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Historical landmarks of autophagy research
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The year of 2013 marked the 50th anniversary of C de Duve’s coining of the term “autophagy” for the degradation
process of cytoplasmic constituents in the lysosome/vacuole. This year we regretfully lost this great scientist, who con-
tributed much during the early years of research to the field of autophagy. Soon after the discovery of lysosomes by
de Duve, electron microscopy revealed autophagy as a means of delivering intracellular components to the lysosome.
For a long time after the discovery of autophagy, studies failed to yield any significant advances at a molecular level
in our understanding of this fundamental pathway of degradation. The first breakthrough was made in the early
1990s, as autophagy was discovered in yeast subjected to starvation by microscopic observation. Next, a genetic effort
to address the poorly understood problem of autophagy led to the discovery of many autophagy-defective mutants.
Subsequent identification of autophagy-related genes in yeast revealed unique sets of molecules involved in mem-
brane dynamics during autophagy. ATG homologs were subsequently found in various organisms, indicating that
the fundamental mechanism of autophagy is well conserved among eukaryotes. These findings brought revolutionary
changes to research in this field. For instance, the last 10 years have seen remarkable progress in our understanding
of autophagy, not only in terms of the molecular mechanisms of autophagy, but also with regard to its broad physi-
ological roles and relevance to health and disease. Now our knowledge of autophagy is dramatically expanding day
by day. Here, the historical landmarks underpinning the explosion of autophagy research are described with a par-

ticular focus on the contribution of yeast as a model organism.
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Introduction

The broadly dynamic nature of life becomes more and
more apparent with every advance in scientific under-
standing. In addition to metabolites, cellular machiner-
ies, proteins and organelles themselves are maintained in
equilibrium between continuous synthesis and degrada-
tion, which is one essential difference between life and
man-made machinery. A constant supply of chemicals
and energy from the external environment is necessary
for the maintenance of this equilibrium state. The most
prolific source of such chemicals encountered in animals
is the digestion of protein taken as food in the digestive
tract, which is topologically held outside of the body. In
terms of intracellular proteins, pioneering work by R.
Schoenheimer presented an important concept, that of
“protein turnover” in the body [1]. His prescient studies
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using isotopic labeling of proteins were unconventional
at the time, but stimulated much debate and subsequent
work in the field of intracellular protein metabolism
[2]. However, people still believed for many years that
proteins are stable in vivo and that degradation does not
play an important role in protein homeostasis. In the
1970s, trials to estimate individual protein lifetimes by
degradation rate within the cell through the injection of
purified proteins into cells or by pulse chase experiments
indicated that every protein in vivo has a distinct half-life
time broadly ranging from a few minutes to more than
100 days [3, 4]. We now know that the proteins constitut-
ing our bodies are replaced almost completely every 1-2
months without any apparent change in physical appear-
ance. We still do not completely understand what exactly
determines the unique lifetimes of proteins, how and why
this phenomenon occurs, or indeed the physiological
significance behind such intricate and distinct patterns of
protein degradation. However, it is clear that in order to
adapt to continuous or abrupt changes in environmental
conditions protein turnover must play an essential role.
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In nature, starvation, which is simply a shortage in
nutrient supply, is the most frequent and serious threat to
the maintenance and preservation of life. In order to en-
dure this adversity, the recycling of proteins is a primary
line of defense by which cells can reserve amino acids
for the synthesis of the minimal complement of proteins
essential for survival. At an early stage of evolution, cells
must have acquired a certain mechanism of intracellular
protein degradation that was refined over the course of
evolution; a striking example of this is that all organisms
on Earth possess protease without exception. Now it is
known that even under normal conditions most amino
acids for protein synthesis in our body are derived from
the degradation of a cell’s own proteins, indicating that
recycling is an intrinsic feature of life.

At the same time, intracellular protein degradation
could be a dangerous process. Indiscriminate degradation
alongside protein synthesis within the same compart-
ment could conceivably cause a futile cycle resulting in
the waste of energy. However, there are at least four key
strategies that have evolved to avoid this problem: first,
protease activity is tightly regulated, and the activation of
hydrolytic enzyme occurs only when necessary. Second,
protease forms a large caged complex resembling a bar-
rel, confining its degradative activity. Third, targets are
selectively modified prior to degradation, allowing a de-
gree of control over what is broken down. Finally, hydro-
lytic enzymes are sequestered into a membrane compart-
ment, physically segregating this activity within the cell.
The ubiquitin/proteasome system is responsible for cases
2 and 3. Case 4 is dependent upon the lysosomal deg-
radation system. Segregation of hydrolases by a mem-
brane inevitably gives rise to another problem, which
is how to access the substrates destined for degradation
by the hydrolytic enzymes. Therefore, degradation via
the lysosomal system, which depends to a large degree
upon autophagy, necessarily involves certain membrane-
mediated processes.

Discovery of the lysosome and autophagy

The uncovering of the mechanisms of intracellular
protein degradation was brought about by the discovery
of the lysosome by C de Duve [5]. During cell fraction-
ation of rat liver homogenate by consecutive centrifu-
gation, he found a latency of acid phosphatase activity.
Further analyses revealed a novel organelle enwrapping
an acid phosphatase and also various kinds of hydrolytic
enzymes with optimal activity at acidic pH. He named
this unique organelle, identified purely by biochemical
studies, the “lysosome”, referring to its role as an organ-
elle for lytic function [6].

Soon afterwards, electron microscopic studies were
employed, identifying lysosomes in situ within cells and
tissue. A Novikoff and colleagues first observed an iso-
lated lysosome-enriched fraction, and then found similar
structures in a thin section of liver tissue, which proved
the lysosome as a morphological entity [7]. The early
observation of lysosomes in various cells and tissues re-
vealed that lysosomes are morphologically quite hetero-
geneous among various cell types.

At that time the process of endocytosis had been stud-
ied by electron microscopy (EM), which revealed that
cells in which endocytosis is prolific, such as macro-
phages and leukocytes, contain a lot of lysosomes. In the
process of endocytosis, foreign materials from outside
the cell are first taken up into a phagosome, which then
fuses with the lysosome, yielding a body known as the
phagolysosome within which degradation of the target
proceeds [8]. These observations provided an under-
standing of the route from the outside to the lysosomes.

However, the degradation process of intracellular
components was more difficult to analyze. The first
important finding was made by S Clark, who observed
kidney tubule cells from new born mice, and found, in
addition to lysosomes, irregular shaped vacuoles contain-
ing amorphous materials and occasionally mitochon-
dria [9]. A Novikoff et al., also observed similar acid
phosphatase-positive membrane structures containing
mitochondria, ER, and ribosomes [7]. These membrane
structures could be induced by certain chemical treat-
ments or stress conditions. T P Ashfold and K R Porter
next showed that treatment with a hormone, glucagon,
results in the increased frequency of lysosomes contain-
ing cytoplasmic components [10]. Such treatments were
helpful when describing the morphological evolution
of these cytoplasmic component-containing membrane
structures over time. Soon afterwards, A U Arstila and
B F Trump skillfully showed that a double membrane-
bound structure containing a portion of cytoplasm and
organelles without hydrolytic enzymes known as the
autophagosome is formed at first [11]. This structure is
subsequently observed as a single membrane structure,
referred to as the autophagolysosome, showing various
stages of organelle degradation by lysosomal enzymes
[11]. Based upon these observations, C de Duve defined
this mode of delivery of cytoplasmic materials to the ly-
sosomes for degradation as “autophagy” (from the Greek
for self-eating) in 1963 [12], which was at the time con-
trasted with “heterophagy”, the route from the outside to
the lysosomes, now generally called endocytosis.

Since these important findings, autophagy has been re-
ported in various tissues and organs of animals and even
plants [13]. The most critical event in autophagy is the
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sequestration of a portion of cytoplasm by forming a new
compartment, the autophagosome. Autophagosome for-
mation relies on a series of dynamic membrane events:
in the cytoplasm a small membrane sac (the phagophore
or isolation membrane) first appears, which extends to
form a cup-shaped structure that subsequently seals,
resulting in a double membrane-bound structure, the
autophagosome, enclosing a portion of the cytoplasm.
This autophagosome then fuses with the lysosome, and
the inner membrane and its contents are degraded by
lysosomal hydrolases. Finally, the autophagolysosome
becomes a residual body and degradation products such
as amino acids are transported back to the cytoplasm and
reused as building blocks or a source of energy. The de-
tailed mechanism of membrane biogenesis and the origin
of autophagosome are important questions that remain to
be answered (see review by Yoshimori in this issue).

Before the autophagy-related genes

Early conceptions of the physiological role of autophagy

As mentioned above, de Duve and others found that
glucagon induces autophagy in the liver [14]. This
finding stimulated interest in the physiological role of
autophagy. One such subsequent study, by U Pfeifer
et al., examined the degradation of long-lived proteins
by autophagy, revealing the relationship between au-
tophagy and the circadian rhythm [15, 16]. In this work,
the authors found that autophagy is inhibited by feeding
and induced by fasting between meals, reinforcing that
autophagy is tightly regulated by nutrient conditions. U
Pfeifer et al., also showed that by 48 h of starvation 30-
40% of liver proteins are degraded [16].

Around the same time, G Mortimore’s group was
working intensively on the regulation of autophagy by
nutrients, examining the release of amino acids from
proteins in perfused rat liver. First, they found that the
protein degradation rate is significantly increased when
amino acids in the perfusion solution were decreased.
In contrast, increased levels of amino acids in the solu-
tion suppressed degradation to one-third of the normal,
basal rate. These experiments clearly showed that pro-
tein degradation via autophagy is strictly controlled by
amino-acid level [17]. Furthermore, Mortimore asked
which amino acids individually or in combination have
an inhibitory effect on autophagy, and showed that eight
amino acids, Leu, Tyr, Phe, Gln, Pro, His, Trp, and Met,
suppress autophagy [18]. Soon, P O Seglen performed a
similar experiment by using hepatocyte culture and while
arriving at a similar conclusion, also showed that Leu
most strongly inhibits autophagy [19]. Recently, the ef-
fects of amino acids on autophagy have been reexamined
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in relation to mTORC] activation, and several fascinat-
ing models of action have been proposed [20, 21]. Still,
further experiments are necessary to obtain a nuanced
understanding of the regulation of autophagy at a mo-
lecular level (see review by Guan in this issue).

In contrast to the stimulatory effect of glucagon, sev-
eral groups reported that insulin suppresses autophagy
[14], which fits well with the known control functions
of these hormones in catabolism and anabolism, respec-
tively. The regulation of autophagy by these hormones is
a physiologically important subject, and thus their mech-
anisms of action have long been of great interest. With
the recent development of powerful tools such as mass
spectrometry, we can now analyze the dynamic behavior
of various metabolites, including amino acids. Further
systematic analyses will provide detailed insights into the
regulation and the close relationship between autophagy
and cellular metabolism.

Since the acidic pH of the lysosome is critical to its
function, several reagents which raise the lysosomal pH
also inhibit autophagic protein degradation, such as am-
monium ions, chloroquine and bafilomycin, which were
used to estimate lysosomal degradation. However, these
compounds could broadly affect a range of cellular func-
tions, limiting the usefulness of such studies.

In a screen for specific organic compounds inhibiting
autophagy, P O Seglen reported the inhibitory activity
of 3-methyladenine [22], and this compound has been
used ever since as an inhibitor of autophagy. Later it was
proved to be, like wortmannin, an inhibitor of type III
phosphatidylinositol 3-kinase (PI-3K), which is essential
for autophagosome formation [23]. However, 3-methyl-
adenine inhibits not only Class III PI-3K but also Class
I kinase, and the concentration required for effective
inhibition is very high. Treatment with inhibitors such as
leupeptin, a cathepsin inhibitor, induces the formation of
many vacuoles containing various cytoplasmic enzymes
by blocking degradation in the lysosome, and biochemi-
cal analysis revealed that these represent non-selective
enwrapping of cytosolic enzymes [24].

Involvement of protein phosphorylation in autophagy
was also proposed by P O Seglen by using various pro-
tein kinase inhibitors [25, 26], but the targets and kinases
involved at various stages of autophagy remained un-
known for a long time, which hampered progress in the
elucidation of the role of phosphorylation. Now many ef-
forts in searching for specific inhibitors of autophagy are
in progress based upon recent advances in biochemical
and structural studies of the autophagic machinery.

Different modes of autophagy
The process stated above, involving the autopha-
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gosomal sequestration of targets to be degraded, is called
macroautophagy, which is the major intracellular route
to the lysosome. Macroautophagy was initially under-
stood to target cytosolic components and organelles non-
selectively. However, ribosomes, mitochondria and other
organelles were observed in the autophagolysosome
from the early days of autophagy research, which sug-
gests that autophagy is a good means of degrading large
supramolecular structures and organelles efficiently in
one fell swoop. Necessarily, questions remained as to
whether such components are sequestered by chance or
selectively delivered to the autophagosome. Selective
uptake of proliferated organelles by autophagy following
nutrient changes or chemical treatments was shown in
early studies tackling this problem. Such works showed
that excessive peroxisomes or ER were selectively en-
wrapped into autophagosomes and degraded [27, 28].
These findings indicated that autophagy plays a role in
the control of the quantity of organelles. At present one
of the most interesting matters in the field concerns the
selective degradation of organelles. Recent progress in
the molecular mechanism of selective autophagy is dis-
cussed in more detail elsewhere (see review by Okamoto
in the same special issue).

The occasional transfer of cytosolic components to
the lysosomal compartment by direct invagination of the
lysosomal membrane without prior sequestration into an
autophagosome has also been observed. This phenom-
enon is known as microautophagy because a smaller por-
tion of cytoplasm is degraded when compared to macro-
autophagy [29]. Detailed studies of microautophagy in
mammals remain scarce, but recently its mechanism and
significance have attracted much attention. Microautoph-
agy by the vacuolar membrane in several yeast species,
such as Pichia pastoris and Hansenula polymorpha, has
been intensively studied as a model system of selective
autophagy [30].

In 1978 J F Dice reported the selective degradation of
cytosolic proteins by the lysosome [31]. A typical sub-
strate for this system, RNase A, was subsequently inves-
tigated in further detail. For efficient uptake, the 20-ami-
no acid residues of the N-terminal domain are necessary,
and further systematic analysis indicated that the degra-
dation signal resides within the amino-acid sequence of a
KFERQ motif which acts to facilitate direct transport of
the substrate across the lysosomal membrane. Recently
this pathway was named chaperon-mediated autophagy
(CMA), the molecular details and physiological roles of
which have been intensively studied by A M Cuervo and
are presented elsewhere (see review by Cuervo in this is-
sue).

As described above, autophagy is now used as a gen-

eral term of degradation in the lysosome/vacuole, but
hereafter in this review macroautophagy is referred to
simply as autophagy.

Difficulties in the study of autophagy

For a long time autophagy was primarily analyzed
morphologically by EM through the examination of
autophagosomes and autophagolysosomes in ultrathin
sections. Lysosome-related membrane structures are
quite heterogeneous in shape and content, and therefore
precise interpretation of images requires long-term ex-
perience. While the phenomenon of autophagy could
be observed in cells, for many years there was no good
method to quantitatively estimate the extent of autopha-
gy. The release of amino acids, such as Val or Leu, from
pre-labeled cellular proteins was frequently monitored
as an indicator of autophagy [32], but it is hard to esti-
mate how much of this release really reflects autophagic
degradation. Moreover, the autophagosome is a transient
organelle existing for less than 10 min before fusing with
the lysosome, resulting in the appearance of autopha-
golysosomes at various stages of degradation. Therefore,
the biochemical study of autophagy also presents a sig-
nificant challenge to researchers. Although lysosomal
enzymes (especially proteases) have been intensely
studied, identification of lysosomal membrane proteins
has progressed slowly. V-type ATPase, a proton pump
responsible for acidification of the lysosomes, is a typi-
cal example, being identified and characterized only in
the 1980s [33]. It is needless to mention that at the early
stages of autophagy research neither proteins specifically
localizing to the autophagosome nor proteins necessary
for autophagy had been identified. Thus, the most crucial
problem was a lack of a specific marker of the autopha-
gosome or autophagolysosome for morphological and
biochemical studies. A simple and good model system
would therefore be essential to elucidate the molecular
mechanism of autophagy.

After the ATG genes

Discovery of autophagy in yeast

In the yeast S. cerevisiae, the vacuole is the only vis-
ible organelle by phase contrast microscopy, and func-
tions as a storage compartment for amino acids and ions.
The vacuole was assumed to be equivalent to the lyso-
some in mammals, since it is an acidic compartment con-
taining many kinds of hydrolytic enzymes [34]. When
yeast cells are challenged by nitrogen-depleted condi-
tions, sporulation and meiotic cell division are induced.
It is clear that this remarkable cell differentiation and re-
modeling process in the absence of nitrogen supply must
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require bulk protein degradation of a cell’s own proteins.
The vacuole is a fairly large compartment (ca 3 um in
diameter) of low refractive index due to its very low
protein content. If a vacuolar proteinase-deficient mutant
encounters nitrogen-starvation, materials delivered to the
vacuole may become observable due to the blocking of
normal degradation. Indeed Y Ohsumi found dramatic
morphological changes in the vacuoles upon starvation.
After 30 min of starvation spherical bodies vigorously
moving around appeared in the vacuole, which gradually
increased in number and finally filled the vacuole [35].
EM revealed that these bodies, termed autophagic bod-
ies, were single membrane-bound vesicles averaging 500
nm in diameter and enclosing a portion of cytoplasm,
containing ribosomes and occasionally various cytoplas-
mic structures such as mitochondria [36].

The progression of autophagy can therefore be moni-
tored by the accumulation of autophagic bodies in the
vacuole under a light microscope. In wild type cells these
bodies are immediately disintegrated by vacuolar hydro-
lases.

Further, EM studies by M Baba et al. revealed a dou-
ble membrane structure of the same size as autophagic
bodies in the cytoplasm, the yeast autophagosome, and
also fusion between the outer membrane of the autopha-
gosome and the vacuolar membrane [37]. This fusion
resulted in a single membrane-bound autophagic body,
in the vacuolar lumen. This series of membrane dynam-
ics is topologically exactly the same as the process of
autophagy in mammals except that the vacuole is much
larger than the lysosome. Soon after the same process
was shown to be induced under conditions of carbon-,
sulfate-, phosphate- and single auxotrophic amino-acid-
starvation [35]. EM analyses of autophagosomes and
autophagic bodies revealed several features unique to
these membranes. In thin section images, the double-
layered autophagosomal membranes are thinner than any
other organelle membranes and are tightly associated
without any intermembrane space. Also, freeze-fracture
images have indicated the limited presence of intramem-
brane particles in the outer membrane, whereas almost
completely none were observed in the inner membrane,
showing that the two membranes are differentiated and
that the autophagosomal membrane is specialized for the
sequestration of a portion of the cytoplasm [37].

During morphological studies, T Noda in Ohsumi’s
lab developed an elegant assay of autophagic activity in
yeast [38]. While a decrease in cytoplasmic proteins by
autophagy is hard to quantify, the power of this system
was in the measurement of an autophagy-dependent
increase in enzyme activity. By constructing a cell har-
boring an engineered pro-form of vacuolar phosphatase
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in the cytosol (Pho8A60), the maturation of this enzyme
can be monitored as it is taken up into autophagosomes,
transported into the vacuole by autophagy and subse-
quently processed to become an active enzyme. This
gain of activity forms the reporter of autophagic activ-
ity, which for example dramatically increases during
autophagy-inducing conditions such as starvation. This
important development enabled a simple but reliable es-
timation of autophagy activity in a quantitative manner.

Genetic analysis of autophagy

Y Ohsumi next adopted a genetic approach in order to
dissect the autophagic process. At that time nothing was
known about either the physiological roles of autophagy,
or indeed the phenotypes of autophagy-defective mutants
in yeast. Tsukada’s simple approach, using light micro-
scopic selection to obtain mutants that fail to accumulate
autophagic bodies under nitrogen-starvation conditions,
yielded the first autophagy-defective mutant, apgl [39].
The mutant was indeed defective in starvation-induced
protein degradation, and its homozygous diploid was
sporulation defective. However, it grew normally in a
rich medium and showed no obvious defects in a range
of functions including secretion and endocytosis. One
obvious phenotype, however, was that apgl mutant cells
died when subjected to long periods of nitrogen starva-
tion [39]. To obtain further apg mutants this loss of via-
bility phenotype was used as a primary screen, with intial
candidates subsequently examined by the microscopic
method described above as a secondary screen, resulting
in the identification of about one hundred autophagy-
defective mutants. Genetic analyses of these apg mu-
tants revealed 15 complementation groups [39]. These
mutants showed quite similar phenotypes to apg/ and
were otherwise indistinguishable from each other. EM
analyses suggested that these mutants were characterized
by defects in autophagosome formation. The strategy of
the screen was based upon an assumption that autophagy
is not essential for cell growth, and accordingly all of
these mutations did not affect vegetative growth in a rich
medium. The loss of viability phenotype is caused by the
complete loss of starvation-induced autophagy, which
indicates that these apg mutants represent null mutations.
It should be emphasized that the first screen was highly
effective, resulting in the isolation of most of the genes
essential for autophagy, greatly facilitating subsequent
molecular studies of autophagy [40].

Around the same time M Thumm isolated six au-
tophagy-defective aut mutants by screening for colonies
defective in cytoplasmic enzyme degradation using
antibody staining [41]. D Klionsky, who originally had
been interested in the transport of the vacuolar enzyme
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a-aminopeptidase I to the vacuole, known as the Cvt
pathway, isolated many mutants defective in the trans-
port of this enzyme [42]. Electron microscopic studies
of this pathway revealed that it comprises almost exactly
the same membrane dynamics as macroautophagy [43],
and therefore the Cvt pathway has since been studied as
an excellent model of selective autophagy, although it is
a constitutive and biosynthetic pathway of vacuolar en-
zymes rather than a degradative pathway. Dr Klionsky’s
group successfully isolated a number of ¢vt mutants
defective in this pathway, which turned out to be mostly
allelic to apg mutants (see below, and also review by
Klionsky in this issue).

Several groups also assessed autophagy in different
yeast species, obtaining mutants to which they ascribed
their own names, for example naming genes after glu-
cose-mediated selective autophagy [44, 45], and peroxi-
some degradation (PAG [30], PAZ [46], and PDD [47]).
This confusing situation was settled by using a new, uni-
fied system of gene nomenclature, with ATG genes being
used to name autophagy genes (see review by Klionsky
in this issue). Now the number of ATG genes has in-
creased to more than 37, consisting of a range of genes
responsible for the core machinery of autophagosome
formation as well as those genes required specifically for
selective modes of autophagy.

Isolation and characterization of autophagy genes

Cloning of ATG genes was undertaken by screening
a genomic library for DNA fragments complementing
the phenotype of atg mutants. Ohsumi’s group first iso-
lated ATG1, then ATGS5, ATG6, ATG13 and so on [48].
Examination of the amino-acid sequence of Atgl indi-
cated that this protein is a Ser/Thr protein kinase [49].
ATG6 was found to be allelic to VPS30 [50], which was
identified at almost the same time, as a factor essential
for the vacuolar protein sorting (Vps) pathway. But all
other ATG genes turned out to be unknown genes at the
time, indicating that most genes specifically involved
in autophagy had never been investigated even in yeast.
Before the unification of nomenclature, Thumm also
cloned AUT genes [41], while Klionsky’s group obtained
several CVT genes [42]. Owing to the availability of the
complete genome sequence made possible by the yeast
genome project, the process of the identification of ATG
genes was highly accelerated, and most of the 4TG genes
were cloned within a very short period. However, their
predicted primary sequences offered few clues as to the
functions of the encoded proteins.

When the cloning of ATG genes neared conclusion,
the relationships among Atg proteins were described
within a brief period, revealing that the proteins function

in several functional units as outlined below.

The Atgl?2 conjugation system

The first striking finding was the discovery of a ubiq-
uitin-like protein conjugation system by N Mizushima
[51]. Investigation of Atgl2 by western blot analyses
showed a band of high molecular weight in addition to
a band corresponding to the predicted molecular size of
Atgl12. This high molecular mass band was not observed
in atg5, atg7, or atgl0 mutants. Further studies disclosed
the molecular bases of this phenomenon. Atgl2 is a
unique ubiquitin-like molecule, 2.5 times larger than
ubiquitin, and is synthesized as an active form without
the processing of its C-terminus. The C-terminal gly-
cine of Atgl2 is first activated by the E1 enzyme Atg7,
and is then transferred to an E2 enzyme, Atgl0, before
finally forming a conjugate with Atg5 via an isopeptide
bond with a lysine residue at the middle of Atg5 [51].
This Atgl2-Atg5 conjugate is essential for autophagy.
Atgl6 was soon found to act as a protein necessary for
the dimerization of two Atgl2-Atg5 conjugates through
its ability to interact with the Atgl2-Atg5 conjugate and
form Atgl6 homodimers [52, 53]. The precise roles of
Atgl2-Atg5S conjugate remained unclear, but it is well
established that it plays an essential part in the Atg8 sys-
tem, as described below.

The Atg8 lipidation system

Soon after the identification of the Atgl2 conjuga-
tion system, another conjugation system was discovered
among the Atg proteins. Atg8 is a small hydrophilic
protein and its expression is upregulated upon starva-
tion [54]. The intracellular localization of Atg8 changes
upon starvation and it at least partly localizes to the
autophagosome and autophagic body membrane [54].
Atg8 therefore offered great promise as a good marker
of the autophagosomal membrane and a key molecule
during autophagosome formation. Biochemical studies
revealed a tightly membrane-associated form of Atg8
[54], and additional work illustrated the role of a unique
ubiqutination-like modification system [55]. Atg8 is syn-
thesized as a precursor, and is then processed by a novel
cysteine protease, Atg4, to become a C-terminally gly-
cine exposed form. Following this, processed Atg§ is ac-
tivated by the E1 enzyme Atg7, before the Atg8 moiety is
transferred to the E2 enzyme Atg3. Atg8 does not show
a modified form when analyzed by conventional SDS-
PAGE, but mass spectrometry of the tightly membrane-
bound modified form of Atg8 proved that Atg8 forms a
conjugate with the head group of a membrane phospho-
lipid, phosphatidylethanolamine (PE). The target of this
conjugation system was therefore not a protein, but in-
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triguingly a phospholipid. The processing enzyme Atg4
also cleaves Atg8-PE, thereby acting as a deconjugation
enzyme [56], which is indeed shown to be essential for
autophagosome formation [55]. The amount of Atg8-PE
determines the size of autophagosome, suggesting that
Atg8-PE is involved in the elongation step of isolation
membrane formation [57].

Atg7 is a unique El enzyme in that it activates two
ubiquitin-like molecules, Atgl2 and Atg8, and transfers
them to different E2 enzymes. Recently Noda et al. re-
ported the structural basis for the action of this enzyme
[58]. As suggested by a common E1 enzyme, these two
conjugation systems function in a closely related manner
[58], and it is evident that the Atgl2 system is required
for Atg8-PE formation [55]. In fact, Atgl2-Atg5 func-
tions as an E3-like enzyme to enhance the Atg8 lipida-
tion reaction [59, 60]. The structural basis of Atg3 activa-
tion by the Atgl2-Atg5 conjugate has also recently been
elucidated [60].

These findings indicate that among A¢g gene products
eight Atg proteins are involved in these conjugation reac-
tions. The precise role of the lipidated form of Atg8 in
autophagosome formation has not yet been elucidated,
but it has been observed that Atg8-PE is involved in teth-
ering and hemi-fusion of membrane vesicles in vitro, and
mutational analysis demonstrated that these activities are
required for autophagosome formation in vivo [61].

Atgl kinase complex

ATG1, the first ATG gene identified, encodes a Ser/Thr
kinase essential for autophagy [49]. Atgl3, which binds
to Atgl, is highly phosphorylated by TORC1 kinase un-
der growing conditions, and upon starvation or rapamy-
cin treatment is rapidly dephosphorylated [62]. The affin-
ity of Atgl3 for Atgl increases when this dephosphoryla-
tion occurs, and the resulting binding enhances the kinase
activity of Atgl. Atgl7 was next identified as a binding
partner of Atgl-Atgl3 [63], and Atg29 and Atg31 were
found to interact with Atgl7 [64]. Atgl7, Atg29, and
Atg31 form a stable 1:1:1 complex regardless of nutrient
conditions [65, 66]. Upon starvation, Atgl3-Atgl forms
a pentameric complex with Atgl7-Atg31-Atg29, which
serves as a scaffold for the further recruitment of other
Atg proteins. Atgl7, Atg29, and Atg31 are specifically
required for starvation-induced autophagy, but not for
the Cvt pathway. Atgl plays a central role in the scaffold
complex, but its kinase activity is not required for this
assembly.

The PI-3K Complex and Atgl8-Atg?2

Shortly after the identification of the two conjugation
systems, Ohsumi’s group found a PI-3K complex essen-
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tial for autophagy [50]. Yeast has a sole PI-3K, Vps34,
which forms two complexes. Complex I is necessary for
autophagy, whereas complex Il is required for the Vps
pathway. Complex I consists of Vps34, Vpsl5, Vps30/
Atg6 and Atgl4, while complex II contains Vps38 in-
stead of Atgl4. Three subunits are common between the
two complexes, and functional specificity is provided by
the presence of Atgl4 or Vps38 for the respective path-
ways. Atgl4 and Vps38 dictate the localization of the
kinase complexes [67]. Quite recently a novel subunit of
Complex I, Atg38, was reported [68]. PI3P, the product
of PI-3K, was found to be essential for autophagosome
formation and resides on the autophagosomal membrane,
preferentially on the inner membrane of the autophago-
some [69]. PI3P is thought to recruit effector proteins
required for autophagosome formation.

Atgl8 binds both PI3P and PI3,5P2 and has two
distinct functions, playing roles in both autophagy and
vacuolar morphology. When bound to PI3,5P2, Atgl8
is important for the regulation of vacuolar size, while a
portion of Atgl8 forms a complex with Atg2 and func-
tions in autophagosome formation in a PI3P-dependent
manner [70, 71]. Precise determination of the site of
PI3P production by Complex I, and the roles of the Atg2-
Atgl8 complex are important problems to be answered
in ongoing research.

Atg9

Among the Atg proteins, Atg9 is the sole multispan-
ning membrane protein essential for autophagosome for-
mation [72], and it has therefore been postulated that this
protein plays a key role in the delivery of membrane lip-
ids necessary for autophagosome formation by recycling
between a yet unidentified reservoir and the isolation
membrane. However, recent work by H Yamamoto et al.
reported that the majority of Atg9 exists on small, mobile
cytoplasmic membrane vesicles derived from the Golgi
apparatus in a process depending upon Atg23 and Atg27
[73]. A small number of these vesicles participate at the
early stages of autophagosome formation, generating a
nucleation site for membrane biogenesis, as discussed
below.

Other modes of autophagy in yeast

The Cvt pathway as a model of selective autophagy

D Klionsky has been working for many years on the
cytoplasm-to-vacuole transport pathway, known as the
Cvt pathway, which is responsible for the delivery of
the vacuolar resident proteins, a-aminopeptidase I and
a-mannosidase 1 [74]. Although the Cvt pathway is a
constitutive and biosynthetic pathway, genes essential
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for this pathway (the CV'T genes) were found to be com-
mon with the APG genes. Electron microscopic analyses
proved that membrane dynamics of the Cvt pathway are
quite similar to those of macroautophagy, which is con-
sistent with its requirement for most of the Atg machin-
ery [43, 75]. The most obvious difference is the size of
the double membrane structures of these two pathways:
the Cvt vesicles, which functionally correspond to au-
tophagosomes and specifically enwrap the Cvt complex
(a-aminopeptidase 1 complex and Tyl virus-like par-
ticles) [76] with the exclusion of cytoplasmic proteins,
are much smaller (ca 150 nm in diameter) than the au-
tophagosome (ca 500 nm). The specific nature of the Cvt
pathway means that it serves as a good model system for
studying selective autophagy. In addition to the require-
ment for the core autophagy machinery, several specific
factors for the Cvt pathway were identified. Among
these, Atgl9 and Atg34 are receptor proteins of the se-
lective cargos a-aminopeptidase 1 and a-mannosidase
1, respectively [77]. The identification of Atgl1l, which
functions as a scaffold protein bringing the core Atg
proteins and the target of selective degradation together,
was an important development in the field of selective
autophagy [78, 79].

Under starvation conditions the Cvt complex is pref-
erentially enclosed by autophagosomes, suggesting that
even non-selective autophagy has some preference of
targets for sequestration into autophagosomes.

Mitophagy and Pexophagy

The selective degradation of peroxisomes in methy-
lotrophic yeasts, such as P. pastoris and H. polymorpha,
had also been well studied [80]. The peroxisomes of
these yeasts tremendously proliferate when the micro-
organisms are cultured in medium containing methanol
as the sole carbon source. When these cells are shifted
to ethanol or glucose, proliferated peroxisomes are de-
graded by autophagy. W Dunn showed that P. pastoris
utilizes different modes of autophagy, macroautophagy
and microautophagy, depending upon the carbon source
[81]. Such selective autophagy of proliferated peroxi-
somes requires several specific factors for pexophagy
[80]. Recently, studies of the selective degradation of
mitochondria (mitophagy) in yeast identified a mitochon-
drial membrane protein, Atg32, which plays an essential
role in this organelle’s turnover [82, 83].

Core machinery of autophagosome formation in yeast
As discussed above, the 18 Atg proteins essential for
starvation-induced non-selective autophagy were identi-
fied within a short period and divided into six functional
units: Atgl kinase and its regulators, PI-3k complex, the

Atgl2 conjugation system, the Atg8 lipidation system,
Atg9 and the Atgl8-Atg2 complex. These Atg proteins
function in an extremely tightly concerted manner in the
process of autophagosome formation. The next problem
that required investigation was how and where these pro-
teins function in vivo. K Suzuki in Ohsumi’s lab inves-
tigated the localization of Atg proteins by generating fu-
sions of Atg proteins with GFP and visually investigating
their intracellular behavior using fluorescence micros-
copy [84]. Atg8-GFP was the first Atg protein to be visu-
alized in such a manner, appearing as a perivacuolar dot
structure, to which most Atg proteins were subsequently
shown to at least partly colocalize. This dot structure is
detectable even in certain atg mutants, indicating that it
is not an isolation membrane or an autophagsome, and it
was therefore named the pre-autophagosomal structure
(PAS), referring to its role as an assembly of Atg proteins
mediating autophagosome formation [84]. Mostly only
one PAS per cell is observed even under starvation con-
ditions. It is not known how and why the PAS in yeast is
associated with the vacuolar membrane. The organization
of the PAS was systematically analyzed by quantifying
the PAS recruitment of each Atg protein in the absence
of every single ATG gene [85, 86]. This analysis showed
a hierarchical relationship among the functional units.
The discovery of the PAS was an important landmark in
the description of the epistatic relationships among the
functional units of Atg proteins and substantiation of the
molecular machinery in vivo [86, 87].

Recent studies have revealed that this hierarchy re-
flects the order in which Atg proteins are recruited to the
PAS [86, 87]. Upon starvation, inhibition of TORCI ki-
nase results in dephosphorylation of Atgl3, which binds
to Atgl, and forms a scaffold complex, Atgl-Atgl3/
Atgl7-Atg31-Atg29. This complex assembles at a site
on the vacuolar membrane, after which a small number
of Atg9 vesicles join the PAS via an interaction between
Atgl7 and Atg9. After this no further Atg9 vesicles join
the PAS, indicating that Atg9 vesicles are not the major
lipid source for autophagosomal membranes. Next, PI-
3K complex I is recruited to the PAS, and the Atg2-
Atgl8 complex joins the PAS through the binding of
Atg18 to PI3P. The Atgl2-Atg5-Atgl6 complex also lo-
calizes to the PAS in a PI3P-dependent manner, although
this is independent of Atg2-Atgl8 binding. Finally, the
Atgl2-Atg5-Atgl6 complex facilitates the formation of
Atg8-PE at the PAS, which is necessary for the expan-
sion of the isolation membrane. All Atg proteins there-
fore organize to the PAS in a concerted and temporally
regulated manner in order to generate the precursor
membrane necessary for isolation membrane formation.

Originally the PAS was defined by fluorescence mi-
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croscopy as a dot structure representing an assembly
of Atg proteins [84]. Since in yeast the Cvt pathway is
constitutively active, the PAS is formed in an Atgll-
dependent manner under growing conditions, with Atgl1
being essential for the Cvt pathway but not for macroau-
tophagy. In the absence of Atgll, the dynamics of star-
vation-induced PAS assembly become easily detectable.
In atgl11A the PAS is not seen in growing conditions, but
is rapidly induced by starvation or rapamycin treatment
[79]. However, the PAS is also observed to disassemble
immediately following the addition of the nutrient for
which cells were initially starved. Now it is thought that
the PAS is in fact not simply a stoichiometric assembly
of Atg proteins, but rather a dynamic structure changing
in composition over time and at various stages prior to
the formation of the isolation membrane. The number of
Atg protein molecules associating to the PAS has been
shown to vary from a dozen to a few hundred [88], while
the amount of Atg8 is known to oscillate every 10 min
[57]. Intriguingly, a recent study has suggested that at a
very early stage of autophagosome formation Atg9 vesi-
cles are recruited to the PAS, which means that the PAS
exists on some sort of precursor membrane before the
formation of the isolation membrane. Many Atg proteins
in the PAS may change interacting partners throughout
this process prior to the emergence of the isolation mem-
brane, and play further roles as the isolation membrane
expands. Such spatiotemporal dynamics of Atg proteins
may be regulated by phosphorylation or dephosphoryla-
tion. So far the PAS in yeast has not been observed by
EM, and is too small to distinguish from the isolation
membrane or autophagosome by fluorescence micros-

copy.
Rapid development of autophagy studies

ATG genes in other organisms

During his time in Ohsumi’s lab, N Mizushima began
a search for the homolog of ATG2 in humans. After
identifying a candidate homolog by database searches, he
successfully showed that hAtgl12 forms a conjugate with
hATGS [89], similar to the conjugation of Atgl2 to Atg5
in yeast, indicating the system is well conserved through-
out eukaryotes. The counterpart of Atgl6, hATG16L,
was also found and is characterized by the presence
of a long C-terminal extension of WD repeats. Human
Atgl6L facilitates the binding of two Atgl2-Atg5S conju-
gates by forming a dimer, as observed in yeast [90].

T Yoshimori, also in Ohsumi’s lab at that time, was
investigating LC3, the mammalian homolog of Atg8,
and found two forms: LC3-I, a processed form of na-
scent LC3 by the homolog of yeast Atg4, hATG4, and
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LC3-11, a lipidated form just like Atg8-PE in yeast [91].
Yoshimori observed that LC3-II localizes to the au-
tophagosomal membrane, which provided the first good
marker of the autophagosomal membrane in mammals.
In addition, the amount of LC3-II correlates with the
number of autophagosomes, which has been used as an
indicator of autophagy. Like yeast Atg8, LC3 localizes
to intermediate structures as well as the complete au-
tophagosome, and thereby a portion of LC3 is delivered
to the lysosome. Meanwhile, the Atgl2-Atg5-Atgl6L
complex resides only on the convex surface of the isola-
tion membrane and dissociates from the membrane once
the autophagosome is completed [92, 93]. GFP-Atg5 was
therefore successfully employed as a good marker of the
structures of early stage of autophagososome formation.

In addition to Atg proteins of the two conjugation
systems, other Atg proteins have been identified in mam-
mals. This process took some time due to the rather low
amino-acid sequence similarity between yeast and mam-
malian homologs. But ultimately almost all counterparts
of yeast Atg proteins were found in mammals. These
include the ULK1 complex [94], the PI-3k complex [95-
971, Atg9 [98], the WIPI-Atg2 complex [99], and the
two conjugation systems. This preservation of functional
units strongly indicates that the fundamental mecha-
nisms of autophagy were acquired at a very early stage
of eukaryotic evolution and have since been conserved,
a fact that has significantly facilitated further studies of
autophagy in mammals.

In contrast to yeast, where a single gene encodes each
Atg protein, many Atg proteins in higher eukaryotes,
such as Atgl, Atgl4, Atg2, Atgl8, Atgl6 and Atg8 are
characterized by paralogy, most likely arising by gene
duplication events. This diversification may be a reflec-
tion of the increasingly complex nature of autophagy in
mammalian cells, possibly due to further regulation or
specific roles for each paralog in the diverse modes of
autophagy found among various tissue and cell types.
While Atgl7, Atg29, and Atg31 in yeast have no homo-
logs in mammals, the mammalian proteins FIP200 and
Atgl101 seem to perform a similar function. Though ad-
ditional proteins required for autophagy in mammals re-
main to be identified, it is clear that the basic hierarchical
order of events have been conserved [100] (see details in
review by Klionsky in this issue).

Genetic manipulation of autophagy in mammals

Soon after the discovery of the Atgl2 conjugation
system in mice, N Mizushima successfully generated
a transgenic mouse systemically expressing GFP-LC3,
fluorescence microscopy observation of which allowed
the easy visualization of the autophagosome. GFP-pos-
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itive structures correspond to autophagosomes and au-
tophagolysosomes, thus where and how much autophagy
occurs in a whole body could be assessed. Using this
mouse model, Mizushima showed that during fasting ev-
ery organ is characterized by differences in the kinetics
and extent of autophagy induction [93, 101].

Mizushima also successfully generated the first mouse
knocked out for an Atg gene, which was Atg5 [102]. This
mouse was able to produce offspring at a normal rate, but
infant mice died within 24 hours of birth, demonstrating
that autophagy is essential for survival during the neona-
tal stage of development in mammals. These GFP-LC3
transgenic and Atg5 knockout mice proved to be so pow-
erful in the detection and investigation of the physiologi-
cal significance of autophagy in mammals that they were
distributed all over the world, contributing much to our
understanding of autophagy in mammals through their
use in research.

Up to now the disruption of nine A¢g genes have been
reported in genetically modified mice. Among these
knockout mice, the phenotypes of Atg3, Atg7, Atg9 and
Atgl6L1 knockouts are similar to that of Atg5, while Be-
clin 1, Ambral, and FIP200 knockout mice are unable to
produce homozygous offspring due to early embryonic
lethality, suggesting that these genes have other functions
in addition to autophagy [103]. Meanwhile ULK1 knock-
out mice suffered slight anemic symptoms.

Identification of ATG genes was subsequently under-
taken in a range of organisms, generally by simple data-
base searches or by searching for molecules interacting
with known Atg proteins. Disruption of ATG genes was
also initiated in model organisms such as Drosophila.
Ohsumi’s and D Vierstra’s groups identified most ATG
gene homologs in the higher plant model organism, Ara-
bidopsis thaliana, and showed these genes also partici-
pate in autophagy in plants [104, 105], reinforcing the
highly conserved and fundamental role of autophagy in
eukaryotic life.

Recently, a forward genetics approach to the identi-
fication of autophagy genes in Caenorhabditis elegans
revealed that in addition to known ATG gene homologs,
several novel genes essential for autophagy are present in
this organism [106]. Some of these novel genes are con-
served in higher eukaryotes, suggesting that evolution
has seen the appearance of additional autophagy genes
among higher eukaryotes (see review by Zhang in this is-
sue).

Important roles of autophagy in higher eukaryotes

As described above, autophagy is an essential mecha-
nism for survival through its role in the recycling of pro-
teins and macromolecules. However, lipids (lipid bodies

as well as membrane lipids), nucleic acids, and carbohy-
drates are also delivered to the lysosome/vacuole in addi-
tion to proteins via autophagy. This underscores the body
of evidence indicating that autophagy must contribute
directly to cell metabolism by supplying cellular building
blocks as well as sources of energy.

On the other hand, recent progress in autophagy re-
search in various organisms has revealed another impor-
tant role of autophagy. To understand the role of autoph-
agy in specific organs or tissues, many tissue-specific
knockout mice have been generated. Mizushima generat-
ed a neuronal cell-specific knockout mouse in which the
basal level of autophagy in the brain was greatly reduced.
This caused the accumulation of ubiquitinated proteins
and p62, both known to be specific cargoes of autophagy
in mammals, and ultimately resulted in neurodegenera-
tion [107]. Komatsu in Kominami’s group demonstrated
that the absence of autophagy in liver tissue results in
liver hypertrophy and tumor formation [108]. Mizushima
also succeeded in showing that autophagy is induced
upon fertilization and is necessary for early embryonic
development in mice by using oocytes completely de-
pleted of Atg5 [109]. Since these important works, many
studies of knockout mice continue to provide important
insights into the many physiological functions of autoph-
agy, suggesting important roles for autophagy beyond
the supply of nutrients. Degradation itself or elimination
of harmful or excessive materials from the cytoplasm is
mediated by autophagy and is crucial for life. In multi-
cellular organisms the process of cell division takes lon-
ger when compared to that of unicellular eukaryotes like
yeast; this increased cellular life span creates a greater
need for stringent intracellular quality control, which is
known as clearance. Neuronal cells are an extreme exam-
ple, as these cells do not divide and are instead retained
throughout the life of the organism, strongly emphasiz-
ing the need for intracellular housekeeping. One facet
of such quality control is the critical role of autophagy
in the elimination of misfolded or damaged proteins, as
well as aggregate-prone proteins. Every protein in the
cell is involved in interactions with other proteins, form-
ing transient complexes in a repeating cycle of associa-
tion and dissociation in response to metabolic changes. It
is highly likely that autophagy is involved in the regula-
tion of such protein dynamics within the cell.

B Levine identified Beclin 1, a mammalian homolog
of yeast Atg6 [110]. She proposed, for the first time,
that autophagy can be important for tumor suppression,
which was later confirmed by her own studies and those
of others, which triggered a significant expansion of re-
search into the role of autophagy in tumor growth and
survival.
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From the early days of autophagy research, it has been
clear that excessive or damaged organelles are the tar-
get of autophagy. Recently the selective degradation
of organelles has been dissected at the molecular level.
Two groups, led by Okamoto and Kanki, independently
reported that the mitochondrial outer membrane protein
Atg32 functions as a receptor for mitochondrial degrada-
tion by autophagy (mitophagy) [82, 111]. Atg32 interacts
with Atg8 and Atgll. Like Atg32, Atgl9, a receptor
protein for the Cvt pathway, has a specific motif (named
AIM or LIR in mammals) that binds to a hydrophobic
pocket in Atg8 and its homologs, which represents an
important mode of interaction for selective autophagy.

Meanwhile, mitophagy in mammalian cells has at-
tracted strong interest from researchers, and R Youle’s
group has intensively studied mitophagy in mammals
and shown that PINK1 and Parkin play critical roles in
the elimination of damaged mitochondria, and that mi-
tophagy in mammals is dependent upon ubiquitination
[112] (see review by Okamoto in the same special issue).

Another important and unexpected finding is that
autophagy also acts as a defense mechanism against
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bacterial and viral infection. It is known that Group A
Streptococcus enters cells via endocytosis, subsequently
escaping to the cytoplasm by secretion of streptolysin O.
In 2004 I Nakagawa showed that these bacteria in the cy-
toplasm are immediately captured in an autophagosome,
which fuses with other autophagosomes to form a huge
membrane structure in which bacteria are ultimately di-
gested after fusion with a lysosome [113]. Autophagy is
furthermore implicated in innate immunity. Sa/monella is
also a target of the autophagosome, but it has also been
found that Listeria and Shigella are able to escape from
degradation by autophagy. Autophagy against intracellu-
lar pathogens (called Xenophagy) has consequently bur-
geoned as an exciting research field promising a range of
novel means of combating infectious diseases [114].

As briefly mentioned above, selective autophagy, as
a means of quality control within the cell, is a major
subject in autophagy research at present. So many novel
questions remain to be answered, not only regarding
their physiological significance, but also the underlying
molecular mechanisms allowing targets to be selectively
wrapped into autophagosomes.

2007 - T. Johansen shows that p62 binds to LC3, promoting
autophagy of proteinaggregates
3000 - 2006 - N. Mizushima shows brain-specific Atg5 knockout mouse
suffers neurodegeneration
2005 - M. Komatsu finds liver-specific knockout of Atg7 causes

- abnormalities in mice

© 2004 - A. Amano and T. Yoshimori discover autophagy against invading

G>J\ 2500 7 bacteria
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- B. Levine shows knockout of Beclin | causes tumorigenesis in mice
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c
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Q
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1993 - Y. Ohsumi isolates 15 autophagy-defective mutants in yeast
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] 000 = D. Klionsky discovers the Cvt pathway
1985 - J.F. Dice discovers chaperon-mediated autophagy
1982 - P. Seglen identifies the autophagy inhibitor 3-methyladenine
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Figure 1 The growth of autophagy research and historical landmarks.
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Autophagy research community

At the conference level, autophagy was first addressed
when the first Gordon Research conference on lysosomes
was held in 1967, with several talks on autophagy. Fol-
lowing this, P O Seglen organized sessions on autophagy
at the International Committee of Proteolysis conferenc-
es, which covered non-lysosomal and lysosomal protein
turnover; and the 11th meeting at Turku were attended by
E Kominami, P Codogno, A Meijer, W Dunn, G Morti-
more, and J F Dice. In 1997 Y Ohsumi organized the 1st
International Symposium on Autophagy (ISA) at Oka-
zaki, Japan. The ISA, which deals exclusively with au-
tophagy is getting bigger and bigger, and the 6th ISA was
held in Okinawa, 2012, with more than 300 participants
from all over the world. The Gordon Research Confer-
ence on autophagy was arranged by D Klionsky in 2003,
and in the following year the first Keystone Symposium
on Autophagy was organized by B Levine. Recently, an
EMBO conference on autophagy was organized by S
Tooze. In addition to the explosion in autophagy work
published in journals (Figure 1), the expanding number
of international meetings addressing autophagy research
is a reflection of the popularity of this exciting field.

Another point worthy of special mention is the success
of Autophagy journal under the tremendous efforts of
D Kilonsky, which has now established itself as a high-
impact journal.

Conclusion and perspective

As described above, 50 years have passed since stud-
ies on autophagy began. Since autophagy in mammalian
cells is characterized by such a sophisticated series of
membrane phenomena, scientists remained skeptical for
many years that autophagy is the major degradative path-
way of proteins and organelles. Identification of ATG
genes in yeast was a genuine turning point in the modern
biology of autophagy. Autophagy has now become an
enormously hot field in biology. Over the past two de-
cades we have learned much about the molecular mecha-
nisms of autophagy and its physiological significance.
However, we are still at the early stages of autophagy
research, and the field continues to grow in both volume
and impact. It is now abundantly clear that degrada-
tion is a fundamental cellular function, just as essential
to the functioning of life as synthesis. Time and further
work will reveal the relevance of autophagy to more and
more physiological events. There are so many questions
that remain to be answered about the unique membrane
dynamics that constitute autophagy, and there are still a
great deal of mysteries to be uncovered before we truly
understand the molecular mechanisms of autophagy. Es-

sential in this undertaking will be the development of
various robust systems to work with as well as the further
improvement of devices allowing us to visualize the dy-
namic machinery of autophagy in higher spatiotemporal
resolution. More information about the composition and
fine localization of lipid molecules within the isolation
membrane and autophagosome will also greatly assist
research efforts, as will biochemical, structural and bio-
logical analyses of Atg and related proteins. Ultimately,
with a complete understanding of the mechanisms of
autophagy, reconstitution of the process should be an ob-
jective for scientists working in the field.
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