
R E V I E W : C E L L B I O L O G Y

Autophagy as a Regulated Pathway
of Cellular Degradation
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Macroautophagy is a dynamic process involving the rearrangement of subcellular
membranes to sequester cytoplasm and organelles for delivery to the lysosome or
vacuole where the sequestered cargo is degraded and recycled. This process takes
place in all eukaryotic cells. It is highly regulated through the action of various kinases,
phosphatases, and guanosine triphosphatases (GTPases). The core protein machinery
that is necessary to drive formation and consumption of intermediates in the
macroautophagy pathway includes a ubiquitin-like protein conjugation system and a
protein complex that directs membrane docking and fusion at the lysosome or
vacuole. Macroautophagy plays an important role in developmental processes, human
disease, and cellular response to nutrient deprivation.

Normal cell growth and development
requires a well-controlled balance be-
tween protein synthesis and organelle

biogenesis versus protein degradation and or-
ganelle turnover. The major pathways for
degradation of cellular constituents are auto-
phagy and cytosolic turnover by the protea-
some. These degradative pathways are partic-
ularly important during development and un-
der certain environmental stress conditions.
For example, cellular death and resorption
are critical during processes that involve ex-
tensive cellular remodeling such as insect
metamorphosis, postpartum luteal cell regres-
sion, differentiation, and aging (1, 2), as well
as in preventing various disease states includ-
ing cardiomyopathy and some types of can-
cer. In some cases, degradation and turnover
of the entire cell occurs as part of pro-
grammed cell death. At other times, turnover
occurs on a subcellular scale; under starva-
tion conditions, cells need to scavenge non-
essential proteins and organelles and to recy-
cle the components for reuse in the cytosol.

In eukaryotic cells, the lysosome or vac-
uole is a major degradative organelle. This
compartment contains a range of hydrolases
that are able to degrade essentially any sub-
cellular constituent (proteins, lipids, nucleic
acids, and carbohydrates). In addition, regu-
lated turnover of organelles is confined to the
lysosome. Cytoplasmic components are de-
graded within the lysosome by microautoph-
agy, chaperone-mediated autophagy, and

macroautophagy (3–5). In mammalian cells,
microautophagy has not been well character-
ized, and chaperone-mediated autophagy is a
secondary response that temporally follows
macroautophagy. In this review, we will limit
our discussion to macroautophagy, the major
inducible pathway for general turnover of
cytoplasmic components. The process of
macroautophagy is seen in all nucleate cell
types that have been analyzed. The morphol-
ogy of the process is essentially the same in
yeast, plants, and animal cells. In addition,
the recent identification of genes encoding
components of the autophagic machinery in
several organisms indicates that the autoph-
agic process is highly conserved.

Morphology, Biochemistry, and
Genetics
Macroautophagy is a dynamic process in
which subcellular membranes undergo dra-
matic morphological changes [for reviews,
see (5, 6)]. In this process, portions of cyto-
plasm are sequestered within double-mem-
brane vesicles known as autophagic vacuoles
in mammalian cells or autophagosomes in
yeast (Fig. 1). For simplicity, we will use the
term autophagosome. Macroautophagy has
been extensively characterized morphologi-
cally in both yeast and mammalian systems.
Genetic screens have been used in yeast to
identify the genes that are involved in the
autophagic process (Table 1). Screens for
yeast mutants that were starvation-sensitive
or defective in the degradation of specific
cytosolic proteins (7, 8) produced apg and
aut mutants, which overlap with mutants in
the cytoplasm to vacuole targeting (Cvt)
pathway, that were isolated because of de-
fects in proteolytic processing of the resident
vacuolar hydrolase aminopeptidase I (9–11).
The overlap between the apg, aut, and cvt

mutants was surprising, because the respec-
tive pathways, autophagy and Cvt, operate
under distinct conditions. Autophagy is pri-
marily used for degradation and is induced
under starvation conditions. In contrast, the
Cvt pathway is biosynthetic and operates un-
der nutrient-rich conditions. However, bio-
chemical and morphological studies show
that in both pathways, the basic mechanism
of cytoplasm-to-vacuole transport involves
sequestration by a cytosolic double-mem-
brane vesicle (12, 13). The major distinction
between the two pathways appears to be the
regulation of the size of the autophagosome.
The process of macroautophagy can be bro-
ken down into at least four discrete steps:
induction, formation of the autophagosome,
autophagosome docking and fusion with the
lysosome or vacuole, and autophagic body
breakdown. The molecular details of these
steps have begun to be elucidated.

Induction of macroautophagy. Autophagic
degradation is both developmentally and nutri-
tionally regulated. Nonspecific autophagy is in-
hibited under nutrient-rich conditions and is
inducedbystarvation. Inmammaliancells,phos-
phorylation of ribosomal protein S6 strongly
correlates with inhibition of macroautophagy
(14). The activity of p70S6 kinase is regulated
by mTor kinase (15, 16). Inhibition of phos-
phorylation resulting from inactivation of mTor
by treatment with rapamycin induces auto-
phagy even under nutrient-rich conditions;
however, the details of the regulatory mecha-
nism are not understood. As in mammalian
cells, autophagy can be induced in yeast by
rapamycin-dependent inhibition of Tor2 (17).
In yeast, Tor2 phosphorylates Tap42 causing it
to interact with protein phosphatase 2A (PP2A),
resulting in a decrease in PP2A activity (18).
Inhibition of Tor2 results in activation of PP2A
and the induction of autophagy. In mammalian
cells, inhibition of PP2A by okadaic acid has a
strong inhibitory effect on autophagy (19).
Thus, changes in localization and/or activity of
PP2A may be one mechanism that controls
autophagy, although other phosphatases are
also involved in its regulation (20).

Although Tor2 regulates the expression of
many genes, the majority of APG genes are
constitutively expressed. In part, this is owing
to the overlap between autophagy and the bio-
synthetic Cvt pathway. Accordingly, it appears
that Tor2 may regulate the transition from the
Cvt pathway to autophagy during the response
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to starvation. One of the downstream effectors
of the yeast Tor2 kinase may be the Apg13
protein (Fig. 2). Apg13 is part of a dynamic
protein complex, which includes the serine and
threonine kinase Apg1 (20, 21). Under nutrient-
rich conditions, Apg13 is highly phosphoryl-
ated and maintains a weak interaction with the
Apg1 kinase. Upon inhibition of the Tor2 ki-
nase, and presumably activation of a phospha-
tase, Apg13 is partially dephosphorylated and
associates more tightly with Apg1, stimulating
its kinase activity (Fig. 2). Thus, the Apg1
kinase appears to act downstream of Apg13;
however, its target or targets have not been
identified. The Apg1 kinase interacts with at
least two other proteins, Apg17 and Cvt9.
These two proteins have specific functions in
either the autophagic or Cvt pathways, respec-
tively (20). This finding fits well with the
predicted role of the Apg13-Apg1 complex
in controlling transition between biosyn-
thetic and degradative pathways. The iden-
tification of APG1 homologs in Caeno-
rhabditis elegans (22) and mice (23) sug-
gests that the Apg1 kinase is required for
autophagy in higher eukaryotes.

Formation of the autophagosome. After in-
duction of autophagy, a double-membrane ves-
icle begins to form in the cytosol, resulting in
the sequestration of cytoplasmic components
(Fig. 1). The origin of the sequestering mem-
brane is not known, but for mammalian cells, it
is generally thought to be the endoplasmic re-
ticulum (24). However, an alternative compart-
ment termed the phagophore may represent the
donor membrane (25). Sequestration is highly
regulated and is under the control of GTPases,
phosphatidylinositol kinases, and various phos-
phatases. Increasing the levels of the class III
phosphoinositide 3-kinase product phosphati-

dylinositol 3-phosphate in human colon cancer
cells stimulates macroautophagy (26). In con-
trast, increases in class I phosphoinositide 3-ki-
nase products, phosphatidylinositol 3,4-bis-
phosphate and phosphatidylinositol 3,4,5-tris-
phosphate, inhibit autophagy (26). In addition,
the guanosine diphosphate (GDP)–bound form
of the heterotrimeric G protein subunit Gai3 is
an activating factor for autophagy, whereas the
GTP-bound form is inhibitory (27). Regulation
by protein phosphatases and kinases is complex
and not yet resolved (28).

Molecular genetic studies in yeast have
identified some of the components required
for autophagosome formation. The sequestra-
tion process involves a protein conjugation
system (29) (Fig. 2). Apg12 is covalently
attached to Apg5 through a COOH-terminal
glycine and an internal lysine residue, respec-
tively. This process requires the action of the
Apg7 protein, which is homologous to the E1
family of ubiquitin-activating enzymes (30,
31), and Apg10, which functions as a protein-
conjugating enzyme (32). A third protein,
Apg16, binds to the conjugated Apg5 and
dimerizes to link a pair of Apg12-Apg5 con-
jugates (33). This conjugation event is re-
quired for formation or completion of the
sequestering vesicle (34). Human homologs
of Apg5 and Apg12 have been identified and
undergo a similar covalent linkage, indicating
that this conjugation system is conserved in
mammalian cells (35).

The level of most proteins involved in
autophagy does not change during a shift
from nutrient-rich to starvation conditions. In
contrast, the AUT7 gene is highly up-regulat-
ed under starvation conditions or after rapa-
mycin treatment (36, 37) (Fig. 2). Aut7 binds
the forming autophagosome and becomes se-

questered inside the vesicle along with the
cytoplasmic cargo. The localization and up-
regulation of Aut7 suggests that it functions
at least in part as a structural component
during autophagosome formation.

Autophagosome docking and fusion. In
mammalian cells, delivery to and fusion of the
completed autophagosome with the lysosome
(Fig. 1) depends on microtubules and mainte-
nance of proper acidification. In yeast, compo-
nents of the SNARE machinery, including the
vacuolar syntaxin homolog Vam3p (38) and the
SNAP-25 homolog Vam7p (39), are required
for autophagosome docking and/or fusion with
the vacuole (Table 1). In addition, the regula-
tory Rab GTPase, Ypt7 (30), and the class C
Vps protein complex (13, 40–42) also function
at this step to ensure the accurate and efficient
fusion of the autophagosome with the vacuole.

Autophagic body breakdown. Although the
lysosome or vacuole is the terminal destination
for endocytic and certain biosynthetic traffick-
ing pathways, little is known about what hap-
pens to membranes after their delivery to this
organelle. After fusion of the autophagosome
with the vacuole, the outer membrane of the
autophagosome is incorporated into the limiting
membrane of the vacuole (Fig. 1). It is not
known how this large patch of new membrane
avoids degradation by the lipases and other
hydrolases present within this organelle. The
vacuole membrane itself contains a variety of
glycoproteins that are presumed to play a role in
protecting this membrane from degradation.
Fusion causes the release of the single-mem-
brane bound inner vesicle of the autophago-
some, the autophagic body (Fig. 1), into the
vacuole lumen. Because of the degradative na-
ture of the lysosome or vacuole, the autophagic
body is broken down. Efficient degradation is
dependent on proteinase B, lumenal acidifica-
tion, and the Cvt17 protein, a candidate lipase
that may degrade the autophagic body (13,
43–45).

Specific Autophagic Pathways
Biosynthetic transport and organelle turn-
over. Autophagy is a ubiquitous process that
occurs in plant, animal, and fungal cells. Al-
though autophagy is generally considered to
be nonselective, the protein components re-
quired for autophagic uptake are also used in
specific transport events. For example, as
noted above, autophagy in yeast overlaps
with the biosynthetic Cvt pathway that trans-
ports aminopeptidase I (API) to the vacuole.
API is synthesized as a precursor in the cy-
tosol and rapidly oligomerizes into a dodec-
amer (46). The dodecameric precursor API
assembles into a larger complex composed of
multiple dodecamers, termed a Cvt complex.
The Cvt complex is then enwrapped by a
double-membrane that forms a cytosolic ves-
icle. This Cvt vesicle is smaller than an au-
tophagosome and appears to exclude cytosol

Fig. 1. Schematic model of macroautophagy in yeast. A signal transduction event regulated by the
Tor kinase leads to the following: (1) The induction of autophagy. (2) Membrane from an unknown
source sequesters cytosol and/or organelles (a mitochondrion is depicted) resulting in the forma-
tion of a double-membrane vesicle (300 to 900 nm) termed an autophagosome. (3) On completion,
the autophagosome docks with the lysosome or vacuole. Fusion of the autophagosome outer
membrane with the vacuole releases the inner vesicle into the vacuole lumen. The inner vesicle is
termed an autophagic body. (4) Breakdown within the vacuole allows recycling of the degraded
autophagic body and its hydrolyzed cargo (amino acids, fatty acids, sugars, and nucleotides). The
morphology of macroautophagy in mammalian cells is similar to that shown; however, in
mammalian cells autophagy can be induced by environmental cues other than starvation.
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(12, 13). After fusion with the vacuole, the
inner vesicle is degraded in the lumen, allow-
ing release and maturation of precursor API.

In addition to the biosynthetic transport of
precursor API, regulated autophagy functions
in the selective sorting and turnover of certain
cytoplasmic organelles. When methylotrophic
yeasts or mammalian cells are grown on meth-
anol or fatty acids, respectively, peroxisomes
proliferate to allow maximal use of the avail-
able nutrients. Adaptation to preferred carbon
sources such as glucose or ethanol result in the
specific degradation of peroxisomes through an
autophagic mechanism termed pexophagy (5).
In some yeasts this degradation has been shown
to occur by both micropexophagy, occurring at
the vacuole surface, and macropexophagy,
where the initial sequestration step takes place
away from the vacuole (47). The proteins re-
quired for macroautophagy are also required for
pexophagy (48, 49).

In general, maintenance of organelles is en-
ergetically costly. Organelles like the peroxi-
some are specifically degraded when they are
no longer needed. In mitochondria, certain
types of stress can lead to a loss of integrity of
the inner and outer membranes resulting in
depolarization, a process termed the “mitochon-
drial permeability transition” (50). It has been
proposed that conversion of the mitochondrial
permeability transition pore to an open state
leads to mitochondrial degradation through
macroautophagy and subsequently through ap-
optosis and necrosis (51). Macroautophagy then
can protect cells from oxidative damage that
could result from a loss of mitochondrial integ-
rity without triggering apoptosis. However, ly-
sosomal degradation of mitochondria can lead
to clinical problems in patients lacking one or
more lysosomal hydrolases. The lysosomal ac-
cumulation of subunit 9 of the mitochondrial
ATPase due to inefficient degradation is asso-
ciated with neuronal ceroid lipofuscinosis (Bat-
ten disease), a neurodegenerative disorder in
children and young adults (52). In yeast, mito-
chondria have been detected within autophago-
somes (43), providing additional evidence for
mitochondrial degradation by macroautophagy.

Autophagy in development and disease.
Macroautophagy plays a critical role in the ho-
meostatic process of recycling proteins and or-
ganelles. However, autophagy has also been
linked to developmental and pathological con-
ditions. For example, intersegmental muscles
are required in the larval and pupal stages of the
moth life cycle and during emergence of the
adult moth. These muscle cells are not needed in
the adult and undergo cell death shortly after
emergence. In this case, the characteristics of
cell death are largely distinct from those associ-
ated with apoptosis and are proposed to occur
through autophagy (53). Programmed cell death
in developing neurons clearly involves apopto-
sis (54). However, cellular death in neurons
may also involve autophagy (55, 56). Similarly,

the loss of Rohon-Beard neurons from the spinal
cord of Xenopus tadpoles requires the activity of
lysosomal hydrolases and is thought to occur
through autophagy-related cell death (57).

There are many lines of evidence that con-
nect macroautophagy to human disease. For ex-
ample, elevated levels of autophagy are associ-
ated with neurodegenerative diseases such as
Parkinson’s (58). The mechanism by which
neuronal degeneration occurs is not well under-
stood and clearly requires further study to allow
the development of effective treatments. In con-
trast to the situation with Parkinson’s disease,
lowered levels of autophagy are problematic in
other diseases. A direct link to autophagy and
heart disease was discovered by the finding that
a deficiency of LAMP-2, a transmembrane pro-
tein in the late endosome and lysosome, is as-
sociated with the cardiomyopathic Danon’s dis-
ease (59), and LAMP-2–deficient mice are de-

fective in the maturation of autophagosomes
(60). Similarly, reduced levels of autophagy are
seen in some forms of cancer (61). A key role
for autophagy in controlling the unregulated cell
growth that is associated with tumor develop-
ment has been suggested through the study of a
tumor suppressor gene, beclin 1 (62). Beclin 1 is
the human homolog of the yeast autophagy gene
APG6. Beclin 1 interacts with the antiapoptotic
protein Bcl-2, which prevents the Bax-depen-
dent release of mitochondrial cytochrome c. De-
creased levels of the Beclin 1 protein have been
correlated with the development or progression
of breast tumors. In multicellular organisms,
autophagy has also been linked with pro-
grammed cell death. Autophagy is specifically
associated with type II (nonapoptotic) pro-
grammed cell death (53, 63). However, there is
an indication that early stages of autophagy may
play a role in type I (apoptotic) programmed cell

Fig. 2. Molecular genetics of macroautophagy in yeast. (A) The Tor kinase exerts a negative regulatory
effect on autophagy when cells are growing under nutrient-rich conditions. When starvation occurs, the
Tor kinase is inactivated, and the negative regulation is relieved resulting in induction of autophagy.
Most of the proteins required for autophagy are constitutively expressed and are used for biosynthetic
import through the cytoplasm to vacuole targeting pathway under these conditions. The downstream
effectors of Tor are likely to include phosphatases and kinases that modulate the phosphorylation state
of Apg13. An inductive signal such as carbon or nitrogen starvation inactivates Tor and results in partial
dephosphorylation of Apg13. This form of Apg13 associates more tightly with the Apg1 kinase and
stimulates its activity. The function of Apg1 kinase is required for autophagosome formation. (B) The
Apg7 (E1-like) and Apg10 proteins form thioester intermediates through a COOH-terminal glycine of
Apg12. Apg12 is ultimately conjugated to Apg5 through an internal lysine residue in Apg5 in a process
that is similar to ubiquitination. Apg16 binds the conjugated Apg5 protein noncovalently and dimerizes
to form a complex that is required for formation and completion of the autophagosome. (C) Under
nutrient-rich conditions, the Tor kinase negatively regulates the expression of the AUT7 gene resulting
in basal levels of Aut7 synthesis. Under these conditions the Cvt pathway is operative and 150-nm Cvt
vesicles are formed. Inhibition of Tor by transduction of an environmental signal or after treatment with
rapamycin allows the activation of a presumed transcriptional activator protein that increases expres-
sion of AUT7. The resulting increase in Aut7 levels allows an expansion in the size of the autophagosome
from 150 nm to a range of 300 to 900 nm.
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death (64). Along these lines, a human apopto-
sis-specific protein was shown to be homolo-
gous to the APG5 gene product (65). Inhibition
of autophagy may be therapeutic in certain neu-
rodegenerative diseases, although its selective
activation in specific cells could provide an
avenue for cancer treatment.

An interesting connection between apoptosis
and autophagy also has been seen in the coor-
dinated regulation of Akt (protein kinase B) and
p70S6 kinase. The activity of p70S6 kinase is
controlled through mTor but also through the
action of the phosphoinositide-dependent pro-
tein kinase–1, PDK1 (66, 67). PDK1 is a mul-
tifunctional effector that regulates various ki-
nases (68, 69). Phosphorylation of p70S6 kinase
by mTor, or presumably PDK1, prevents auto-
phagy. Class I phosphatidylinositol 3-kinase (PI
3-kinase) activity allows the membrane recruit-
ment of Akt through its pleckstrin homology
domain. Phosphorylation by PDK1 activates
Akt and inhibits apoptosis (70). Thus, class I PI
3-kinase products may block both apoptosis and
autophagy through PDK1. Along these lines,

some of the same signals that trigger apopto-
sis may induce autophagy (55). Once it is
activated, autophagy may be able to cause cell
death even in the presence of apoptosis inhib-
itors. These findings support the idea that
autophagy represents a second mechanism for
programmed cell death. In fact, autophagy-
related programmed cell death may have
evolved before apoptosis (53).

Conclusions
The capacity for limited turnover of cytoplas-
mic contents by autophagy or for the pro-
grammed death of specific cells plays an
important role in development. However, the
capacity to degrade cells and cellular contents
necessitates strict regulatory safeguards to
prevent indiscriminate destruction of essen-
tial components. Accordingly, macroautoph-
agy is regulated through the action of kinases
(e.g., Tor and Apg1), phosphatases (e.g.,
PP2A), and GTPases (Gai3 and Ypt7) that
dictate the conditions under which it operates
and the targets of the sequestration process.

Autophagy involves dynamic rearrange-
ments of cellular membranes. This is not sur-
prising as this process can result in the engulf-
ment of entire organelles. Some aspects of au-
tophagy are similar to those of other subcellular
trafficking events, for example, the targeting,
docking, and fusion of the autophagosome re-
quires components such as Rabs and SNARES
that are used in both the secretory and endocytic
transport systems. However, other components
of the autophagy system are specific (see Table
1). The origin of the sequestering membrane is
not known, nor is it understood how this mem-
brane can form an enwrapping vesicle in the
cytosol. Formation of the autophagosome is to-
pologically distinct from that of a transit vesicle
that buds off a preexisting organelle and is likely
to require a large number of gene products
(Table 1), including those of a novel ubiquitin-
like protein conjugation system (Fig. 2). The
autophagic machinery is used for a range of
processes that are carried out under different
conditions and that display varying specificities.

The autophagic machinery is highly con-
served in organisms as diverse as plants, ani-
mals, and yeast. Recent studies have demon-
strated a role for autophagy in both promoting
and preventing human diseases. In the last few
years, tremendous advances have been made in
identifying the molecular components required
for macroautophagy through genetic studies in
yeast. Combining these analyses with the phar-
macological and biochemical information that is
available from work in mammalian systems has
begun to provide a detailed understanding of the
mechanisms that underlie each stage of the au-
tophagic process. Furthermore, workers in both
plant and animal systems are exploiting the
genomic data now available to identify ho-
mologs of the yeast APG genes for directed
studies in these multicellular systems. Such
studies should allow researchers to address tis-
sue- and development-specific roles for auto-
phagic degradation. Many questions still re-
main, including the following: What is the
mechanism by which cells sense the starvation
signal required to induce autophagy? What is
the origin of the autophagosomal membrane?
How does the autophagic machinery drive the
deformation of membranes? How are specific
substrates recognized as cargo for sequestra-
tion? However, with the progress that has been
made in the last few years, it is likely that these
and other important problems in the field of
autophagy will be solved in the near future.
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R E V I E W : C E L L B I O L O G Y

How Cells Handle Cholesterol
Kai Simons1* and Elina Ikonen2

Cholesterol plays an indispensable role in regulating the properties of cell membranes
in mammalian cells. Recent advances suggest that cholesterol exerts many of its
actions mainly by maintaining sphingolipid rafts in a functional state. How rafts
contribute to cholesterol metabolism and transport in the cell is still an open issue. It
has long been known that cellular cholesterol levels are precisely controlled by
biosynthesis, efflux from cells, and influx of lipoprotein cholesterol into cells. The
regulation of cholesterol homeostasis is now receiving a new focus, and this changed
perspective may throw light on diseases caused by cholesterol excess, the prime
example being atherosclerosis.

Sterols are ubiquitous components of cell
membranes in eukaryotes. Mammalian
cells produce their own cholesterol and

receive cholesterol by uptake from lipopro-

teins. Cells also continuously lose cholesterol
to the outside circulation. Regulation of syn-
thesis, influx and efflux keeps cellular cho-
lesterol levels precisely controlled. But why
cholesterol homeostasis is under such strin-
gent control has not been obvious from our
understanding of cholesterol function. Cho-
lesterol was simply thought to rigidify the
fluid membrane, thus reducing passive per-
meability and increasing the mechanical du-
rability of the lipid bilayer. Cholesterol was
also postulated to facilitate post-Golgi protein

sorting by regulating the thickness of the lipid
bilayer (1). These functions have now been
expanded by the key role that cholesterol
plays in lipid raft assembly and function.
Lipid rafts function to segregate and concen-
trate membrane proteins (2). These dynamic
assemblies are involved in sorting and dis-
tributing lipids and proteins to the cell surface
(3), where they play an important role in
signal transduction and in generating cell sur-
face polarity (4). For these functions, it is
crucial that not only the total cellular level of
cholesterol but also its distribution between
membranes and within a given membrane are
tightly regulated. Here, we will review the
movements of cholesterol within the cell and
the regulation of cellular cholesterol from this
new perspective.

What Are Lipid Rafts?
Lipid rafts are constituted of cholesterol and
sphingolipids (sphingomyelin and glyco-
sphingolipids) in the exoplasmic leaflet of the
bilayer [for reviews on rafts, see (2, 3, 5)].
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