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Abstract

Autophagy is a process of self-degradation of cellular components in which double-membrane

autophagosomes sequester organelles or portions of cytosol and fuse with lysosomes or vacuoles for

breakdown by resident hydrolases. Autophagy is upregulated in response to extra- or intracellular

stress and signals such as starvation, growth factor deprivation, ER stress, and pathogen infection.

Defective autophagy plays a significant role in human pathologies, including cancer,

neurodegeneration, and infectious diseases. We present our current knowledge on the key genes

composing the autophagy machinery in eukaryotes from yeast to mammalian cells and the signaling

pathways that sense the status of different types of stress and induce autophagy for cell survival and

homeostasis. We also review the recent advances on the molecular mechanisms that regulate the

autophagy machinery at various levels, from transcriptional activation to post-translational protein

modification.
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Introduction

Cell homeostasis is achieved by balancing biosynthesis and turnover. In eukaryotic cells, the

lysosome (or the analogous yeast and plant vacuole) is the primary organelle for degradation

through its wide array of resident acid hydrolases. As an adaptive response in unfavorable

conditions such as nutrient deprivation, autophagy mediates a highly regulated self-eating

process via lysosomes. Double-membrane vesicles, termed autophagosomes, engulf long-lived

proteins, damaged organelles, and even invasive pathogens, and transport these cargos to the

lysosomes. There, the outer-membrane of the autophagosome fuses with the lysosomal

membrane, and the inner vesicle, together with its cargo, is degraded (Figure 1). The resulting

macromolecules can be recycled back to the cytosol for reuse during starvation (165).

Malfunction of autophagy contributes to a variety of diseases, including cancer,

neurodegeneration, cardiovascular disorders, and microbe infection, because efficient

sequestration and clearance of unneeded or damaged cellular or nonself components is crucial

for cell survival and function.

Autophagosomes have been observed by electron microscopy in mammalian cells since as

early as the 1950s (68), whereas the molecular era of autophagy study began little more than

a decade ago, starting primarily from genetic screens in the budding yeast Saccharomyces
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cerevisiae and the methylotrophic yeasts Pichia pastoris and Hansenula polymorpha, leading

to the identification of 31 autophagy-related (ATG) genes. The Atg proteins function at several

physiologically continuous steps in autophagy (for instance, induction, cargo recognition and

packaging, and vesicle formation and breakdown) and orchestrate much of the process. Many

ATG homologs have subsequently been identified and characterized in higher eukaryotes,

suggesting that autophagy is a highly conserved pathway through evolution. In fungal cells,

the site of autophagosome formation is termed the phagophore assembly site (PAS, also known

as the preautophagosomal structure). This is the location where the phagophore, the initial

sequestering structure, expands and the Atg proteins are recruited. Whereas in mammalian

cells autophagosomes emerge from multiple sites, fungi appear to have one distinct PAS

adjacent to the vacuole, which allows convenient studies of the mechanisms and dynamic stages

of autophagosome biogenesis.

Although bulk cytosol can be randomly turned over through autophagy, in many cases

autophagy displays substrate-specificity. For example, two yeast vacuolar proteases, α-

mannosidase and the precursor form of aminopeptidase I [Ape1 (prApe1)], are synthesized in

the cytoplasm and transported to the vacuole via a selective autophagy pathway, known as the

cytoplasm-to-vacuole targeting (Cvt) pathway. The Cvt pathway is mechanistically and

genetically similar to bulk autophagy, except that it occurs constitutively in normal growing

conditions and in contrast to autophagy is biosynthetic (70). In addition, ubiquitinated protein

aggregates, and damaged or superfluous organelles are selectively targeted for degradation by

autophagy. Different terms have been used to describe the selectivity of each process according

to the cargo, such as autophagic degradation of mitochondria (mitophagy) (63), ribosomes

(ribophagy) (73), peroxisomes (pexophagy) (25), and endoplasmic reticulum (ER;

reticulophagy) (5,69). This review provides an overview of recent advances in our

understanding of the regulation of different types of autophagy in response to various stimuli

or inhibitors, involving signaling pathways, transcription factors, and protein modifiers, as well

as functions and interactions of the Atg proteins.

Molecular Machinery of Autophagy

Autophagy-Related (Atg) Proteins: The Core Machinery

The autophagy process is divided into mechanistically distinct steps, including induction, cargo

recognition and selection, vesicle formation, autophagsome-vacuole fusion, and breakdown of

the cargo followed by release of the degradation products back into the cytosol. Different sets

of Atg proteins are involved in these steps and consist of the core autophagic machinery.

Induction—Basal-level autophagy is very low under normal conditions; therefore, an

efficient mechanism to induce autophagy is crucial for organisms to adapt to stress and

extracellular cues. A central inhibitor of autophagy is the serine/threonine protein kinase TOR

(target of rapamycin). In yeast and Drosophila, Tor/dTOR integrates input information from

multiple upstream signal transduction pathways (discussed below) and negatively regulates

another serine/threonine kinase, Atg1, in nutrient-rich conditions (15,59,133) (Figure 2b). In

yeast, upon Tor inhibition by starvation or rapamycin treatment, the kinase activity of Atg1 is

activated and Atg1 binding affinity to Atg13 and Atg17 may also increase (59), which promotes

the formation of an Atg1-Atg13-Atg17 scaffold and the recruitment of multiple Atg proteins

to the PAS to initiate autophagosome formation (20,21,57,60,144). Thus, a role of the Atg1

kinase complex in protein recruitment is indispensable for autophagy induction. Moreover, in

Drosophila, Atg1 is able to inhibit the phosphorylation and activation of a downstream TOR

effector, S6K, during nutrient starvation (77), yet it is not clear how S6K signaling modulates

other autophagy proteins and/or autophagy activity.
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There are two mammalian homologs of Atg1 that appear to function in autophagy, the Unc-51-

like kinase 1 (ULK1) and -2 (ULK2), and one homolog of yeast Atg17, FIP200 (the focal

adhesion kinase family-interacting protein of 200 kD), which forms a complex with ULKs and

mammalian Atg13 and localizes to the phagophore upon starvation (38,56). Regarding the

substrates of the Atg1 kinase during autophagy, it is suggested that mammalian Atg13 and

FIP200 are phosphorylated by ULKs (56), and ULKs also undergo autophosphorylation, which

is conducive to a conformational change and autophagy induction (13). Different from what

has been reported in yeast, ULKs-Atg13-FIP200 seem to form a stable complex regardless of

nutritional conditions in mammalian cells. mTOR interacts with, phosphorylates, and

inactivates ULKs and Atg13 under nutrient-rich conditions. Upon mTOR inhibition by

starvation or rapamycin, ULK1 and ULK2 are activated and phosphorylate Atg13 and FIP200,

which are essential for autophagy activity (41,56). These studies raise an interesting hypothesis

that Atg13 is phosphorylated by TOR or Atg1/ULKs on different residues, which may exert

opposite effects on autophagy induction dependent on nutrient status. Indeed, yeast Atg13 is

rapidly dephosphorylated during starvation (59), whereas Atg13 phosphorylation is enhanced

during autophagic conditions in Drosophila (15); it is likely that phosphorylation of Atg13 is

dependent more on Tor in yeast, and to a greater extent on Atg1 in Drosophila. Atg101, a newly

identified protein component in the ULKs-Atg13-FIP200 complex, binds and stabilizes Atg13,

and is required for autophagy in mammals (91).

Cargo recognition and selectivity—In selective autophagy, cargos are recognized

through interactions with specific receptor proteins. The yeast Cvt pathway delivers prApe1

into the vacuole and generates the mature enzyme Ape1. The cargo prApe1 contains a vacuolar-

targeting signal, which can be recognized and bound by the receptor protein Atg19. An adaptor

protein, Atg11, binds Atg19 and recruits the Atg19-prApe1 complex to the PAS, where Atg19

interacts with one of the key components in the vesicle-forming machinery, Atg8, for

packaging the receptor-cargo complex into Cvt vesicles (analogous to autophagosomes)

(134,137).

In multicellular organisms, an important function of autophagy is the clearance of cytosolic

ubiquitinated substrates or aggregate-prone proteins. Recent studies suggest that this

degradative process is also selective and mediated through the mammalian protein p62/

sequestosome 1 (SQSTM1) (6,114), or Ref(2)P, the Drosophila homolog of p62 (99). p62

directly binds both poly- or mono-ubiquitin via its ubiquitin-associated (UBA) domain and the

mammalian Atg8 homolog, LC3 (microtubule-associated protein 1 light chain 3) (64,110), and

links the ubiquitinated cargos to the autophagy machinery for autophagic degradation. The

structural and functional similarity between a C-terminal motif in mammalian p62 and yeast

Atg19 (103) gives rise to an intriguing hypothesis that p62 is an Atg19 analog in higher

eukaryotes and acts as a receptor for ubiquitinated proteins or organelles in selective autophagy.

Recent work shows that the P granule proteins, the germ cell determinant in Caenorhabditis

elegans, are also selectively degraded by autophagy in somatic cells (173). The cargo receptor,

SEPA-1 (suppressor of ectopic P granule in autophagy mutants 1), directly interacts with the

P granule components and LGG-1, the Atg8 homolog in C. elegans, and thus functions

similarly to Atg19 and p62.

Another selective route of autophagy is pexophagy, and its mechanism has been best studied

in the methylotrophic yeast Pichia pastoris. Peroxisome formation is greatly induced by growth

on methanol as the sole carbon source; when the medium is replenished with glucose or ethanol,

the peroxisomes are no longer needed and are selectively degraded in the vacuole through

pexophagy. In P. pastoris, PpAtg30 functions as a peroxisome receptor by interacting both

with peroxisomal membrane proteins PpPex14 and PpPex3 and with autophagy proteins

PpAtg11 and PpAtg17, and therefore links peroxisomes destined for degradation to the PAS

(28). A notable feature of the aforementioned receptor proteins is the high level of pathway-
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specificity. For example, Atg19 is not required for bulk autophagy or pexophagy, and PpAtg30

is not involved in the Cvt or bulk autophagy pathways.

Autophagosome formation—Unlike processes of vesicle formation in most

endomembrane trafficking systems, double-membrane autophagosomes appear to be

assembled at the PAS by addition of new membranes, rather than being generated by budding

from the surface of a preexisting organelle or sealing of a single piece of continuous membrane.

Thus, formation of the sequestering vesicles is likely the most complex step of autophagy.

Multiple Atg proteins are recruited to the phagophore to participate in autophagosome

formation, and this step requires the highly regulated coordination of all of these proteins

(Figure 1).

The nucleation and assembly of the initial phagophore membrane requires the class III

phosphatidylinositol 3-kinase (PtdIns3K) complex, which is composed of the PtdIns3K Vps34

(vacuolar protein sorting 34), a myristoylated serine/threonine kinase Vps15 (p150 in

mammalian cells), Atg14 (Barkor or mAtg14 in mammalian cells) and Atg6/Vps30 (Beclin 1

in mammalian cells) (48,61,81,142). The function of Beclin 1 in autophagy is regulated by

Bcl-2 (B-cell lymphoma/leukemia-2), an antiapoptotic protein that inhibits autophagy by

binding and sequestering Beclin 1 under nutrient-rich conditions; dissociation of Beclin 1 from

Bcl-2 is required for autophagy induction. The PtdIns3K complex produces PtdIns3P

(phosphatidylinositol 3-phosphate) and is involved in PAS targeting of a number of yeast Atg

proteins that bind PtdIns3P, such as Atg18, Atg20, Atg21, and Atg24 (100,105,141). In yeast,

Atg20 and Atg24 interact with the Atg1-Atg13-Atg17 complex, and the latter mediates

autophagy induction (discussed above); however, the mammalian homologs of Atg20 and

Atg24 are either not identified (Atg20) or not well characterized in autophagy (Atg24). The

PtdIns3K complex, in part together with the above Atg proteins, further recruits two interrelated

ubiquitin-like (Ubl) conjugation systems, Atg12–Atg5-Atg16 and Atg8–PE

(phosphatidylethanolamine), to the phagophore (143,144), which play an essential role in

regulating the membrane elongation and expansion of the forming autophagosome.

The two Ubl proteins, Atg12 and Atg8, undergo conjugation in a similar manner as ubiquitin.

Atg12 is activated by Atg7 (E1 activating enzyme), transferred to Atg10 (E2 conjugating

enzyme) and attached to an internal lysine of the substrate protein Atg5 covalently. In contrast

to ubiquitination, Atg12–Atg5 conjugation is constitutive and irreversible, and apparently no

substrate-specific E3 ligase counterpart is required in this process (34). The Atg12–Atg5

conjugate further interacts with a coiled-coil protein Atg16, which links the Atg12–Atg5-Atg16

complex into a tetramer by self-oligomerization and attaches it to the phagophore (92,93). In

the Atg8 conjugation system, Atg8 is first processed by a cysteine protease, Atg4, exposing a

C-terminal glycine residue. The same E1 enzyme Atg7 activates Atg8 and transfers it to Atg3

(E2). Atg8 is finally conjugated to the target lipid PE via an amide bond, facilitated by the E3-

like Atg12–Atg5 conjugate (32,37), although Atg12–Atg5 lacks the conserved HECT or RING

domains possessed by typical E3 ligases, and is not essential for conjugation to occur. In

nutrient-rich conditions, the majority of Atg8 is cytosolic; upon autophagy induction, Atg8

largely exists as the lipid-conjugated form and is localized to both sides of the phagophore

(58,65). Atg8 controls the size of the autophagosome (158), which may result from its ability

to determine membrane curvature. The lipidation of Atg8 and its mammalian homolog LC3

are widely used to monitor autophagy induction.

Various sources, including mitochondria, the Golgi complex, and the ER, are proposed to be

the origins of the autophagosomal membrane (54,119). However, it is not completely clear by

what mechanism the additional membranes are delivered to and fused with the growing

phagophore. SNAREs (N-ethylmaleimide-sensitive factor attachment protein receptors) or

small GTPases have not been shown to directly play a role in autophagosome formation.
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Although the Golgi-resident GTPase Rab33B binds Atg16L (the mammalian Atg16 homolog),

the function of this interaction in autophagy is unclear (49). Recent studies demonstrate that

self-multimerization of Atg9 may facilitate membrane tethering and/or fusion (39). Atg9 is the

only identified integral membrane protein required for autophagosome formation. In yeast,

Atg9 localizes to the PAS and peripheral structures and is suggested to cycle between the two

sites. Atg11, Atg23, and Atg27 are essential in the anterograde transport of Atg9 to the PAS

(14,40,78,163), and the Atg1-Atg13 complex, Atg2, Atg18, and the PtdIns3K complex are

involved in its retrograde transport (120). Thus, Atg9 may function as a carrier in supplying

membrane and may also play a role during phagophore expansion through its dynamic self-

interaction. Similarly, mammalian Atg9 (mAtg9) transports from the trans-Golgi network

(TGN) to late endosomes, which are colabeled with LC3, when autophagy is induced. In

mammalian cells, it is the redistribution of mAtg9 from the TGN to late endosomes that is

dependent on ULK1 and human Atg13 (13,168).

Vesicle fusion and autophagosome breakdown—When autophagosome formation is

completed, Atg8 attached to the outer membrane is cleaved from PE by Atg4 and released back

to the cytosol (66). However, the retrieval and uncoating mechanisms of other Atg proteins

remain to be studied. Autophagosome-lysosome fusion is mediated by the same machinery

that is involved in homotypic vacuole membrane fusion. In mammalian cells, the fusion event

requires the lysosomal membrane protein LAMP-2 and the small GTPase Rab7 (51,147),

although the mechanism is less characterized. In yeast, the machinery consists of the Rab family

GTPase Ypt7 (the homolog of Rab7), the NSF homolog Sec18, the SNARE proteins Vam3,

Vam7, Vti1, and Ykt6, the class C Vps/HOPS complex proteins, and two other proteins, Ccz1

and Mon1 (67).

After fusion, degradation of the inner vesicle is dependent on a series of lysosomal/vacuolar

acid hydrolases, including proteinases A and B (encoded by PEP4 and PRB1, respectively)

and the lipase Atg15 in yeast (26,149) and cathepsin B, D (a homolog of proteinase A), and L

in mammalian cells (148). The resulting small molecules from the degradation, particularly

amino acids, are transported back to the cytosol for protein synthesis and maintenance of

cellular functions under starvation conditions. The identification of Atg22, together with other

vacuolar permeases (such as Avt3 and Avt4) as vacuolar amino acid effluxers during yeast

autophagy (160), has helped in the understanding of the mechanisms of nutrient recycling;

these permeases represent the last step in the degradation and recycling process.

Non-Atg Components Required for Autophagy

Besides the aforementioned Atg proteins, certain subcellular systems, including the secretory

pathway, the endocytic pathway, and the cytoskeletal network, may also carry out essential

functions during autophagy, such as providing membrane, facilitating autophagosome

transport, and enabling clearance of autophagic substrates.

The secretory and endocytic pathways—Autophagy involves dramatic subcellular

membrane remodeling. The role of the secretory pathway in autophagy is largely illuminated

by studies in yeast, where a functional ER and Golgi complex are required for autophagy and

the Cvt pathway (47,121). A subset of GTP exchange factors, including Sec12 and Sec16, and

two coatomer subunits of the COPII coat, Sec23 and Sec24, are needed for the biogenesis of

autophagosomes but not Cvt vesicles (47); although it is possible that a defect in the Cvt

pathway is more subtle compared with nonselective autophagy because of the relatively

reduced need for membrane. Nonetheless, there may be some aspects of vesicle formation that

are unique to either autophagy or the Cvt pathway. For example, the SNARE-Sec complex

containing the tSNARE Tlg2, the vSNARE Tlg1 and the Sec1 homolog Vps45, the Vps-fifty-

three (VFT) complex, and the sorting nexins Atg20 and Atg24 are required solely for Cvt
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vesicle formation (1,100,122). In addition, Trs85, a component in the TRAPP (transport protein

particle) complexes, which mediate ER-to-Golgi and intra-Golgi trafficking, is essential for

both nonselective autophagy and selective autophagic processes such as the Cvt pathway and

pexophagy (90,98). Although the underlying mechanism is not well characterized, it is likely

that the early secretory mutants affect the membrane flow or correct sorting of some Atg

proteins, such as Atg9 transport to the PAS.

Although completed autophagosomes can directly fuse with lysosomes, when cells are

overloaded with aggregate-prone proteins, fusion of autophagosomes with the endocytic

compartments is essential to facilitate efficient autophagic removal of these proteins. In

Drosophila and mammalian cells, the ESCRT (endosomal sorting complexes required for

transport) machinery and multivesicular body (MVB)-localized Rab11 play an important role

in the fusion of MVBs with completed autophagosomes, and the Drosophila endosomal

PtdIns3P 5-kinase Fab1 is involved in fusion of the resulting amphisomes with lysosomes

(27,30,125). Both steps are required for promoting degradation of aggregate-prone substrate

proteins sequestered by autophagosomes.

Cytoskeleton—Efficient protein trafficking during autophagosome formation is presumably

mediated by cytoskeletal networks. For example, a functional actin cytoskeleton and the Arp

(actin-related protein) 2/3 complex, which nucleates branching of actin filaments, are required

for Atg9 anterograde transport to the PAS and selective autophagy activity in yeast (94,118).

Microtubules are involved in autophagy in higher eukaryotes. In primary rat hepatocytes, the

microtubule depolymerizing drug nocodazole inhibits autophagosome formation (71). In

addition, microtubules, the tubulin deacetylase HDAC6, and the microtubule motor protein

dynein are required for the autophagic clearance of various aggregate-prone proteins in flies

and mammalian cells (50,109,117). In mammalian cells, it appears that autophagosomes are

formed at random locations in the cell, but transported directionally toward the nucleus after

completion (52). Several lines of evidence suggest that autophagosomes associate with

microtubule tracks, move to the microtubule-organizing centre, and fuse with endosomes or

lysosomes, and the dynamic process is driven by the dynein motor (29,52,71).

Signaling Pathways Regulating Autophagy

Nutrient Signaling

During nutrient deprivation, autophagosome formation is dramatically induced. In both yeast

and mammalian cells, two well-characterized signaling cascades that sense nutrient status,

activate cell division and growth, and negatively regulate autophagy are the TOR and Ras-

cAMP-PKA pathways.

TOR complex 1—TOR complex 1 (TORC1) is sensitive to inhibition by rapamycin.

Inactivation of TORC1 by rapamycin stimulates autophagy in the presence of nutrients,

suggesting that TOR downregulates autophagy (104). Extracellular amino acids enter

mammalian cells through transporters such as SLC1A5 (solute carrier family 1 member 5) and

SLC7A5 (101), and it is proposed that mTORC1 directly senses and is phosphorylated in

response to nutrient signals (84); however, recent observations in Drosophila and mammals

suggest that Rag proteins, the Ras-related small GTPases, activate TORC1 in response to amino

acids (62) through mediating translocation of TORC1 to a specific subcellular compartment

that contains the TORC1 activator Rheb (Ras homolog enriched in brain) (127). Other studies

indicate that amino acids also activate mTOR via class III PtdIns3K (hVps34) (10,102) (Figure

2a). The presence of amino acids stimulates hVps34, which leads to mTOR activation and

autophagy inhibition. However, this creates a discrepancy with the role of the class III Pt-

dIns3K in promoting nucleation and assembly of Atg proteins at early steps of autophagosome

formation (53). A possible explanation is that the PtdIns3K exists in distinct subpopulations
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or protein complexes in the cell, which carry out different functions, or function at different

times.

Besides regulating the Atg1/ULK complex, in yeast TORC1 also suppresses autophagy via

phosphorylation of Tap42, which activates the catalytic subunits of PP2A (the serine/threonine

protein phosphatase 2A), a negative regulator of autophagy (164) (Figure 2b). Although

downstream targets of PP2A have not been identified, it is possible that Atg proteins may be

directly involved, such as the Atg1 kinase complex (as described above) and other

phosphorylated Atg proteins.

The Ras/PKA pathway—The Ras/cAMP-dependent protein kinase A (PKA) signaling

pathway plays an important role in glucose sensing from yeast to mammals. Yeast PKA

contains a heterotetramer composed of the regulatory subunit Bcy1 and three apparently

redundant catalytic subunits Tpk1, Tpk2, and Tpk3. In nutrient-rich conditions, the small

GTPases Ras1 and Ras2 are active and enhance cAMP generation by the adenylyl cyclase.

Elevated cAMP binds to Bcy1 and releases its inhibitory effect on PKA. Constitutive activation

of the Ras/PKA pathway suppresses autophagy induced by TOR inhibition in yeast (9,131),

suggesting that the Ras-PKA pathway downregulates autophagy in parallel with the TOR-

Tap42 pathway. Autophagy inhibition by Ras/PKA may be mediated through regulation of

Atg1, which is identified as a phosphorylation substrate of PKA (8) (Figure 2b). In the presence

of nutrients, PKA phosphorylation causes Atg1 to be largely cytosolic and dissociated from

the PAS, whereas during starvation, Atg1 is dephosphorylated and localized to the PAS. It

should be noted that Atg1 may not be the sole PKA target because a hyperactive Ras mutant,

Ras2G19V, which constitutively activates PKA signaling, is still able to inhibit autophagy in

cells expressing an Atg1 variant lacking the PKA phosphorylation sites.

In addition to PKA, the protein kinase Sch9, the closest yeast homolog to the mammalian

protein kinase B (PKB)/Akt as well as to the TOR target S6 kinase (S6K), is involved in nutrient

sensing (170). Simultaneous inactivation of PKA and Sch9 induces autophagy, which can be

further increased by inactivation of TORC1 (167), suggesting that autophagy is negatively

regulated by at least three parallel pathways in yeast, TORC1, Ras/PKA, and Sch9 (Figure 2b).

Ras/PKA and Sch9 may regulate autophagy at the transcriptional level, as the transcription

factors Msn2/4 and the Rim15 kinase are required for autophagic flux induced by inactivation

of both PKA and Sch9, but not for that induced by inactivation of TOR (167).

Insulin/Growth Factor Pathways

When growth factors are withdrawn from the extracellular milieu, in spite of sufficient

nutrients, autophagy is induced and is indispensable for maintaining cellular functions and

energy production (85). In higher eukaryotes such as Drosophila and mammalian cells, the

pathways through which hormones regulate autophagy are different from those of nutrients,

but both converge on TOR (Figure 2a). Insulin and insulin-like growth factors regulate mTOR

through the class I PtdIns3K. Upon insulin binding, autophosphorylation of the insulin receptor

on tyrosine residues results in the recruitment and phosphorylation of IRS1 and IRS2 (insulin

receptor substrate 1 and 2), which creates a docking scaffold that allows binding of adaptor

proteins, including subunits of the class I PtdIns3K such as p85. Generation of PIP3

(phosphatidylinositol (3,4,5)-trisphosphate; Figure 2a, red circles in the membrane) by the class

I PtdIns3K increases membrane recruitment of both protein kinase B (PKB)/Akt and its

activator PDK1 (phosphoinositide-dependent protein kinase 1), leading to phosphorylation and

activation of PKB/Akt by PDK1 (2,140). The 3′-phosphoinositide phosphatase PTEN reverses

PIP3 production, decreases the downstream PKB/Akt signaling and thus positively regulates

autophagy (3). Activated PKB/Akt promotes phosphorylation of the protein encoded by the

TSC2 tumor suppressor gene that is mutated in the tuberous sclerosis complex (TSC) tumor
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syndrome. The phosphorylation blocks TSC2 interaction with TSC1 and prevents formation

of the TSC1/2 complex (88), which causes Rheb to exist in the active GTP-bound form (45,

172) and allows it to directly bind and activate mTORC1 (83). When hormones are absent,

mTOR is inactivated, which releases the inhibitory effect on autophagy.

Besides TOR, Ras signaling also plays a role in autophagy regulation by growth factors (Figure

2a). Ras transduces signals from growth factor receptor tyrosine kinases to intracellular

effectors, such as Raf-1/MAP (mitogen-activated protein) kinases and the class I PtdIns3K. In

NIH3T3 mouse embryonic fibroblasts (MEFs), activated Ras suppresses autophagy through

the class I PtdIns3K, but not through Raf-1 (33). In contrast to PtdIns3K, the Ras effector Raf-1

is an amino acid sensor and positively regulates autophagy in HT-29 human colon cancer cells

(113). In this situation, amino acids target and inhibit the activity of the Raf-1 kinase, which

downregulates the downstream MEK1/2 [MAPK(mitogen-activated protein kinase)/ERK

kinase 1/2] and ERK1/2 (extracellular signal-regulated kinase 1/2) kinases and autophagy

activity. Amino acid deprivation reverses this inhibition and induces ERK1/2 and autophagy.

As a consequence, two downstream effector cascades of Ras, the Ras-PtdIns3K and Ras-Raf-1-

ERK1/2 pathways, are likely to oppose each other in autophagy regulation through signaling

in response to growth factors versus the absence of amino acids. It is also possible that the

genetic differences between normal and cancer cell lines determine how Ras signaling controls

autophagy.

Energy Sensing

During periods of intracellular metabolic stress, activation of autophagy is essential for cell

viability, and the underlying pathways are understood in considerable detail. In mammalian

cells, a reduced cellular energy (ATP) level is sensed by AMPK (5′-AMP-activated protein

kinase) (Figure 2a). AMPK is activated by a decreased ATP/AMP ratio through the upstream

LKB1 kinase (encoded by the Peutz-Jeghers syndrome gene). Active AMPK leads to

phosphorylation and activation of the TSC1/2 complex, which inhibits mTOR activity through

Rheb (46). Autophagy stimulated by mTOR downregulation results in elevated ATP

production via recycling of nutrients. In addition, the LKB1-AMPK pathway phosphorylates

and activates p27kip1, a cyclin-dependent kinase inhibitor leading to cell cycle arrest, which is

essential to prevent cells from undergoing apoptotic death and to induce autophagy for survival

in response to bioenergetic stress during growth factor withdrawal and nutrient deprivation

(80). Similarly, Snf1, the yeast homolog of mammalian AMPK, also positively modulates

autophagy, possibly through independent mechanisms involving regulation of Atg1 (154).

Stress Response

Various extra- and intracellular stresses potently induce autophagy, which is important for

organisms to adapt to or overcome unfavorable conditions. Recent studies have provided

insight into the molecular mechanisms that regulate autophagy in response to different stresses.

ER stress—The ER is the key compartment in the cell to facilitate folding of newly

synthesized proteins and initiate the pathway of vesicular movement of membrane and proteins

to various organelles and the cell surface. In mammalian cells, the ER also serves as the major

intracellular Ca2+ reservoir. A number of ER stress stimuli, for example, expression of

aggregate-prone proteins, glucose deprivation (resulting in reduced glycosylation and

decreased energy for chaperone activity), hypoxia and oxidative stress (causing decreased

disulfide bond formation), and Ca2+ efflux from the ER, lead to the accumulation of unfolded

proteins in the ER, which exceeds its folding capacity. An increasing number of studies indicate

that autophagy is induced by ER stress in organisms from yeast to mammals. However, the

signaling mechanisms linking ER stress to autophagy vary, dependent on the specific stress

conditions and the organisms being studied (Figure 2a).
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In yeast, ER chemical stressors blocking formation of disulfide bonds or protein glycosylation,

such as DTT and tunicamycin, effectively trigger autophagy, which requires Atg1 kinase

activity (166). ER stress-induced autophagy is required for cell survival in the presence of

tunicamycin, likely through compensatory removal of expanded and disorganized ER (which

results from the unfolded protein response; UPR), along with the misfolded proteins within

(5). The UPR signaling pathway in yeast is mediated by Ire1 (inositol-requiring kinase 1), an

ER transmembrane protein with a lumenal stress-sensing domain and a cytosolic

endoribonuclease domain. In response to the accumulation of unfolded proteins, an ER-specific

member of the heat shock protein 70 family, Grp78/BiP, dissociates from its ER-sensing

domain and activates the cytosolic endonuclease domain of Ire1, which triggers the splicing

of the Ire1 substrate Hac1. The latter encodes a transcription factor (the yeast homolog of

mammalian XBP1) that activates transcription of target genes involved in protein modification/

folding, vesicle transport, phospholipid biosynthesis, and ERAD (ER-associated degradation)

(86). Although the Ire1-Hac1 pathway is required for autophagy induction by ER stress, it

seems dispensable for the transcriptional upregulation of ATG genes (5). How Ire1 and Hac1

exert their function to stimulate autophagy in yeast remains to be understood.

In mammalian cells, knockdown of the upstream UPR regulator Grp78/BiP by siRNA inhibits

autophagosome formation induced by both ER stress and nutrient deprivation, but does not

affect the conversion of LC3-I to LC3-II, suggesting that Grp78/BiP is an obligatory factor for

autophagy and may function at the phagophore expansion rather than induction step (79). It

should be noted that this conclusion is mainly based on knockdown of Grp78/BiP, an artificial

condition that spontaneously activates UPR pathways and induces LC3 conversion, which

makes it difficult to differentiate between the roles of Grp78/BiP and UPR signaling in

autophagy induction.

Additional studies focusing on the downstream UPR targets have provided useful information

on the mechanisms of ER stress-induced autophagy in mammals. Mammalian UPR signaling

is more complex than in yeast and involves three distinct downstream pathways, IRE1 (similar

to yeast Ire1), ATF6 (activating transcription factor 6), and PERK (RNA-dependent protein

kinase-like ER kinase). These factors signal misfolded protein levels in the ER and activate

transcription of different target genes. One downstream target of IRE1 is c-Jun N-terminal

kinase (JNK), which is essential for lipid conjugation of LC3 induced by tunicamycin or by

accumulation of cytosolic misfolded proteins due to proteasome inhibition in MEFs and cancer

cells (24,106). Recent data using murine cells suggest that in response to ER stress induced by

expression of misfolded polyQ72 or mutant dysferlin proteins, phosphorylation of eIF2α
(eukaryotic initiation factor 2 α) by the eIF2α kinase PERK is required for mediating LC3

conversion and autophagic degradation of the mutant proteins in the ER (31,72). Thus, both

the IRE1-JNK and the PERK-eIF2α pathways seem to play a pivotal role in UPR-induced

autophagy.

In addition to UPR signaling, ER stress also induces release of lumenal Ca2+ to the cytosol.

Calcium-activated calmodulin-dependent kinase kinase-β (CaMKKβ) is stimulated by the

increase in the intracellular Ca2+ level and further activates AMPK, the latter potently inducing

autophagy (42). Elevated Ca2+ levels also trigger phosphorylation of protein kinase Cθ
(PKCθ), which induces LC3 conversion and autophagy in immortalized hepatocytes in

response to the ER stressors thapsigargin and tunicamycin (126).

Although the above studies show that ER stress-induced autophagy has a prosurvival role in

mammalian cells, others suggest that ER stressors may cause autophagic cell death. Injection

of tunicamycin into renal tubules in mice induces kidney tubular cell death via both apoptosis

and autophagy, which are mediated by the catalytic activity of the tumor suppressor DAPk

(calmodulin-regulated serine/threonine kinase death-associated protein kinase). DAPk is
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activated by PP2A-like phosphatase-dependent dephosphorylation of an inhibitory serine that

is derived from autophosphorylation (35), and activated DAPk induces autophagy likely

through its ability to phosphorylate Beclin 1 and promote Beclin 1 dissociation from Bcl-2

(169). It is possible that autophagy plays dual roles in determining cell fate, depending on

specific cell types and stimuli (23), a theme that appears repeatedly.

Hypoxia—Low levels of oxygen at or below 1% (hypoxic stress) versus 2–9% (normoxia for

most mammalian cell types), exist in physiologically developing embryos as well as many

pathological conditions, such as solid tumors, cardiovascular ischemia, and brain injuries.

Accumulating data show that hypoxia induces autophagy in mammalian cells, yet the area of

study is at a beginning stage, and the signaling pathways responsible for autophagy induction

and its cellular consequences seem to be different, contingent on the types of cells and

autophagic pathways (Figure 3b). For example, enhanced mitochondrial autophagy

(mitophagy) during hypoxia is suggested to be an adaptive response, reducing the levels of

reactive oxygen species (ROS) and protecting cell integrity, although in several glioma and

breast cancer cell lines, prolonged hypoxia mediates autophagic cell death (4).

Hypoxia-inducible factor-1 (HIF-1) is the primary transcription factor acutely induced by

hypoxic conditions, and it drives transcription of hundreds of genes that promote erythropoiesis

and angiogenesis and decrease mitochondrial biogenesis and respiration, counterbalancing

deleterious effects caused by O2 deficiency. In MEFs, mitochondria are removed by mitophagy

in response to hypoxia, which is dependent on HIF-1 and the induction of its downstream target

BNIP3 (Bcl-2 adenovirus E1a nineteen kDa interacting protein 3; a prodeath Bcl-2 family

member) (171). In addition, during reticulocyte maturation in mice, BNIP3L (BNIP3-like

protein, also known as NIX), another HIF-1-induced target, is also required for programmed

mitochondrial clearance by autophagy (128,132). BNIP3 competes with Beclin 1 for binding

Bcl-2 and thus releases Beclin 1 for participating in mitophagy. It should be noted that, besides

being under the control of HIF-1, BNIP3 is also a target gene of the E2F transcription factors,

which are inhibited by the RB tumor suppressor during RB-induced cell cycle arrest (150).

Therefore, hypoxia induces BNIP3 transcription via binding of HIF-1 and/or E2F to the BNIP3

promoter, and the RB-E2F-BNIP3 signaling is also involved in hypoxia-induced autophagy.

Indeed, upregulation of bulk autophagy by hypoxia in tumor cells seems independent of the

HIF-1 pathway; instead, the AMPK-mTOR (111,152) and PKCδ (protein kinase Cδ)-JNK1

(16) cascades are responsible for signaling autophagy induction. In addition, hypoxia inhibits

TOR and blocks eIF4F (eukaryotic initiation factor 4F) complex formation and mRNA

translation (7,123). Thus, autophagy induced by hypoxia can be at least partially TOR-

dependent, and hypoxia-stimulated ER stress may also play a role in autophagy induction.

Oxidative stress—A common intracellular stress that effectively leads to induction of

autophagy is the formation of ROS. Mitochondria are the major source generating ROS, which

will in turn damage these organelles. ROS-generating agents (such as hydrogen peroxide and

2-methoxyestradiol), or chemicals inhibiting the mitochondrial electron transport chain, induce

ROS production and autophagic cell death in transformed and cancer cell lines (17,18).

Intriguingly, these drugs induce a much lower level of ROS in nontransformed primary mouse

astrocytes compared with cancer cells and fail to stimulate autophagy, suggesting that normal

cells effectively maintain ROS at a tolerable level and are able to protect themselves from

mitochondrial damage, likely through antioxidant mechanisms such as superoxide dismutase

(SOD), catalase, and the redox system, because applying chemical ROS scavengers or

overexpressing SOD2 reduces autophagy (17,18). In addition, impaired mitochondria may be

selectively degraded through mitophagy in yeast and mammalian cells (96,115,124,151),

which may constitute another mechanism to reduce ROS levels and maintain cell survival.
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Therefore, ROS selectively targets malignant but not normal cells for autophagy induction,

which has important implications for anticancer therapy.

The link between ROS and autophagy induction may be the cysteine protease Atg4 (Figure

3b), which cleaves Atg8/LC3 from the autophagosome outer-membrane before, or soon after,

autophagosome-lysosome fusion. ROS targets a conserved Cys81 on Atg4, which is in the

vicinity of the catalytic Cys77 residue; oxidation of cysteines inhibits Atg4 protease activity

and promotes lipidation of Atg8/LC3, an essential step for autophagy (130). It is not known,

however, how ROS levels might be temporally and spatially controlled inside the cell, so that

Atg4 can be locally activated to allow delipidation and recycling of Atg8/LC3, or whether

another mechanism is involved.

In addition, Atg4 seems not the sole molecule that underlies the oxidative regulation of

autophagy. A recent study suggests that hydrogen peroxide activates poly(ADP-ribose)

polymerase-1 (PARP-1), which stimulates the LKB1-AMPK pathway and leads to autophagy

induction (44). It is likely that DNA damage induced by oxidative stress is involved in the

activation of PARP-1 and autophagy (95).

Pathogen Infection

Autophagy has an important role in eliminating invading pathogens, and pathogen-induced

autophagy appears to be TOR-independent (153). Although many studies report autophagy

induction in host cells in response to various bacteria and viruses, and subsequent autophagic

sequestration and degradation of the pathogens, information about the signaling pathways

activating autophagy in innate and adaptive immunity has only been revealed recently (Figure

4).

The innate immune system is an evolution-arily ancient and conserved defense mechanism and

is found in almost all types of multicellular organisms, including insects, plants, and mammals.

In Drosophila, which depend nearly entirely on innate immunity to fight against infection, the

peptidoglycan-recognition protein (PGRP) family members play crucial roles in surveillance

and microbe sensing. The PGRP receptors are present in immune cells, recognize bacterial-

derived peptidoglycans, and activate the production of antimicrobial peptides. A PGRP family

member, PGRP-LE, is the first identified cytoplasmic sensor in insects that recognizes the

presence of intracellular bacteria and triggers autophagy in host cells, which is required for

suppressing the growth of Listeria monocytogenes in hemocytes and enhancing host viability

(161). The pathway that transduces signals from the PGRP-LE receptor to the autophagy

machinery, and whether it crosstalks to the classical signaling pathways downstream of PGRP

receptors that activate genes encoding antimicrobial peptides, remain to be investigated.

Signaling of Toll-like receptors (TLRs) triggers autophagy during mammalian innate and

adaptive immunity. TLRs are membrane receptors localized at the cell surface and endosomes,

and TLR signaling activates transcription of genes responsible for T cell stimulation,

inflammation, and antiviral immune responses. Different TLRs are involved in autophagy

induction upon binding their specific pathogen-derived ligands. For example, viral ssRNA

(single-stranded RNA) induces autophagy via TLR7 (22), zymosan stimulates LC3

translocation to phagosomes by activating TLR2 (129), and lipopolysaccharide (LPS), which

is derived from cell walls of Gram-negative bacteria, triggers autophagy through TLR4 (136,

159). TLRs recruit adaptor proteins to transduce signals to downstream effectors. MyD88

(myeloid differentiation factor 88) is the major adaptor protein used by almost all activated

TLRs and mediates autophagy induction downstream of TLR7 (22). In human and murine

macrophages, the TLR4 adaptor protein TRIF (Toll-interleukin-1 receptor domain-containing

adaptor-inducing interferon-β) is suggested to mediate LPS-induced autophagy, and the same

downstream signaling pathway is shared by both innate immunity and autophagy upregulation
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(159). In addition, a unique mechanism is proposed for induction of macrophage autophagy;

in murine macrophages, MyD88, together with TRIF, interacts with Beclin 1 more strongly in

the presence of LPS or poly(I·C) (ligands for TLR4 and TLR3, respectively), which reduces

the binding of Beclin 1 and Bcl-2, and thus triggers autophagy activation (136). Moreover,

interferon (IFN)-γ and its effector Irgm1 (the IFN-inducible immunity-related GTPase family

M member 1; also known as LRG-47) are also required to stimulate autophagy in macrophages

and inhibit the survival of intracellular mycobacteria (36,138).

In response to viral infection, the antiviral eIF2α kinase signaling pathway, including eIF2α
and the IFN-inducible double-stranded RNA-dependent protein kinase R (PKR), is activated

and upregulates autophagy (145,146). Some viral proteins may antagonize autophagy

induction by directly modulating Atg proteins. An example is the HSV-1 (herpes simplex virus

type 1)-encoded neurovirulence protein ICP34.5, which inhibits autophagy via interaction and

sequestration of Beclin 1 (108). It is also reported that viral infection, such as infection with

hepatitis C virus, induces ER stress, and autophagy is triggered through the unfolded protein

response, including the downstream IRE1, ATF6, and PERK signaling pathways (139).

Transcriptional and Epigenetic Regulation of Autophagy

Transcription

Autophagy genes are regulated at a transcriptional level in response to stress. For example,

under starvation conditions, transcription of the autophagosome marker Atg8/LC3 is rapidly

upregulated in yeast and certain mammalian cells. However, not much is known about the

underlying transcriptional machinery. FoxO (Forkhead box transcription factor class O) is the

first transcription factor that is shown to be necessary and sufficient to induce autophagy in

the Drosophila larval fat body (55). For mammalian cells, discovery of a transcription-

dependent mechanism via FoxO3 comes from studies on protein degradation during muscle

atrophy (87,174). FoxO3 induces the transcription of multiple autophagy genes, including

LC3B, Gabarapl1, atg12, atg4B, vps34, ulk2, beclin 1, Bnip3, and Bnip3l. FoxO3 directly binds

to the promoters of LC3B, Gabarapl1, atg12, Bnip3l, and Bnip3 to activate gene transcription.

Constitutively active FoxO3 is sufficient to induce autophagosome formation in adult mouse

skeletal muscle, which promotes lysosomal proteolysis and leads to muscle wasting.

Importantly, FoxO3 functions in parallel to the mTOR pathway, whilst both pathways are

downstream of IGF-1/insulin-PtdIns3K-PKB/Akt signaling. Thus, autophagy is regulated by

two different mechanisms: nontranscriptional inhibition by mTOR and transcription-

dependent upregulation through FoxO3. Nevertheless, transcriptional mechanisms that

physiologically regulate expression of autophagy genes in tissues other than myotubes have

not been characterized.

Autophagy induction inversely correlates with active protein synthesis. In the presence of

abundant nutrients, proteins are synthesized and autophagy suppressed, whereas in response

to stress stimuli, cells trigger translational arrest and autophagy induction. Recent studies

suggest that translational initiation factors, for example, eIF4GI, that specifically activate

translation of genes controlling cell growth and proliferation, block the induction of autophagy

downstream of TOR (116), whereas signaling pathways that induce translational arrest, such

as the eEF-2 (eukaryotic elongation factor-2) kinase and the eIF2α kinase signaling pathway,

positively regulate autophagy (145,157). Phosphorylation of eIF2α at Ser51 by the conserved

eIF2α protein kinase family is essential for the global translational arrest and selective

upregulation in the translation of transcriptional activators (such as GCN4) that stimulate

transcription of starvation-induced genes. Yeast has one eIF2α kinase, Gcn2 (general control

nonderepressible-2), which is negatively regulated by Tor (74), whereas mammals have four

known eIF2α kinases, GCN2, PKR, PERK, and HRI (heme-regulated inhibitor), activated by

amino acid starvation, viral infection, ER stress, and heme deprivation, respectively (Figure
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3a). In both yeast and MEFs, eIF2α phosphorylation by GCN2 is required for starvation-

induced autophagy, and in MEFs, PKR is required for autophagy induced by viral infection

(145). The downstream effect of eIF2α phosphorylation on autophagy is likely to be

transcriptional, as transcription of Atg12 is upregulated by phosphorylated eIF2α in polyQ72-

loaded mammalian cells (72). In yeast, selective translation of Gcn4 (rather than the global

translational arrest) by eIF2α phosphorylation is essential for autophagy, consistent with a

report identifying several autophagy genes, including ATG1, ATG13, and APE1, as

downstream transcription activation targets of Gcn4 (97). However, the study is largely based

on microarray analysis, and independent assays are needed to test the functions of

transcriptional activators in yeast autophagy.

Chromosome Modification

Accumulating data implicate an important role of epigenetic factors in regulating autophagy

in various pathological conditions. Alteration of the acetylation status of histones through

histone deacetylases (HDACs) is a key mechanism that controls chromatin structural

remodeling and gene transcription. Chemical or genetic inhibition of HDACs leads to

autophagy induction (107). Various HDAC chemical inhibitors, including SAHA

(suberoylanilide hydroxamic acid) and butyrate, promote hyperacetylation of histones and

preferentially target cancer cells for both apoptotic and caspase-independent autophagic cell

death in cell lines and animal models (89,135). Although there are debates about the anticancer

role of autophagy induced by HDAC suppression (12), a number of mechanisms have been

proposed for autophagy induction by HDAC inhibitors based on studies with different diseases.

For example, it is suggested that autophagy is stimulated by SAHA via a decreased level of

mTOR expression and activity in solid tumor endometrial stromal sarcoma cells, and via PKB/

Akt inhibition and Beclin 1 induction in HeLa cells (11,43), whereas in malignant rhabdoid

tumor cells, the HDAC inhibitor FK228 induces autophagy by triggering translocation of AIF

(apoptosis inducing factor) into the nucleus, which mediates caspase-independent tumor cell

death (155).

Specific transcriptional effects on ATG genes by HDAC suppression have also been reported.

In lung tissues obtained from patients with chronic obstructive pulmonary disease caused by

cigarette smoking, inhibition of HDAC activity by cigarette smoke extract increases binding

of Egr-1 (early growth response-1) and E2F transcription factors to the LC3B promoter region,

and activates LC3B expression. In addition, expression of ATG4B also depends on Egr-1

(19). Although one cannot rule out the possibility that enhanced autophagy by HDAC inhibition

may be due to global cell cycle arrest (82) or nonspecific effects on the overall chromosome

structure, it opens up opportunities for regulating autophagy by chromosome modifiers as a

therapeutic target for clinical intervention. Future studies to define the specific functions of

different histone deacetylases on autophagy genes are much awaited.

Post-Translational Regulation of the Autophagy Machinery

In addition to the aforementioned ubiquitin-like modification of Atg12 and Atg8/LC3, and

Tor/PKA-dependent phosphorylation of the Atg1/ULK kinase complex, a number of other

post-translational modifications on various Atg proteins have been recently studied and

suggested to be crucial in regulating autophagy activity.

Phosphorylation

One major function of protein phosphorylation is to form a docking scaffold that serves to

recruit other proteins. An example is seen during pexophagy in the yeast Pichia pastoris, where

the receptor protein for peroxisomes, PpAtg30, is phosphorylated. Through phosphorylated
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residues, PpAtg30 interacts with other autophagy machinery components, such as PpAtg11,

targeting peroxisomes for autophagic breakdown (28).

On the other hand, phosphorylation can also serve a role to sterically prevent protein-protein

interaction. In mammalian cells, in response to ceramide or starvation, the Beclin 1 binding

partner and inhibitor Bcl-2 is phosphorylated on three residues, Thr69, Ser70, and Ser87, by

JNK1 (112,156). Hyperphosphorylated Bcl-2 dissociates from Beclin 1 and releases it for

autophagy induction, whereas viral Bcl-2 (derived from Kaposi's sarcoma-associated herpes

virus), which lacks the phosphorylation residues, cannot dissociate from Beclin 1 and thus

inhibits autophagy. In addition, phosphorylation of Beclin 1 on Thr119 in its BH3 domain by

DAPk also reduces Bcl-2-Beclin 1 interaction and activates autophagy (169). Thus,

phosphorylation of autophagy-related proteins provides additional aspects for autophagy

regulation.

Acetylation

Deacetylation modification of the autophagy machinery proteins is also required for autophagy

(75,76). A number of Atg proteins, including Atg5, Atg7, Atg8, and Atg12, are acetylated in

nutrient-rich conditions and deacetylated during starvation, both in HeLa cells and in vivo.

Acetylation of Atg proteins is dependent specifically on the p300 acetyltransferase but not on

two other acetyltransferases, CBP and PCAF, and the deacetylation process is dependent on

the NAD-dependent deacetylase Sirt1 (a sirtuin family member). Components of the autophagy

machinery physically interact with p300 or Sirt1, which is regulated by nutrient availability

and contributes to changes in the acetylation status.

Sirt1 expression is induced by caloric restriction, which correlates with increased longevity

(162). Therefore, direct deacetylation of the autophagy machinery by Sirt1 provides an

important mechanistic link between autophagy induction and life span extension. However,

the molecular function of deacetylation of Atg proteins in autophagy is essentially unknown,

although deacetylation may help remove spatial blockades for protein interaction or

recruitment, or modify protein activity. In addition, the mechanisms by which Sirt1 and p300

sense upstream input signals have not been demonstrated. It is possible that the insulin/growth

factor pathway is involved in the control of the reversible acetylation process.

Concluding Remarks

Substantial progress has been made in the past few years in understanding the molecular

mechanism and regulatory network of autophagy from yeast to mammals. As a major cellular

catabolic system targeting a variety of substrates, the autophagic process needs to be tightly

controlled. The coordination of Atg proteins with other subcellular components, including the

cytoskeleton, the secretory pathway, oncogenes and tumor suppressors, and immunoproteins,

is crucial for correct autophagy induction. Both canonical (such as the insulin and growth factor

pathway) and novel signaling cascades have been implicated in regulating autophagy, in

response to different intra- or extracellular stimuli. Current knowledge and further investigation

on the genetic regulation of autophagy will provide a broad spectrum of potential

pharmacological targets for modulating autophagy in various disease conditions.

Summary Points

1. Autophagy mediates the lysosomal degradation of cytosolic proteins, damaged or

excess organelles, protein aggregates, and invasive microbes.

2. Autophagy can nonselectively degrade bulk cytosol or selectively target specific

cargos through receptor and adaptor proteins.
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3. Autophagy-related (ATG) gene products cooperatively function at multiple steps

to facilitate the formation of a double-membrane autophagosome.

4. Various stress conditions stimulate induction of autophagy, and the signal

transduction mechanisms of autophagy are being identified.

5. Not much is known about transcriptional regulation of autophagy genes, yet

several transcription factors have been suggested to activate or suppress expression

of certain ATG genes in yeast, Drosophila, and mammalian tissues.

6. Autophagy proteins undergo phosphorylation and acetylation modifications that

modulate autophagy activity.

Future Issues

1. Crosstalk between signaling pathways that act in controlling autophagy needs to

be further explored, and detailed studies on a potential convergent molecule of

several upstream pathways, such as the link between TOR downregulation and

autophagy induction, should be carried out.

2. Characterization of Atg1 kinase substrates and new components in the Atg1

complex in both yeast and higher eukaryotes will provide useful information on

the exact functions this important kinase carries out during autophagy.

3. How substrate specificity is achieved by selective autophagic degradation in

various circumstances, for example, cell cycle progression, cell division,

development, differentiation, and diseases, deserves extensive investigation. It

should be noted that homologs of many ATG genes required for selective

autophagy in yeast, such as Atg11, have not been identified in higher eukaryotes.

Thus, it is likely that they may share functional and structural similarities but not

sequence homology.

4. Future studies on the mechanistic aspects of autophagosome formation can be

performed either in vivo or in vitro. For instance, it will be important to determine

how small GTPases and SNARE proteins may collaborate with the autophagy

machinery during phagophore assembly, if any of them are involved, and what

regulates dissociation of various Atg proteins from a completed autophagosome.

5. Transcriptional and translational regulation of autophagy genes, such as mRNA

expression and stability, and whether there is tissue specificity, need to be better

understood in both physiological and pathological stress conditions.

6. Discovery of new posttranslational modifications on Atg proteins and their

regulating mechanisms will add to our current understanding of the genetic

regulation of autophagy.
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Glossary

Lysosome A degradative organelle in higher eukaryotes that

compartmentalizes a range of hydrolytic enzymes and

maintains a highly acidic pH

Vacuole The yeast and plant equivalent of the lysosome; this organelle

also carries out storage and osmoregulatory functions

Autophagosome A cytosolic double-membrane vesicle that sequesters

intracellular components for degradation in lysosomes/

vacuoles

Atg autophagy-related

Phagophore assembly site

(PAS)

A perivacuolar compartment or location where

autophagosomes and similar types of sequestering vesicles are

formed in yeast

Cytoplasm-to-vacuole

targeting (Cvt)

A biosynthetic pathway in yeast that transports resident

hydrolases to the vacuole through a selective autophagy-like

process

Pexophagy A selective type of autophagy involving the sequestration and

degradation of peroxisomes; can occur by a micro- or

macroautophagic process
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TOR Target of rapamycin

Phagophore The initial sequestering compartment that expands into an

autophagosome

LC3 microtubule-associated protein 1 light chain 3

Phosphatidylinositol 3-

kinase (PtdIns3K)

Enzyme phosphorylating the 3′ hydroxyl on the

phosphoinositide inositol ring. Class III PtdIns3K stimulates

autophagy whereas class I is inhibitory

PE phosphatidylethanolamine

Amphisome An intermediate vesicle derived from the fusion of an

autophagosome with an endosome or multivesicular body

PKA cAMP-dependent protein kinase A

UPR unfolded protein response

JNK c-Jun N-terminal kinase

eIF2α eukaryotic initiation factor 2α

DAPk calmodulin-regulated serine/threonine kinase death-associated

protein kinase

ROS reactive oxygen species

TLR Toll-like receptor
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Figure 1.

Schematic model of autophagy. The class III PtdIns3K complex mediates nucleation of the

phagophore membrane, enwrapping cytosolic proteins, protein aggregates, and organelles

(such as mitochondria). Bcl-2 blocks this step by binding and inhibiting Beclin 1, a component

in the PtdIns3K complex. Atg12–Atg5-Atg16 and Atg8–PE conjugates are recruited to the

phagophore, together with the transmembrane protein Atg9, facilitating the phagophore

expansion step. Upon vesicle completion, most of the Atg proteins are dissociated from the

autophagosome, allowing autophagosome-lysosome fusion and cargo degradation by

lysosomal proteases.

He and Klionsky Page 26

Annu Rev Genet. Author manuscript; available in PMC 2010 March 3.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 2.

Autophagy is induced by deprivation of nutrients, hormones, and energy. (a) Regulatory

pathways of autophagy by amino acids, hormones, and energy in mammals. (b) Signaling of

autophagy in yeast.
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Figure 3.

Autophagy regulation in response to stress. (a) ER stress stimulates autophagy through the

PERK-eIF2α pathway, the IRE1-JNK1 pathway and Ca2+ release. Activation of eIF2α by

PERK may upregulate transcription of certain autophagy genes, such as ATG12.

Phosphorylation and activation of eIF2α by two other eIF2α kinases, GCN2 and PKR, upon

amino acid starvation and viral infection, respectively, are also depicted. (b) Autophagy

induction by mechanisms sensing hypoxia or oxidative stress. JNK1, DAPk, and BNIP3 induce

autophagy by disrupting the Bcl-2-Beclin 1 interaction and activating Beclin 1.
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Figure 4.

Different mechanisms that regulate autophagy by pathogen invasion. Toll-like receptor adaptor

proteins, MyD88 and TRIF, dissociate Beclin 1 from its inhibitor Bcl-2 and induce autophagy,

whereas the HSV-1 protein ICP34.5 blocks autophagy by binding and sequestering Beclin 1.

HSV-1, herpes simplex virus type 1; HCV, hepatitis C virus.
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