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Macroautophagy is a multistep, vacuolar, degradation pathway terminating in the lysosomal compartment, and 
it is of fundamental importance in tissue homeostasis. In this review, we consider macroautophagy in the light of re-
cent advances in our understanding of the formation of autophagosomes, which are double-membrane-bound vacu-
oles that sequester cytoplasmic cargos and deliver them to lysosomes. In most cases, this final step is preceded by a 
maturation step during which autophagosomes interact with the endocytic pathway. The discovery of AuTophaGy-
related genes has greatly increased our knowledge about the mechanism responsible for autophagosome formation, 
and there has also been progress in the understanding of molecular aspects of autophagosome maturation.  Finally, 
the regulation of autophagy is now better understood because of the discovery that the activity of Atg complexes is 
targeted by protein kinases, and owing to the importance of nuclear regulation via transcription factors in regulating 
the expression of autophagy genes. 
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Introduction

Macroautophagy (referred to simply as “autophagy” 
below) is a homeostatic “self-eating” process that has 
been conserved among eukaryotic cells, and which in-
volves the digestion of cytoplasmic components via 
the lysosomal pathway [1]. Under normal conditions, 
it allows cells to break down long-lived proteins, thus 
complementing the action of the proteasome, which 
deals with short-lived proteins. During periods of starva-
tion, stimulation of autophagy is important to provide 
cells exposed to nutrient deprivation with amino acids 
and fatty acids to maintain metabolism and ATP levels 
compatible with cell survival. For example, it has been 
shown that the stimulation of autophagy plays a critical 
role in counteracting nutrient deprivation following birth 
in newborn mice [2]. Under basal conditions, autophagy 
helps the cell to get rid of damaged organelles, such 
as mitochondria and toxic aggregation-prone proteins 
[3]. The functions of autophagy are not limited to these 
aspects, but extend beyond, as shown by the discovery 
of its role in the innate and adaptive immune responses 
(reviewed in [4]). Autophagy malfunction contributes to 

the pathogenesis of a variety of diseases, including can-
cer, neurodegenerative and cardiovascular disorders, and 
infectious diseases (reviewed in [5]). Another important 
aspect of autophagy in mammalian cells that remains to 
be unraveled is the role of autophagy in cell death, which 
has been the topic of several recent reviews [6-8].

During autophagy, part of the cytoplasm containing 
long-lived proteins or organelles is surrounded by a cis-
ternal membrane, designated the phagophore by Seglen 
[9] (Figure 1). The term “isolation membrane” is also 
used as a synonym of phagophore. The phagophore then 
closes to form a double-membraned vacuole, known as 
the autophagosome. Autophagosomes use dynein motors 
to move along microtubules towards the microtubule-
organizing center, where they fuse with lysosomes to 
form autolysosomes. However, most of the autophago-
somes receive input from the endocytic compartments 
before they fuse with lysosomes (reviewed in [10-12]). 
Many of the AuTophaGy-related (ATG) genes that have 
been identified in yeast by genetic screens (more than 
30) have mammalian counterparts, and 18 different Atg 
proteins are known to be recruited to the isolation mem-
brane, where they are involved in autophagosome forma-
tion [13]. The origin of the membranes involved in au-
tophagosome formation is not known with certainty, but 
new findings suggest that the endoplasmic reticulum (ER) 
may be the source of the lipids in the autophagosomal 
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Figure 1 Integrated view of mammalian autophagy. Autophagy is initiated by the nucleation of an isolation membrane or 
phagophore. This membrane then elongates and closes on itself to form an autophagosome. During starvation, the process 
is initiated by the ULK1/2 complex, the activity of which is controlled by the mTORC1 complex. The Beclin 1:hVps34:Atg14L 
complex, Atg9L1 and WIPI proteins (human orthologs of the yeast Atg18) contribute to the nucleation of the phagophore. 
Elongation of the phagophore membrane is dependent on the Atg12 and LC3 conjugation systems. Closure of the au-
tophagosome is dependent on the activity of the LC3-conjugation system. In most cases, once formed the autophagosome 
receives input from the endocytic pathway (early, late endosomes and multivesicular bodies (MVBs)). These steps are col-
lectively termed maturation. The amphisome resulting from these fusion processes is more acidic than the autophagosome, 
and acquires hydrolytic enzymes. The different actors involved at this stage are also involved in the intracellular trafficking in 
the endocytic pathway (Rab7, SNARES and ESCRT). LAMP-1/2 and ATPases are membrane constituents of the endolyso-
somal compartment. The DRAM protein is a lysosomal membrane protein. The Beclin 1:hVps34:UVRAG complex positively 
regulates the maturation of autophagosomes. When associated with the protein Rubicon, it down-regulates autophagosome 
maturation. Note that Beclin 1 forms a part of complexes that control both the formation and maturation of autophagosomes. 
Because of their implication in the formation and maturation of autophagosomes, microtubules, as well as microtubule-asso-
ciated proteins (MAPs), are shown. It has been suggested that intermediate and actin filaments may be involved in the early 
stages of autophagy.

membranes. Ktistakis and colleagues [14] propose that 
autophagosomes are formed in a high-phosphatidylinosi-
tol 3-phosphate (PtdIns 3P), cup-shaped compartment 
known as the “omegasome” (from its omega-like shape), 
which is dynamically connected to the ER. Recent elec-
tron tomography analyses have demonstrated a direct 
connection between the ER and the phagophore [15, 16].

The goal of this review is to provide an overview of 
recent advances in our understanding of autophagy and 
its regulation pathways. We have decided to divide the 
regulation of autophagy into three successive levels, 
even though the boundaries between them are not clear 
cut. The first level of regulation is defined as that during 
which autophagosomes are formed. The second cor-
responds to the late stage of autophagy (maturation and 
fusion with the lysosomal compartment), and the third to 

several signaling pathways that relay various stresses and 
stimuli to the autophagy machinery.

Autophagosome formation

Autophagosome initiation
Autophagosome initiation and formation in yeast is 

centrally controlled by the Atg1:Atg13:Atg17 complex 
[17]. It has recently been shown that the mammalian 
counterpart of this complex is ULK:Atg13:FIP200 (200-
kDa focal adhesion kinase family-interacting protein) 
[18-20]. The two mammalian homologues of serine/thre-
onine protein kinase Atg1, unc-51-like kinase-1 (ULK1) 
and -2 (ULK2), and the homolog of Atg17, FIP200, in-
teract with mammalian Atg13 to form a stable complex, 
which is located at the phagophore during starvation. 
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mTOR (mammalian Target of Rapamycin) complex 1 
(mTORC1), which contains mTOR kinase, is a central 
inhibitor of autophagy, and it interacts with both ULK1 
and ULK2 and inactivates them by phosphorylation (see 
below). Recent evidence suggests that the structure and 
function of the ULK:Atg13:FIP200 complex in mam-
mals differ from those of the equivalent Atg1 complex 
in yeast. The ULK:Atg13:FIP200 complex is a stable 
complex that is not regulated by nutrition conditions. 
Inactivation of mTOR by starvation or rapamycin ac-
tivates ULKs and results in phosphorylation of Atg13 
and FIP200. This differs from what is observed in yeast, 
where the inactivation of TOR increases the binding 
affinity of Atg1 to Atg13 and Atg17 [13]. Moreover, a 
novel mammalian Atg13-binding protein, Atg101, which 
is not conserved in Saccharomyces cerevisiae, has been 
identified by two teams simultaneously [21, 22]. Atg101 
is essential for autophagy; it localizes to the phagophore 
and stabilizes the expression of Atg13. The interaction 
between Atg101 and the ULK:Atg13:FIP200 complex is 
stable, regardless of the nutritional conditions.

The nucleation and assembly of the initial phagophore 
membrane is dependent on the class III phosphatidylinositol 
3-kinase (PI3K) complex. This complex consists of class-
III PI3K or hVps34 (hereafter referred to as hVps34), its 
regulatory protein kinase p150 or hVps15, Beclin 1 (Atg6 
in yeast), and the recently discovered mammalian homolog 
of Atg14, known as Atg14L or Barkor (Beclin 1-associated 
ATG key regulator) [23, 24]. The activity of this complex 
is tightly controlled by positive and negative regulators 
(see below). For the sake of clarity, hVps15 is not repre-
sented here in Beclin 1:hVps34 complexes. PtdIns3P is 
generated by hVps34, and is important for subsequent 
events that lead to the formation of autophagosomes. 
Several up-regulating factors, such as VMP1 (Vacuole 
membrane protein 1), AMBRA1 (Activating molecule 
in Beclin 1-regulated autophagy), MyD88 (myeloid dif-
ferentiation factor 88), and down-regulators, such as the 
proteins of the Bcl-2 family, control the production of Pt-
dIns3P by the Beclin 1:hVps34:Atg14L complex [12, 25, 
26]. Moreover, members of the myotubularin phospho-
inositide 3-phosphatase family regulate the initiation of 
autophagy by degrading PtdIns3P [27]. One unresolved 
question is how the ULK:Atg13:FIP200 and Beclin 
1:hVps34:Atg14L complexes are interconnected in the 
regulation of autophagy.

Membrane flow during autophagosome formation
The level of PtdIns3P as a membrane component of 

the elongating phagophore is greatly increased [14]. In 
yeast, PtdIns3P recruits the Atg18:Atg2 complex to au-
tophagic membranes through an Atg18-PtdIns3P inter-

action. In mammalian cells, WIPI-1/2, which belong to 
the human WIPI family of phospholipid-binding effec-
tors, are homologs of Atg18, and function as a PtdIns3P 
scaffold in the early stages of autophagy [28]. Although 
there is a mammalian homolog of Atg2, its function in 
autophagy remains to be elucidated (Tassula Proikas-
Cezanne, personal communication).

Atg9 and its mammalian ortholog (mAtg9 or Atg9L1) 
are the only transmembrane Atg proteins. Under normal 
conditions, Atg9L1 traffics between the trans-Golgi 
network (TGN) and late endosomes [29]. In response to 
starvation, Atg9L1 is found in a peripheral pool, where 
it co-localizes with MAP-LC3 or LC3 (microtubule-
associated protein light chain 3) and Rab7, which are 
both markers of autophagic vacuoles (see below). The 
trafficking of Atg9L1 is dependent on the p38α mitogen-
activated protein kinase and its binding protein p38IP 
[30]. The putative role of Atg9L1 is to carry lipids and/or 
serve as a platform for recruiting effectors to the phago-
phore (reviewed in [31]).

Phagophore elongation
The Beclin 1:hVps34:Atg14L complex and other 

Atg proteins recruit the Atg12-Atg5:Atg16L multimeric 
complex and the lipidated form of LC3 [32-34]. These 
last two constituents, which are essential for the forming 
autophagosome to expand, act sequentially, and result 
from two ubiquitin-like conjugation systems [13]. The 
conjugation of Atg12 to Atg5 normally occurs soon after 
the individual proteins have been synthesized. Atg12 is 
activated by Atg7 (homologous to the E1 ubiquitin-ac-
tivating enzyme) and then conjugated to Atg5 by Atg10 
(homologous to the E2 ubiquitin-conjugating enzyme). 
LC3 is first cleaved by a protease, Atg4 (the Atg4 family 
is composed of four members, Atg4A-D; Atg4B cleaves 
LC3 with the highest efficiency), leaving a glycine resi-
due at the C terminus. In response to the induction of au-
tophagy, the C terminus of LC3 is conjugated to the polar 
head of phosphatidylethanolamine (PE), a component of 
the phospholipid bilayer, in a reaction that requires Atg7 
(E1-like), Atg3 (E2-like) and the Atg12-Atg5:Atg16L 
complex (E3-like). The lipidated form of LC3 is as-
sociated with the outer and the inner membranes of the 
autophagosome, whereas unconjugated LC3 is cytoso-
lic, and is the major form of LC3 present under normal 
conditions. The human LC3 family is composed of three 
members, LC3A-C, plus the LC3 paralogs GATE-16, 
GABARAP1, 3 and Atg8L. LC3B has the widest speci-
ficity, but the roles of the other LC3-related proteins re-
main to be identified.

When the autophagosome is formed, the Atg12-
Atg5:Atg16L complex leaves the autophagosome, and 
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the pool of LC3 associated with the autophagosomal 
cytosolic surfaces is cleaved from the PE by the protease 
Atg4 and recycled. The location of the Atg16L complex 
at the phagophore dictates the location of the LC3-con-
jugation reaction [35]. It has been suggested that the lo-
calization of the Atg16L complex on the membrane may 
be dependent on the monomeric GTPase Rab33B [36]. 
Interestingly, another Rab protein, Rab5, has been shown 
to regulate the conjugation of Atg12 at the phagophore 
through hVsp34 [37].

Alternatives to the classical autophagosome formation
Recently, non-canonical forms of autophagy, in which 

only a part of the repertoire of Atg proteins is used to 
form a functional autophagosome, have been described. 
This probably reflects the complexity and plasticity of 
the autophagic process. Interestingly, in a non-canonical 
form of autophagy that is independent of Atg5 and Atg7, 
the Rab9 protein, which is located on the TGN and en-
dosomal membranes, is involved in autophagosome 
formation [38]. Another form of autophagy independent 
of Beclin 1 and hVps34 but dependent on Atg5 and Atg7 
has been reported in cancer cells exposed to resveratrol, 
neurons exposed to a neurotoxin and CHO cells exposed 
to the α-hemolysin of S. aureus [39-41]. In both forms of 
non-canonical autophagy, ULK is required to initiate au-
tophagosome formation ([38], Tassula Proikas-Cezanne 
and Patrice Codogno, unpublished results). Although 
α-hemolysin-induced autophagosomes cannot mature 
[39], the maturation of autophagosomes and degradation 
of cargo have been shown to occur in the context of other 
forms of non-canonical autophagy [38, 40]. 

Regulation of the maturation and degradation of au-
tophagosomes

After their formation, autophagosomes can merge 
with endocytic compartments (early and late endosomes, 
multivesicular bodies (MVBs) can merge with autopha-
gosomes) before fusing with the lysosomal compartment 
[42-44]. The term “amphisome” (from the Greek roots, 
amphi: both and soma: body) has been coined by Seglen 
(reviewed in [45]) for the vacuole that results from the 
fusion of an autophagosome with an endosome. The late 
stage of autophagy depends on molecules that regulate 
the maturation of autophagosomes, including their fusion 
with endosomes and lysosomes, as well as on the acidifi-
cation of the autophagic compartments, and the recycling 
of metabolites from the lysosomal compartment (Figure 
1). These steps are of a fundamental importance for the 
flux (defined here as extending from the cargo sequestra-
tion step to that of its lysosomal degradation) of mate-
rial through the autophagic pathway [46]. Any blockade 

in the maturation of autophagosomes, fusion with the 
lysosomal compartment, or impairment of the lysosomal 
function or biogenesis would result in an accumulation 
of autophagosomes that would inevitably slow down or 
interrupt the autophagic flux [10, 47].

Regulation of maturation
Rubicon and UVRAG Rubicon and UVRAG (UV irra-
diation resistance-associated gene) are two Beclin 1-bind-
ing proteins that regulate the maturation of autopha-
gosomes and endocytic trafficking [48-50]. It has been 
suggested that the Beclin 1:hVps34:UVRAG:Rubicon 
complex down-regulates these trafficking events, where-
as the Beclin 1:hVps34:UVRAG complex up-regulates 
the maturation of autophagosomes and the endocytic 
trafficking [49, 50]. Therefore, Beclin 1 regulates both 
the formation of autophagosomes (via its interaction with 
Atg14L) and the maturation of autophagosomes (via its 
interaction with UVRAG and Rubicon).

Rab proteins Colombo and co-workers [51], and Es-
kelinen and co-workers [52] have shown that Rab7 is 
required for autophagosome maturation. Autophagosome 
maturation is dependent on interactions with class C Vps 
proteins and UVRAG [53]. This function of UVRAG is 
independent of its interaction with Beclin 1, and stimu-
lates Rab7 GTPase activity and the fusion of autopha-
gosomes with late endosomes/lysosomes. Interestingly, 
Rab11 is required for the fusion of autophagosomes and 
MVBs during starvation-induced autophagy in the eryth-
roleukemic cell line K562 [54]. These findings suggest 
that specific membrane-bound compartment fusion pro-
cesses during the maturation of autophagosomes engage 
different sets of Rab proteins, and possibly associated 
cohort proteins. Other Rab proteins such as Rab22 and 
Rab24 have subcellular locations compatible with a role 
in autophagy [55-57].

ESCRT and Hrs The endosomal sorting complex re-
quired for transport (ESCRT) mediates the biogenesis 
of MVB and the sorting of proteins in the endocytic 
pathway [58]. It has recently been demonstrated that the 
multisubunit complex ESCRT III is needed for autopha-
gosomes to fuse with MVB and lysosomes to generate 
amphisomes and autolysosomes, respectively [59-61]. 
ESCRT III dysfunction associated with the autophagic 
pathway may have important implications in neurode-
generative diseases (such as frontotemporal dementia 
and amyotrophic lateral sclerosis) [59, 60]. The Hrs pro-
tein (hepatocyte growth factor-regulated tyrosine kinase 
substrate) plays a major role in endosomal sorting up-
stream of ESCRT complexes [58]. Hrs contains a FYVE 
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domain that binds specifically to PtdIns3P, and facilitates 
the maturation of autophagosomes [62]. This raises the 
intriguing possibility that PtdIns3P may be required for 
both the formation of the autophagosome and its matura-
tion. However, the precise role of ESCRT proteins in au-
tophagy remains to be elucidated. It is currently impos-
sible to rule out the possibility that these proteins could 
be involved in the closing of autophagosomes (reviewed 
in [63]).

SNAREs Soluble N-ethylmaleimide-sensitive factor at-
tachment protein receptors (SNAREs) are basic elements 
in intracellular membrane fusion [64, 65]. In yeast the 
vacuolar t-SNAREs Vam3 [66] and Vti1 [67] are needed 
for complete fusion to occur between the autophago-
some and the vacuole (the name given to the lysosome 
in yeast) in S. cerevisiae. The mammalian homologue 
of Vti1, Vti1b, may be involved in a late stage of au-
tophagy, because the maturation of autophagic vacuoles 
is delayed in hepatocytes isolated from mice in which 
Vti1b has been deleted [68]. More recently, Colombo 
and colleagues [69] have reported that VAMP3 and 
VAMP7, two v-SNAREs, control the fusion between au-
tophagosomes and MVB and fusion of amphisomes with 
lysosomes, respectively.

Endo/lysosomal membrane proteins LAMPs (lys-
osomal-associated membrane proteins) are a family of 
heavily glycosylated, endo/lysosomal transmembrane 
proteins [70]. Autophagic degradation has been shown 
to be impaired in hepatocytes isolated from LAMP-2-de-
ficient mice [71]. However, no defect in autophagy was 
observed in LAMP-2-deficient mouse fibroblasts [72]. A 
blockade in the later stage of autophagy only occurs in fi-
broblasts that are deficient for both LAMP-1 and LAMP-
2. The differences in the autophagic activity observed 
between hepatocytes and fibroblasts may be responsible 
for the cell type-specific effects of LAMP-1 and LAMP-
2 depletion [10].

DRAM DRAM (Damage-regulated autophagy modula-
tor) encodes a 238-amino-acid protein that is conserved 
through evolution, but has no ortholog in yeast [73]. 
DRAM is a direct target of p53. The protein is a mul-
tispanning transmembrane protein present in the lyso-
some. DRAM may regulate late stages of autophagy, but, 
surprisingly, it also controls the formation of autopha-
gosomes [73]. This suggests the possibility of a new 
paradigm in which feedback signals from the lysosomes 
control the early stages of autophagy.

Microtubules Destabilization of microtubules by either 

vinblastin [74] or nocodazole [75] blocks the maturation 
of autophagosomes, whereas their stabilization by taxol 
increases the fusion between autophagic vacuoles and 
lysosomes [76]. More recent findings have confirmed 
the role of microtubules in the fusion with the acidic 
compartment [77-79]. Autophagosomes move bidirec-
tionally along microtubules. Their centripetal movement 
is dependent on the dynein motor [80, 81]. Two types of 
fusion have been documented [77]: 1, complete fusion of 
the autophagosome with the lysosome; 2, transfer of ma-
terial from the autophagosome to the lysosomal compart-
ment following a kiss-and-run fusion process in which 
two separate vesicles are maintained [49]. However, 
fusion with lysosomes can be microtubule-independent 
during starvation-induced autophagy when autophago-
somes are formed in the vicinity of lysosomes [82].

Acidification and degradation
ATPases Vacuolar ATPases (v-ATPases) are ubiquitous, 
multi-subunit proteins located in the acidic compartment 
[83]. Inhibition of the activity of v-ATPase by bafilomy-
cin A1 or concanamycin A blocks the lysosomal pump-
ing of H+ and consequently inhibits lysosomal enzymes, 
which are active at low pH. It has been proposed that 
bafilomycin A1 blocks the late stages of autophagy by 
interfering with the fusion of autophagosomes with en-
dosomes and lysosomes [84] or preventing the lysosomal 
degradation of sequestered material [82, 85]. Overall, the 
resulting effect of the inhibition of v-ATPase is to inter-
rupt the autophagic flux as determined by the inhibition 
of lysosomal degradation of autophagic cargo. Interest-
ingly, it has recently been demonstrated that a deficiency 
of vacuolar H+-ATPase homolog (VMA21), a chaper-
one that binds to the c″ subunit of the v-ATPase in the 
ER and that is responsible for X-linked myopathy with 
excessive autophagy (XMEA), causes an accumulation 
of autophagic vacuoles and interrupts autophagy flux in 
striated muscle cells [86].

ATPases associated with various cellular activity pro-
teins (AAA ATPases) are a family of proteins broadly 
engaged in intracellular membrane fusion [87]. N-ethyl-
maleimide sensitive factor (NSF) is an AAA ATPase that 
binds to SNARE complexes and utilizes ATP hydrolysis 
to disassemble them, thus facilitating SNARE recycling. 
In yeast mutants lacking sec18 (the yeast homolog of 
NSF), autophagosomes are formed, but do not fuse with 
the vacuole [67]. However, we do not know whether the 
ATPase activity of NSF plays a role in the later stages of 
autophagy in mammalian cells. Nevertheless, the activity 
of NSF is attenuated during starvation, which provides 
a possible explanation for the slow fusion between au-
tophagosomes and lysosomes observed when autophagy 



www.cell-research.com | Cell Research

Maryam Mehrpour et al.
753

npg

is induced by starvation [82]. Suppressor of K+ transport 
growth defect 1 (SKD1-Vps4), another AAA ATPase 
protein, is required for the maturation of autophagosomes 
[88] in mammalian cells. Vps4 controls the assembly of 
ESCRT complexes on the multivesicular membrane, and 
is involved in autophagosome maturation [61] in Droso-
phila, and autophagosome fusion with the vacuole in 
yeast [89].

Degradation and lysosomal efflux By virtue of lyso-
somal degradation, autophagy contributes to regulating 
the metabolism of carbohydrates, lipids and proteins [90-
92]. Like acidification defects in the endo/lysosomal 
compartment, defects in the transport or expression of 
lysosomal enzymes induce a blockade of autophagy, 
which is characterized by an accumulation of autophagic 
vacuoles [93, 94]. The final stage of autophagy is the 
efflux of metabolites generated by the lysosomal degra-
dation of macromolecules into the cytosol (reviewed in 
[95]). Atg22 has recently been identified as a permease 
that recycles amino acids from the vacuole in S. cerevi-
siae [96]. 

Cytoplasmic and nuclear regulation of mammalian au-
tophagy

Several recent reviews have been dedicated to the 
regulation of autophagy by signaling pathways [46, 97, 
98]. In this section we would like to focus on signaling 
pathways with identified targets in the molecular machin-
ery of autophagosome formation. We will also discuss on 
the role of signaling pathways and transcription factors 
in the regulation of the expression of genes involved in 
controlling autophagy (Figure 2).

Cytoplasmic regulation
mTORC1 and mTORC2 Many signals, including 
growth factors, amino acids, glucose, and energy status, 
are integrated by the kinase mTOR [99]. The induction 
of autophagy by the inhibition of TOR under conditions 
of starvation is conserved from yeast to mammals [100, 
101]. The mTOR pathway involves two functional com-
plexes: mTORC1 and mTORC2. Both these complexes 
are involved in the regulation of autophagy (Figure 2). 
mTORC1, the rapamycin-sensitive mTORC1, contains 
the mTOR catalytic subunit, raptor (regulatory associated 
protein of mTOR,  a protein that acts as a scaffold for the 
mTOR-mediated phosphorylation of mTOR substrates), 
GβL and PRAS40 (proline-rich Akt substrate of 40 kDa). 
The binding of FKBP12 to mTOR inhibits the mTOR-
raptor interaction, suggesting a mechanism for rapamy-
cin-specific inhibition of mTOR signaling [102]. This 
mTOR-raptor interaction and its regulation by nutrients 

and/or rapamycin are dependent on GβL [103]. A major 
unanswered question about the stimulation of autophagy 
during starvation is how amino acids signal to mTOR 
[104]. It has been suggested that hVps34 may have a 
role in the amino acid signaling to mTORC1 [105, 106]. 
Thus, it appears that hVps34 acts both as a down-regu-
lator of autophagy (acting as an amino-acid sensor) and 
as an up-regulator (because it is a component of Beclin 1 
complexes) of autophagy. However, recent observations 
in Drosophila and mammalian cells suggest that Rag 
GTPases (Ras-related small GTPases) activate TORC1 in 
response to amino acids by promoting its redistribution 
to a specific subcellular compartment, which contains the 
TORC1 activator Rheb (Ras homolog enriched in brain, 
a GTP-binding protein) [107, 108]. Moreover, the rate-
limiting factor that enables essential amino acids to regu-
late mTORC1 has been identified as l-glutamine [109]. 
l-glutamine uptake is regulated by solute carrier family 
1, member 5 (SLC1A5). Loss of SLC1A5 function ac-
tivates autophagy and inhibits cell growth. l-glutamine 
sensitivity is attributable to SLC7A5/SLC3A2, a bidirec-
tional transporter that regulates the simultaneous efflux 
of l-glutamine out of cells and the transportation of l-
leucine/essential amino acids into cells [109].

The other mTOR complex, mTORC2, which is less 
sensitive to rapamycin, includes mTOR, rictor (ra-
pamycin-insensitive companion of mTOR), GβL, SIN1 
(SAPK-interacting protein 1) and PROTOR (protein ob-
served with rictor) [110]. The mTORC2 complex phos-
phorylates the Ser473 of Akt/PKB, thereby contributing to 
the activation of this important cell-survival kinase [110]. 
Phosphorylated Akt/PKB down-regulates the activity of 
the transcription factor Forkhead Box O3 (FoxO3). Inter-
estingly, FoxO3 has been shown to stimulate autophagy 
in muscle cells by increasing the transcription of several 
genes involved in autophagy (see below) [111].

Signaling segments acting upstream of mTORC1 and 
mTORC2 that regulate autophagy have been discussed in 
recent reviews that the reader can consult for more infor-
mation [46, 98]. 

mTORC1 substrates and the regulation of autophagy 
As discussed above, ULK1, Atg13 and FIP200 form a 
stable complex that signals to the autophagic machinery 
downstream of mTORC1. Importantly, mTORC1 is in-
corporated into the ULK1:Atg13:FIP200 complex via 
ULK1 in a nutrient-dependent manner. mTOR phospho-
rylates both ULK1 and Atg13. Under starvation condi-
tions or in response to rapamycin treatment, mTORC1 
dissociates from the ULK1 complex, resulting in the ac-
tivation of ULK1. Activated ULK1 autophosphorylates, 
and also phosphorylates both Atg13 and FIP200 to initi-
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Figure 2 Diagram of the cytoplasmic and nuclear targets of autophagy regulators. JNK phosphorylates Bcl-2, and triggers its 
release from Beclin 1 in response to various stimuli (such as starvation, ceramide, etc.). In a reciprocal manner, Beclin 1 is 
phosphorylated by DAPK, which reduces its affinity for Bcl-2/Bcl-XL. The expression of Beclin 1 is also down-regulated by the 
microRNA miR-30a. mTORC1, a rapamycin-sensitive mTOR complex, suppresses autophagy by phosphorylating ULK1 and 
Atg13. In starved cells when mTORC1 is inhibited, the Ser/Thr protein kinase ULK1 is activated, resulting in its autophospho-
rylation and phosphorylation of Atg13 and FIP200, and the initiation of autophagy. Kinase p70S6K is a substrate of mTORC1 
and is involved in the regulation of autophagy. mTORC2, which is less sensitive to rapamycin, phosphorylates Akt/PKB on 
Ser473. Phosphorylated Akt/PKB down-regulates the activity of the transcription factor FoxO3. Interestingly, FoxO1 and FoxO3 
stimulate autophagy by increasing the expression of several Atg genes, such as Map1lc3, Atg12, Gabarapl1 and Bnip3/
Bnip3l. Activation of E2F1 transcription factor has been shown to induce autophagy by upregulating the expression of the au-
tophagy genes Map1lc3, Ulk1, Atg5 and Dram. The transcription factor NF-κB controls the expression of Beclin 1 by interact-
ing with the Becn1 promoter. Similarly, JNK controls the expression of Beclin 1 through c-Jun. Thus, JNK controls autophagy 
by both cytoplasmic and nuclear effects. It should be mentioned that in some settings inhibiting NF-κB triggers autophagy. 
p53, via its nuclear activity, regulates the expression of Dram and Tigar. DRAM promotes autophagy, whereas TIGAR inhibits 
autophagy. However, when localized in the cytoplasm, p53 inhibits autophagy. Though not shown in the figure, the HIF-1 
transcription factor controls the expression of Bnip3/Bnip3l.

ate autophagy [19]. The location of phosphorylation sites, 
as well as the role played by other members of the ULK 
family, ULK2 and ULK3, remains to be determined. 
Once activated, mTORC1 favors cell growth by promot-
ing translation via the phosphorylation of the 70-kDa, 
polypeptide 1 ribosomal protein S6 kinase-1 (p70S6K) 
and phosphorylation of the inhibitor of translation initia-

tion, 4E-BP1. Interestingly, Neufeld and coworkers [112] 
showed that p70S6K is up-regulated during starvation-
induced autophagy in the Drosophila fat body. Mamma-
lian cells probably have a regulatory feedback pathway 
involving S6K that regulates autophagy [113]. p70S6K is 
known to phosphorylate and inhibit IRS1 downstream of 
the insulin receptor (reviewed in [98]). This loop could 
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provide a way to regulate the activity of mTORC1 during 
starvation-induced autophagy.

Beclin 1:hVps34 complexes As discussed in the preced-
ing sections, the trimer Beclin 1:hVps34:hVps15 can 
interact with various different partners to control the for-
mation and maturation of autophagosomes. Recently, the 
anti-apoptotic protein Bcl-2 and anti-apoptotic members 
of the Bcl-2 family such as Bcl-XL were shown to in-
hibit autophagy [114-116]. Bcl-2/Bcl-XL binds Beclin 
1 through a BH3 domain that mediates the docking of 
the latter to the BH3-binding groove. The constitutive 
Bcl-2/Bcl-XL:Beclin 1 interaction is disrupted by signals 
that promote autophagy. Importantly, c-Jun N-terminal 
kinase 1 (JNK-1) phosphorylates three amino acids in 
the N-terminal loop of Bcl-2 to trigger its release from 
Beclin 1 [117] in response to starvation or ceramide treat-
ment [117, 118]. In a reciprocal manner, the BH3 domain 
of Beclin 1 can be phosphorylated by death-associated 
protein kinase (DAPK), which has the effect of reducing 
its affinity for Bcl-XL [119]. A second mechanism that 
leads to the dissociation of the complex involves the com-
petitive displacement of the BH3-domain of Beclin 1 from 
Bcl-2/Bcl-XL by other BH3-containing proteins with 
proapoptotic properties, such as the BH3-only member 
of the Bcl-2 family, the pro-apoptotic member of the 
Bcl-2 family, Bax, and BH3-mimetics [116, 120]. The 
role of the hypoxia-inducible BH3-only proteins BNIP3 
and BNIP3L in the dissociation of the Beclin 1:Bcl-2 
complex will be discussed in the next section. Overall, 
these findings point to the central role of Beclin1:hVps34 
complexes in the cross-talk between autophagy and 
apoptosis. Interestingly, a recent study reports that the 
anti-apoptotic protein FLIP, which blocks the activation 
of caspase 8 downstream of death receptors, also acts as 
an anti-autophagy molecule by blocking the formation of 
LC3-II via its interaction with Atg3 [121].

Inositol 1,4,5-trisphosphate (IP3) receptor Autophagy 
can also be induced via an mTOR-independent pathway 
by lowering myo-IP3 levels [122]. This effect can be 
achieved pharmacologically with drugs such as lithium 
or L-690 330, which disrupt the metabolism of inositol 
by inhibiting inositol monophosphatase. Rubinsztein and 
coworkers [123] found that L-type Ca2+ channel antago-
nists, the K+

ATP channel opener, and Gi signaling activa-
tors all induce autophagy. These drugs reveal a cyclical 
mTOR-independent pathway regulating autophagy, in 
which cAMP regulates IP3 levels, influencing calpain ac-
tivity, which completes the cycle by cleaving and activat-
ing Gsα, which in turn regulates cAMP levels. These data 
also suggest that insults that elevate intracytosolic Ca2+ 

(such as excitotoxicity) inhibit autophagy, thus retarding 
the clearance of aggregate-prone proteins. Both genetic 
and pharmacological inhibition of the IP3 receptor (IP3R) 
strongly stimulates autophagy. Kroemer and coworkers 
[124] have shown that the IP3R antagonist xestospongin 
B induces autophagy by disrupting a molecular complex 
formed between the IP3R and Beclin 1, an interaction 
that is regulated by Bcl-2. The IP3R is known to be lo-
cated in the membranes of the ER, as well as in ER-mi-
tochondrial contact sites, and IP3R blockade triggers the 
autophagy of both ER and mitochondria, as observed in 
starvation-induced autophagy. ER stressors, such as tuni-
camycin and thapsigargin, also induce autophagy of the 
ER and, to a lesser extent, of mitochondria. Autophagy 
triggered by starvation or IP3R blockade is inhibited by 
Bcl-2, and Bcl-XL located at the ER, but not at the mi-
tochondrial outer membrane [114, 124]. In contrast, ER 
stress-induced autophagy is not inhibited by Bcl-2 or 
Bcl-XL. Autophagy promoted by IP3R inhibition cannot 
be attributed to a modulation of steady-state Ca2+ levels 
in the ER or in the cytosol [124].

Other cytoplasmic autophagy regulation mechanisms 
The function of Atg proteins in autophagy can be regu-
lated not only by protein-protein interactions and phos-
phorylation, but also by oxidation, acetylation, and prote-
olytic cleavage. Elazar and colleagues [125] have report-
ed that oxidation of a cysteine residue near the catalytic 
site of Atg4A and Atg4B is required during starvation-in-
duced autophagy. During starvation, the deacetylation of 
Atg5, Atg7, LC3, and Atg12 is important to stimulate au-
tophagy. The acetylation is dependent on the activity of 
p300 [126], and the deacetylation is probably under the 
control of the histone deacetylase sirtuin 1 [127]. Atg5, 
Atg7, and Beclin 1 are substrates for calpains [128-130], 
and Atg4D and Beclin 1 are substrates for caspases [120, 
131, 132]. The cleavage of Beclin 1 by caspase 3 and 
that of Atg5 by calpain 1 inhibit autophagy [120, 130]. 
The cleavage of Atg proteins by caspases and calpains 
has been proposed as a possible additional mechanism 
modulating autophagy. Interestingly, the truncated form 
of Atg5 generated by calpain 1 cleavage is translocated 
into the mitochondria and induces apoptosis [128].

Nuclear regulation of autophagy
JNK/c-Jun The sphingolipid ceramides have been 
shown to increase the expression of Beclin 1 in human 
cancer cell lines [133]. In cancer cell lines exposed to 
ceramide, Li et al. have observed activation of JNK and 
increased phosphorylation of c-Jun [134]. They also 
showed that c-Jun controls the transcription of Becn1 
(we have adopted this nomenclature for the gene encod-
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ing Beclin 1), and the induction of autophagic cell death 
in response to ceramide. Activation of JNK, resulting in 
the upregulation of Beclin 1 expression, has also been re-
ported in the autophagic cell death of human colon can-
cer cells induced by the stimulation of the human death 
receptor 5 [135].

NF-κB The NF-κB transcription factor, which plays a 
plethoric role in inflammation, immunity and cancer 
[136], has also been implicated in regulating autophagy. 
A conserved NF-κB binding site has recently been un-
veiled in the promoter of the murine and human gene 
that encodes Beclin 1 [137]. The authors have shown that 
p65/RelA, a member of the NF-κB family, up-regulates 
the expression of Beclin 1 and stimulates autophagy in 
several cellular systems. Autophagy stimulation has also 
been observed after the activation of NF-κB during the 
heat shock response [138]. However, in contrast to this 
stimulatory role of NF-κB in the regulation of autophagy, 
the inhibition of NF-κB favors TNFα-dependent and 
starvation-dependent autophagy [139, 140]. Moreover, 
Schlottmann et al. reported that activation of NF-κB pre-
vents autophagy in macrophages by down-regulating the 
expression of Atg5 and Beclin 1 [141].

E2F1 E2F transcription factors are known to be involved 
in cellular proliferation, but also in DNA repair, differ-
entiation and development [142]. E2F1 has been shown 
to bind to the promoter of Becn1, although an effect of 
E2F1 on Beclin 1 expression remains to be demonstrated 
[143]. More recently, activation of E2F1 has been shown 
to induce autophagy by up-regulating the expression of 
the autophagy genes Map1lc3, Ulk1, Atg5 and Dram (we 
have adopted the nomenclature Map1lc3 for the gene 
encoding LC3) [144]. The E2F1-mediated induction of 
Map1lc3, Ulk1 and Dram is direct (through interaction 
with the promoter), whereas the up-regulation of the ex-
pression of Atg5 is indirect.

HIF-1 HIF-1 (hypoxia-inducible factor-1) is a transcrip-
tion factor, which regulates the transcription of hundreds 
of genes in response to hypoxia [145]. Recently, Zhang 
et al. [146] demonstrated that hypoxia induced mito-
chondrial autophagy via HIF-1-mediated induction of 
Bnip3. In a similar way, Bellot et al. [147] have shown 
that hypoxia-induced autophagy is mediated by HIF-1, 
which induces the expression of BNIP3 and BNIP3L. 
BNIP3 and BNIP3L play important roles in the induction 
of autophagy by disrupting the interaction of Beclin 1 
with Bcl-2 via their BH3 domain. HIF-1 could also regu-
late the expression of Beclin 1 and Atg5, probably indi-
rectly, although according to a recent report the silencing 

of HIF-1 in cultured chondrocytes was associated with a 
reduced level of Beclin 1 [148].

FoxO proteins Three members of the FoxO family of 
transcription factors, FoxO1, FoxO3, and FoxO4, are 
regulated by Akt phosphorylation in response to growth 
factor and insulin stimulation. FoxO proteins are phos-
phorylated by Akt, which renders them inactive in the 
presence of growth factors. When Akt is repressed, FoxO 
proteins are translocated into the nucleus, bind to DNA, 
and transactivate their target genes [149]. Several studies 
of protein degradation during muscle atrophy show that 
FoxO3 can induce the expression of multiple autophagy 
genes, including Map1lc3, Atg12, Becn1, Atg4b, Ulk1, 
Pik3c3 (we have adopted the nomenclature Pik3c3 for 
the gene encoding hVps34), Bnip3/Bnip3l, and Gaba-
rapl1 [111, 150], and then upregulates autophagy. FoxO3 
can bind directly to the promoter region of some of these 
genes, such as Map1lc3, Atg12, Gabarapl1, and Bnip3/
Bnip3l. Expression of a constitutive form of FoxO3 
induces autophagy in adult mouse skeletal muscle. Re-
cently, another member of the FoxO protein family, 
FoxO1, has been shown to regulate the expression of key 
autophagy genes Pik3c3, Atg12, and Gabarapl1 in hepa-
tocytes in an insulin-dependent manner [151].

p53 p53 is a pivotal factor involved in regulating cell 
death and survival, and in regulating metabolism [152]. 
When p53 is activated by cellular stress, p53 accumu-
lates in the cell nucleus, where it transactivates several 
autophagy-modulating genes including Dram and Ti-
gar (TP53-induced glycolysis and apoptosis regulator). 
DRAM stimulates the accumulation of autophagosomes, 
probably by regulating autophagosome-lysosome fusion 
to generate autophagolysosomes [73]. TIGAR, through 
its fructose 2,6-bisphosphatase function, can modulate 
the glycolytic pathway and indirectly contribute to the 
fall in the intracellular level of ROS [153]. Recently, the 
same group showed that TIGAR can also modulate the 
intracellular ROS level in response to nutrient starvation 
or metabolic stress, and consequently inhibit autophagy 
via an mTOR-independent pathway [154]. Hence, while 
DRAM and TIGAR are both transactivated by p53, 
DRAM promotes autophagy whereas TIGAR inhibits 
autophagy. The complexity of the autophagic response to 
p53 is further increased by the ability of cytoplasmic p53 
to limit autophagy [155].

Other regulators of Atg gene expression Recently, the 
phosphorylation of eIF2α by PERK has been shown to 
be essential for the conversion of LC3-I to LC3-II during 
ER stress induced by polyQ72 or the dysferlin L1341P 
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mutant [156, 157]. In polyQ72-loaded mammalian cells, 
the phosphorylation of eIF2α up-regulates the expression 
of Atg12 [157]. During the unfolded protein response, 
triggered by hypoxia, the transcription factors ATF4 
and CHOP, which are regulated by PERK, increase the 
expression of Map1lc3b and Atg5, respectively [158]. 
Glyceraldehyde-3-phosphate dehydrogenase, a multi-
functional enzyme known to play a role in glycolysis as 
well as having other less well-understood roles such as 
transcriptional coactivation, has also been shown to up-
regulate the transcription of Atg12 to protect cells against 
caspase-independent cell death [159].

Beclin 1 is one of the essential components involved 
in autophagosome formation, and its level usually in-
creases during autophagy. For example, in HBV (hepa-
titis B virus)-infected hepatocytes, the HBV x protein 
increases autophagy by up-regulating the expression of 
Beclin 1 [160]. In human monocytes and human myeloid 
leukemia cells, vitamin D3 has been shown to induce 
autophagy by up-regulating both Beclin 1 and Atg5 [161, 
162]. The transcription factor implicated has not been 
identified, but it has been shown that in human mono-
cytes the effect of Vitamin D3 is mediated via cathelici-
din.

Very recently, Zhu et al. [163] observed for the first 
time the regulation of autophagy by miRNA. They 
showed that miR-30a targets Beclin 1 mRNA and down-
regulates the expression of Beclin 1.

Conclusion

There is now growing evidence to support the idea 
that autophagy can be regulated physiologically at sev-
eral different levels: 1, signaling pathways acting up-
stream of the autophagy machinery; 2, the formation of 
autophagosomes; 3, the maturation of autophagosomes 
and their fusion with lysosomes [164]. The existence of 
these different levels of autophagy regulation means that 
there are many different ways in which autophagy can 
be modulated by compounds relevant to clinical inter-
ventions [165]. Moreover, the structural biology of Atg 
proteins is an expanding area of research that should not 
only reveal the mechanism of action of these proteins, 
but also guide the design of drugs intended to modulate 
their activity [166].
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