
to require autophagy in macrophages and fibroblasts
(Zhao et al. 2007), and vaccinia virus, which also induces
cytoplasmic double-membraned structures for replica-
tion, does not require the autophagic machinery (Zhang
et al. 2006). Furthermore, replication of human rhinovi-
rus 2, another type of picornavirus, does not depend on
autophagy (Brabec-Zaruba et al. 2007). Therefore, the
concept of autophagy subversion by viruses may not be
generalized.

As discussed above, the involvement of autophagy in
pathogenesis has been suggested in the context of neu-
rodegenerative disease. Autophagy likely has a beneficial
role in the clearance of misfolded or other harmful pro-
teins. However, if autophagic degradation is not rapid
enough, sequestration of cytoplasm might rather have an
adverse effect. It was proposed that autophagosome
maturation into autolysosomes is impaired in Alzheim-
er’s disease brains (Yu et al. 2005). The incompletely
degraded autophagic vacuoles contain both amyloid pre-
cursor protein and +y-secretase complex, leading to the
processing of APP into toxic AR peptides. Thus, rapid
and complete degradation of sequestered materials into
amino acids may be important in neural cells.

Concluding remarks

In comparison with the ubiquitin-proteasome system,
which involves >1000 genes in mammals, autophagy
seems quite simple. However, as discussed in this re-
view, autophagy should be viewed based on its elemen-
tary processes. Each step can have a variety of physi-
ological roles, and despite efforts to assign known func-
tions to individual steps, many proposed functions
remain to be assigned. For example, autophagy was
shown to be important for T-cell survival and prolifera-
tion (Pua et al. 2007), but it is unknown which function
is important. Likewise, autophagy is suggested to be a
protective response in cardiomyocytes during hemody-
namic stress, but the mechanisms remain to be eluci-
dated (Nakai et al. 2007). In some cases, more than one
role of autophagy appears to be involved. For example,
although autophagy is generally considered to be a tu-
mor-suppressive process (Hippert et al. 2006; Levine
2007), the relationship between autophagy and cancer is
complicated, in part because different steps of autophagy
have different roles in tumor generation and tumor sur-
vival. A more quantitative view will be required to fur-
ther understand the net role of autophagy in vivo. Fi-
nally, our knowledge of autophagy now seems to be
ready for therapeutic application. Indeed, small mol-
ecules that can regulate autophagy seem to have great
potential to modulate the clinical course of neurodegen-
erative diseases (Sarkar et al. 2007). In addition, pharma-
cologic inhibition of autophagy was reported to promote
chemotherapeutic response in a mouse model for lym-
phoma (Amaravadi et al. 2007). More connections be-
tween autophagy and disease will likely be demonstrated
in the very near future.
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