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REVIEW review

Overview

Mammalian autophagy refers primarily to three cellular pro-
cesses: chaperone-mediated autophagy, microautophagy and 
macroautophagy. This review will focus on the latter, macro-
autophagy, hereafter referred to simply as “autophagy.” To form a 
mature autophagosome, autophagy proceeds in successive stages, 
which include: (1) de novo formation of a double-membrane-
bound structure or phagophore, (2) elongation of this lipid-based 
membrane and (3) encapsulation of intracellular cargo to form 
the mature autophagosome. Autolysosomes, formed from the 
fusion of autophagosomes and lysosomes, then degrade and 
recycle the macromolecule components in order to maintain 
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Autophagy is an evolutionarily conserved cellular process 
through which long-lived proteins and damaged organelles 
are recycled to maintain energy homeostasis. These proteins 
and organelles are sequestered into a double-membrane 
structure, or autophagosome, which subsequently fuses 
with a lysosome in order to degrade the cargo. Although 
originally classified as a type of programmed cell death, 
autophagy is more widely viewed as a basic cell survival 
mechanism to combat environmental stressors. Autophagy 
genes were initially identified in yeast and were found to 
be necessary to circumvent nutrient stress and starvation. 
Subsequent elucidation of mammalian gene counterparts 
has highlighted the importance of this process to normal 
development. This review provides an overview of autophagy, 
the types of autophagy, its regulation and its known impact on 
development gleaned primarily from murine models.
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energetic homeostasis in the cell. Autophagy is an ancient process 
that is highly conserved among eukaryotes. The initial character-
ization of the autophagy pathway was worked out in yeast1-3 with 
the identification of approximately 30 autophagy-related (ATG) 
genes, and many mammalian genetic homologs have been identi-
fied. Autophagy has been implicated in longevity/life-span exten-
sion, disease prevention and promotion, as well as mammalian 
development (reviewed in refs. 4–7). This review will concentrate 
on the process and regulation of autophagy, as well as the role for 
autophagy in murine development.

Core Machinery Involved  
in Autophagosome Formation

The mechanistic target of rapamycin (MTOR), upstream of 
autophagy induction, senses cellular nutritional levels, regulates 
cell growth and survival and directly inhibits autophagy. MTOR 
is part of a cellular survival pathway that is the crux of many 
interconnected cellular pathways and integrates information to 
modulate cellular growth, metabolism and survival. MTOR is 
active in nutrient-rich conditions, inhibiting autophagy and pro-
tein degradation. In nutrient-poor conditions MTOR is inactive 
and autophagy is induced by alleviating MTOR phosphorylation 
of ULK1 and ATG13. When MTOR is inactivated by starvation 
conditions, dephosphorylated ULK1 dissociates from the MTOR 
complex and phosphorylates ATG13 and RB1CC1/FIP200 
(RB1-inducible coiled-coil 1) to induce the nucleation phase (Fig. 
1A).8 Autophagosome nucleation is a highly orchestrated process 
relying on the PtdIns3K (class III phosphatidylinositol 3-kinase) 
complex that serves to phosphorylate phosphatidylinositol to 
phosphatidylinositol 3-phosphate (PtdIns3P) (Fig. 1B). This 
modified lipid recruits complexes and lipids to expand the auto-
phagosome membrane. The PtdIns3K complex, anchored by the 
interaction between core members PIK3C3/VPS34 and BECN1, 
exhibits different functions depending upon the composition 
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maturation and RAB7 (GTPase)-dependent lysosomal fusion.9 
Autophagy regulation may be influenced through additional pro-
tein–protein interactions to either promote or inhibit autophagy. 
SH3GLB1 directly associates with UVRAG and is a positive 
regulator of autophagy; similarly, AMBRA1 (autophagy/Beclin 
1 regulator 1) directly binds BECN1 to stimulate autophagy. In 
contrast, KIAA0226/Rubicon also directly binds BECN1 but 
acts as a negative regulator of autophagy.10

of ancillary proteins in the complex. UVRAG (UV irradiation 
resistance associated) and ATG14 (proposed mammalian homo-
log of yeast Atg14, or Barkor) are found in BECN1 complexes 
in a mutually exclusive manner. For example, the complex of 
ATG14, PIK3R4/VPS15, PIK3C3 and BECN1 positively regu-
late autophagosome formation at the nucleation step. In con-
trast, a complex including UVRAG, SH3GLB1/BIF1, PIK3C3, 
PIK3R4/VPS15 and BECN1 reportedly controls autophagosome 

Figure 1. The core machinery of autophagy. Autophagy is a complex degradation process in which general cytoplasm or organelles are engulfed by 
a double-membrane bound structure and degraded and recycled following fusion with a lysosome. (A) Dephosphorylated ULK1 dissociates from the 
MTOR complex and phosphorylates itself, ATG13 and RB1CC1 to induce the nucleation phase. (B) The PtdIns3K complex is assembled at the site of 
the nascent autophagosomal membrane. UVRAG and ATG14 are found in BECN1 complexes in a mutually exclusive manner. BECN1 is inhibited when 
bound by anti-apoptotic BCL2, which results in downregulated autophagy. (C) The two ubiquitin-like conjugation systems essential for membrane 
elongation are outlined schematically. (D) The autophagosomal membrane (orange crescent) is studded with LC3–PE (stylized in black). The mem-
brane elongation is dependent on the ATG12–ATG5-ATG16L1 conjugation system. During fusion with the lysosome (blue oval) LC3–PE associated with 
the outer membrane is cleaved and recycled by ATG4 while LC3–PE associated with the inner-membrane is degraded by lysosomal proteases along 
with the cargo of the autophagosome.
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to NBD–PE in the mitochondria), can be detected in autopha-
gosomes. Furthermore, loss of the mitochondrial protein MFN2 
causes a dramatic depletion in starvation-induced autophagy. 
Other recent observations have suggested that cytoplasmic ves-
icles derived from the Golgi apparatus may act as a membrane 
source for forming autophagosomes in an ATG9-dependent 
manner. In yeast overexpressing Atg9, EM confirmed that under 
starvation conditions, post-Golgi ATG9-positive vesicles are 
transported to the vacuole and can be seen forming large tubulo-
vesicular structures.18,19 Recent reports have described findings 
indicating that exocytic and endosomal SNARE proteins may 
mediate fusion of post-Golgi Atg9-positive vesicles and remodel-
ing of tubulo-vesicle clusters in phagophore assembly.20 Exocytic 
Q/t-SNAREs Sso1/2 and Sec9 were shown to be essential for 
homotypic fusion of Atg9-positive vesicles in starvation-induced 
autophagy in yeast. As well, the endosomal Q/t-SNARE Tlg2 
and R/v-SNAREs Ykt6 and Sec22 were found to interact with 
Q/t-SNAREs Sso1/2 and Sec9 and are essential for trafficking 
of post-Golgi Atg9-positive vesicles to the vacuole and during 
phagophore assembly. Finally, a number of studies have also 
indicated that the PM is capable of directly contributing mem-
brane to forming phagophores. An analysis by Ravikumar et al.21 
described interaction of the clathrin heavy chain (associated with 
endocytic vesicles) with ATG16L1 at the extending phagophore 
and later confirmed that disruption of the interaction results in 
decreased autophagosome formation.22 Recently, experimen-
tal data have also suggested that the action of PM SNAREs in 
complexes with tethering proteins may be essential for fusion of 
membranes in the phagophore. In HeLa cells, it was shown that 
the membrane protein LC3 is sufficient to tether PM-integral PE, 
potentially facilitating the activity of PM SNAREs.23

Cellular Stress Responses

Although the core machinery for autophagy was initially iden-
tified in yeast, seminal experiments defining the induction of 
autophagy were performed in a mammalian cell, the hepatocyte. 
These studies defined the importance of hormonal regulation, 
energy status and nutrient levels as key modulators of autoph-
agy. Initially, the presence of double-membrane organelles was 
found to be induced in rat hepatocytes exposed to glucagon;24 
years later, these organelles were eventually demonstrated to be 
autophagosomes.25 Conversely, treatment of hepatocytes with 
insulin gave the opposite result, which invariably defined autoph-
agy as a catabolic, energy-generating mechanism for the cell.26 
The dependence of the cell on autophagy for energy homeostasis 
was confirmed the same year by showing that amino acid supple-
mentation inhibits autophagy in the rat liver.26 A final, important 
mechanistic link between autophagy and nutrient-energy sens-
ing was established when rapamycin, an inhibitor of the energy 
sensor MTOR, was found to induce autophagy in hepatocytes.27 
Thus, cellular stress became a focal point upon which to under-
stand how autophagy could be regulated.

In addition to nutrient status and hormonal regulation, envi-
ronmental stressors such as hypoxia,28 heat stress,29 and reactive 
oxygen species (ROS) accumulation can also induce autophagy 

Elongation of the phagophore membranes is accomplished by 
two ubiquitin-like conjugation systems (Fig. 1C). An ATG12–
ATG5-ATG16L1 complex associates on the forming mem-
brane. ATG12 is first activated in an ATP-dependent reaction 
with ATG7, an E1-like enzyme. ATG12 is then conjugated to 
ATG5 by ATG10, an E2-like enzyme. ATG16L1 then interacts 
with the ATG12–ATG5 conjugate, forming a dimeric complex. 
Components of the complex dissociate from the autophagosome 
and return to the cytoplasm when elongation is complete. The 
second ubiquitin-like conjugation that contributes to membrane 
elongation modifies MAP1LC3, the mammalian homolog of 
yeast protein Atg8. ATG4B, one of the four mammalian ATG4 
homologs, cleaves the C-terminal 22 residues of precursor LC3 
(proLC3) producing LC3-I. Cytoplasmic LC3-I is then conju-
gated with phosphatidylethanolamine (PE) by ATG7 and ATG3, 
an E2-like enzyme. Lipidated LC3 (LC3-II) is selectively incor-
porated into the forming autophagosomal membrane. LC3-II 
remains associated with the autophagosome until, or just prior 
to, fusion with the lysosome, when LC3-II associated with the 
outer membrane dissociates and LC3-II associated with the 
inner membrane is degraded by lysosomal proteases along with 
the autophagosomal cargo (Fig. 1D). This specific association 
of LC3-II makes it an attractive autophagy marker and will be 
discussed in further detail in later sections. The autophagosome 
fuses with a lysosome, forming the autolysosome. Fusion with 
the lysosome results in breakdown of the inner autophagosomal 
membrane and cargo by lysosomal proteases and recycling of 
macromolecules. Soluble NSF attachment protein receptors 
(SNAREs), RAB7 and the homotypic fusion and vacuole protein 
sorting (HOPS) complex likely are primary regulators of auto-
phagosome/lysosome fusion.11,12

Sources of Autophagosomal Membranes

The main lipid sources that are recruited in the formation of 
autophagosomes are thought to emanate from the endoplasmic 
reticulum (ER), mitochondria, Golgi apparatus or the plasma 
membrane (PM). Integral membrane proteins normally found 
in the rough ER have been localized to the inner and outer 
autophagosome membranes by immunostaining.13 This was 
also supported by electron microscopy (EM)-3D tomograms 
that identified points of contact between the rough ER and the 
nascent phagophore, which indicated that the growing phago-
phore membrane might be a subdomain of the rough ER.14,15 
Moreover, ER regions enriched in PtdIns3P are sites of emerging 
omegasomes. The ER protein ZFYVE1 can be found in omegas-
omes extending out from the ER by EM-3D tomography, and 
the PtdIns3K-complex protein ATG14 is localized at the ER 
surface.16 Contrary to the ER-based models, Hailey et al.17 have 
proposed a novel model suggesting that the mitochondrial outer 
membrane may provide a membrane source for the biogenesis of 
autophagosomes. Following amino acid starvation, investigators 
observed by fluorescence microscopy that fluorescently labeled 
LC3 and ATG5 transiently localize to the outer mitochondrial 
membrane (OMM) and NBD–PE (7-nitro-2-1,3-benzoxadiazol-
4-yl-phosphoserine, loaded into cells as NBD–PS and converted 
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enzymes, E1 ubiquitin-activating, E2 ubiquitin-conjugating and 
E3 ubiquitin-ligase, the UPS pathway can ensure high levels of 
specificity in labeling protein targets for degradation. The most 
well-known limitations of the UPS pathway result from the small 
size and cylindrical structure of the 26S proteasome to which 
polyubiquitinated proteins must enter for degradation by a series 
of peptidases. It appears that proteins may need to be partially 
denatured and monomeric in order to be degraded within the 
proteasome, greatly limiting the UPS pathway for clearance of 
aggregated proteins or large multimeric complexes.42 In contrast, 
autophagy is limited in its activity to the cytoplasm, where it can 
efficiently degrade soluble proteins, protein aggregates and organ-
elles by sequestration within autophagosomes followed by fusion 
with the lysosome. Previously, autophagy was viewed as a non-
specific degradation pathway for cellular recycling; however, it 
is clear that several soluble proteins and aggregates are selectively 
degraded in the autolysosome, rather than the proteasome.43-45 In 
addition, ubiquitinated proteins can be selectively degraded by 
autophagy.45 Suppression of the UPS pathway by siRNA is offset 
by an increase in autophagy.46 However, inhibition of autophagy 
results in inhibited degradation of UPS substrates.47,48 As a result, 
current models for the autophagy and UPS pathways suggest not 
only overlapping roles for the two systems, but a more dynamic 
and coordinated approach than previously described (reviewed 
in ref. 49).

SQSTM1 (sequestosome 1) is a scaffolding protein with 
several known functions in various tissues and is the most 
well-known target of selective autophagy.43 As SQSTM1 is con-
stitutively expressed, it shows a consistent turnover and nor-
mally forms aggregates in the cytoplasm, which are selectively 
degraded by autophagy. These characteristics are easily observed 
by immunohistochemistry and have been used to monitor suc-
cessful autophagy in vitro. Tissue-specific ablation of autophagy 
results in accumulation of SQSTM1 aggregates and proteins car-
rying polyubiquitinated Lys63 residues.50 The SQSTM1 protein 
contains both a ubiquitin-binding domain as well as an LC3-
interacting domain, which has led to the conclusion that it acts as 
a central link between autophagy and the UPS pathway. Current 
models describe SQSTM1 as a cargo receptor for autophagic deg-
radation of various proteins.51,52

Autophagy can also be pharmacologically stimulated or inhib-
ited in a number of ways; each method is accompanied by its own 
set of advantages and disadvantages (Table 1). Autophagy can be 
stimulated indirectly through inhibiting the UPS pathway, induc-
ing an ER stress response, reducing intracellular calcium levels, 
or modifying the acetylproteome. Use of proteasomal inhibi-
tors MG132 or bortezomib in human cancer cell lines induces 
both the accumulation of the lipidated form of LC3B and the 
localization of a green fluorescent protein (GFP)-tagged reporter 
(GFP-LC3) to autophagosomes.53 Tunicamycin, an inhibitor of 
N-acetylglucosamine phosphotransferase, is used widely in the 
literature to induce ER stress.54 Tunicamycin treatment in vitro 
increases autophagosomes and autolysosomes as detected by EM 
and GFP-LC3 puncta formation, a fluorescent marker of autoph-
agy. Although thapsigargin acts as an ER stressor to inhibit the 
ATP2A1/SERCA1 ATPase (ATPase, Ca2+ transporting, cardiac 

(reviewed in ref. 30). Additionally, ER stress is also a potent 
inducer. The ER is a highly active and tightly regulated organelle 
responsible for protein folding fidelity, biogenesis of membrane 
structures, metabolism and a veritable menagerie of cellular pro-
cesses. If the delicate microenvironment of the ER is disrupted, 
for instance by accumulation of unfolded (or misfolded) proteins, 
the unfolded protein response (UPR) is activated. There are three 
main pathways activated by the UPR, involving ATF6 (activat-
ing transcription factor 6), ERN1/IRE1 (endoplasmic reticulum 
to nucleus signaling 1) and EIF2AK3/PERK (eukaryotic trans-
lation initiation factor 2-α kinase 3). All of these proteins are 
typically bound to an inactivating chaperone molecule, HSPA5/
BiP/GRP78, and released/activated in response to unfolded pro-
teins. Autophagy is activated in response to ER stress and UPR 
by both EIF2AK3 and ATF6 pathways, perhaps in an effort to 
ameliorate the accumulation and aggregation of misfolded pro-
teins. Interestingly, ERN1 activation inhibits autophagy in some 
systems and is required for autophagy induction in others; how-
ever, more systematic work is needed to define these pathways 
in mammalian systems.31 Although evidence is supportive of ER 
stress inhibiting MTOR- and AKT-mediated cell survival path-
ways, which would alleviate autophagy inhibition independently 
of the UPR, additional studies are needed to elucidate this pro-
cess (reviewed in ref. 32).

Autophagy may also be induced as a survival mechanism 
in response to hypoxic conditions in normal and tumor cells.33 
Induction of autophagy can proceed through different pathways 
depending on the severity of the hypoxia and cell type.34 The 
best-characterized means of hypoxia-induced autophagy is by 
activation of the transcription factor HIF1A (hypoxia inducible 
factor 1, α subunit).35 HIF1A is capable of transcriptional activa-
tion of a variety of target genes involved in offsetting the damag-
ing effects of hypoxia including erythropoiesis, angiogenesis and 
autophagy. The HIF1A-target gene Bnip3 (BCL2/adenovirus 
E1B 19 kDa interacting protein 3) encodes a putative BH3-only 
(BCL2 homology domain 3-only) protein that is necessary and 
sufficient to induce autophagy by competitively binding BCL2 
(B-cell CLL/lymphoma 2) and disrupting the BCL2–BECN1 
interaction.36,37 Bnip3 has also been identified as a target gene of 
the transcription factor E2F, which can be activated by inhibition 
of the RB1 (retinoblastoma 1) protein via severe hypoxia.38 This 
suggests that BNIP3 can trigger autophagy by HIF1A-dependent 
and HIF1A-independent mechanisms. Severe hypoxia/anoxia  
(< 0.1% oxygen) can also induce autophagy by AMP-activated 
protein kinase (AMPK)-mediated MTOR inhibition as well as 
protein kinase C activation of MAPK8 (mitogen-activated pro-
tein kinase 8) and BECN1.39-41

The ubiquitin-proteasome system (UPS) and autophagy act 
as the major pathways for cellular catabolism, and were initially 
thought to function independently of one another. However, 
new observations suggest that the two degradation pathways 
function in a highly coordinated manner to maintain cellular 
homeostasis. The UPS pathway specifically targets soluble pro-
teins in the nucleus or cytoplasm, which are labeled for protea-
somal degradation by the addition of the small peptide ubiquitin 
at various lysine residues. Through the action of three classes of 
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(ITPR1) and ER Ca2+ receptors indiscriminately, thus altering 
Ca2+ flux.68 XeB was originally identified as an inhibitor of ino-
sitol 1,4,5-trisphosphate-mediated Ca2+ signaling69 and has more 
recently been shown to act as an antagonist of ITPR1 on the 
ER membrane. Evidence supports a mechanism wherein ITPR1 
facilitates BCL2-mediated sequestration of BECN1 to inhibit 
autophagy. XeB would rapidly induce autophagy by interfering 
with these protein–protein interactions, freeing BECN1 in an 
organelle-specific manner.70 The induction of autophagy by XeB 
appears to be independent of steady-state Ca2+ levels in the ER or 
cytoplasm.71

For autophagy inhibition, 3-methyladenine (3-MA) reduces 
autophagy in nutrient-poor conditions by blocking PtdIns3K 
and autophagosome formation. However, 3-MA inhibits both 
PIK3CB/PIK3C1 and PI3CK3 indiscriminantly, which could 
lead to pleiotropic cellular effects. Interestingly, in complete 
media, 3-MA is pro-autophagic, leading to an accumulation 
of autophagic markers and increased conversion of LC3-I to 
LC3-II. Wu and colleagues were able to show that the increase 
in autophagic markers is a result of increased autophagic flux 
rather than an effect of autophagosome accumulation, and seems 
to be cell-line independent. Therefore, use of 3-MA as an auto-
phagic inhibitor is well supported and substantiated only when 
used in starvation conditions and at relevant concentrations.72 
Another PtdIns3K inhibitor, wortmannin, functions in a simi-
lar way but does not show pro-autophagic effects in complete 
media. This difference is attributed to wortmannin more stably 
inhibiting PtdIns3K compared with 3-MA, which has a tran-
sient effect on PtdIns3K but a stable effect on PIK3CB.73 The 
second group of inhibitors either targets PtdIns3K stabilization 

muscle, fast twitch 1), it can also act directly by blocking the 
fusion of autophagosomes with lysosomes by preventing recruit-
ment of RAB7.55 Intracellular calcium can activate CAPN1 [cal-
pain 1, (mu/I) large subunit], a protease that targets ATG5 for 
degradation, thus inhibiting autophagy.56 Fluspirilene induces 
autophagy through reducing calcium stores, which leads to a 
deactivation of CAPN1 and stabilization of the ATG12–ATG5 
conjugate. Lastly, resveratrol and spermidine are being studied 
for their ability to induce autophagy in vivo in order to promote 
longevity.57,58 The apparent mechanism though which they act is 
via modification of the acetylproteome, principally through cyto-
plasmic deacetylation reactions mediated by the sirtuins.59

Rapamycin is a highly specific inhibitor of MTOR and is 
commonly used both in vitro and in vivo.60-62 In contrast, lith-
ium chloride is an MTOR-independent inducer of autophagy 
that inhibits IMPAD1 (inositol monophosphatase domain con-
taining 1), leading to a decrease in inositol availability. IMPAD1 
inhibition results in increasing cellular levels of PtdIns3P, thus 
inducing autophagy.63 L-690,330 also inhibits IMPAD1 and is 
more potent, but has a reduced ability to permeate the PM and 
blood-brain barrier.64 Carbamazepine also works by a similar 
mechanism to lithium, and has been used in vivo to ameliorate 
proteinopathies in mice either suffering from mutant SERPINA1 
(α

1
-antitrypsin) Z or TAR DNA binding protein (TARDBP) 

accumulation.65,66 A broader range of pharmacological agents 
used to induce autophagy in the treatment of proteinopathies 
has been previously reported.67 The xestospongin family of natu-
ral compounds purified from marine sponges, xestospongin B 
(XeB) and xestospongin C (XeC), are inducers of autophagy. 
XeC inhibits both the inositol 1,4,5-trisphosphate receptor 1 

Table 1. Pharmacological inducers and inhibitors of autophagy

Autophagy inducer Action Ref.

MG132 Inhibit 26S proteasome 53

Bortezomib Inhibit 26S proteasome 53

Tunicamycin Induce ER stress by inhibiting N-acetylglucosamine phosphotransferase 54

Thapsigargin
Induce ER stress via ATP2A1 inhibition

Prevent autophagosome/lysosomal fusion by inhibiting RAB7 recruitment
55

Fluspirilene Stabilize ATG12–ATG5 by preventing Ca2+-mediated CAPN1 activation 56

Resveratrol Sirtuin-mediated deacetylation of cytoplasmic proteins 57, 59

Spermidine Sirtuin-mediated deacetylation of cytoplasmic proteins 58, 59

Rapamycin Inhibit MTOR 60, 61, 62

Lithium chloride Increase PtdIns3P levels by inhibition of IMPAD1 63

L-690,330 Increase PtdIns3P levels by inhibition of IMPAD1 64

Carbamazepine Increase PtdIns3P levels by inhibition of IMPAD1 65, 66

Xestospongin B Antagonize ITPR1 (and ITPR1-mediated BCL2–BECN1 interaction) 69, 70, 71

Xestospongin C Inhibit ITPR1 and ER Ca2+ receptors 68

Autophagy Inhibitor Action Ref.

3-methyladenine Inhibit PtdIns3K and PtdIns3K (PIK3CB stably, and PIK3C3 transiently) 72

Wortmannin Inhibit PtdIns3K and PtdIns3K (PIK3CB and PIK3C3) 73

Bafilomycin A1 Inhibit vacuolar ATPase 75

Spautin-1 Inhibit USP10 and USP13 deubiquitinase activity 74
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to regulate appropriate granule numbers in these cells. Autophagy 
is also responsible for the regulation of neurotransmitter vesicle 
levels, as dopamine responses are substantially increased in the 
dorsal striatum of Atg7-deficient mice.82 Conversely, induction of 
autophagy through rapamycin administration attenuates dopa-
mine responses. Although it has not been demonstrated, these 
processes are most likely ubiquitin-dependent. For example, the 
closely related process of zymophagy allows for the autophagic 
degradation of activated zymogen granules,83 which is depen-
dent on VMP1 (vacuole membrane protein 1), SQSTM1 and 
the ubiquitin protease USP9X.84 This mechanism prevents acute 
pancreatitis from occurring by removing potentially harmful 
activated zymogen granules.

Exophagy. Autophagy is also associated with nondegrada-
tive processes involved in protein secretion known as exophagy. 
Deretic et al.85 review the roles of autophagy in conventional 
(regulated and constitutive) and unconventional secretion. 
Conventional secretion pathways normally route through the 
Golgi complex or occasionally directly from the ER; however, 
the TOR-autophagy spatial coupling compartment86 is a newly 
identified region that is responsible for constitutive secretion of 
IL6 and IL8. Regulated secretion examples include lysozyme 
release by Paneth cells and CTSK/cathepsin K by osteoclasts. 
Autophagy-based unconventional secretion, or autosecretion, 
involves omegasome formation at the ER to secrete proinflam-
matory factors IL1B and HMGB1 in mammalian cells.

Heterophagy and endosomal microautophagy. Heterophagy 
is distinguished from autophagy in the sense that it is a process 
devoted to degrade extracellular material that has been internal-
ized within the cell, in contrast to the degradation of pre-existing 
intracellular material. Upon endocytosis, proteins are routed 
into early endosomes and late endosomes/multivesicular bodies 
(MVBs) for fusion with lysosomes. However, there is synergy 
with the endosomal system and autophagy, as early endosomes 
and MVBs can both fuse with autophagosomes to form amphi-
somes, which in turn fuse with lysosomes. These amphisomes 
carry the protein markers early endosome antigen 1 (EEA1) 
and mannose-6-phosphate receptor (cation dependent; M6PR), 
present in early and late endosomes, respectively.87 These fusion 
events are driven by GTPases, as MVB-autophagosome fusion 
is RAB11-dependent, and amphisome-lysosome fusion is RAB7-
dependent.88 In contrast to internalized materials, cytosolic 
proteins can be routed into MVBs through endosomal microau-
tophagy that is either HSPA8-mediated or through a nonspecific 
mechanism. This process occurs during MVB formation and 
requires the ESCRT I and ESCRT III protein machinery.89

Immunophagy. More broadly, autophagy plays a larger role in 
both innate and adaptive immunity in a process termed immu-
nophagy.90 As recently reviewed, immunophagy is subdivided 
into three types.91,92 Type I immunophagy involves the process-
ing of foreign or endogenous immunologically active molecules. 
This would include xenophagy, the autophagic activation of mac-
rophages, pattern recognition receptor activation, MHC class II 
endogenous antigen presentation, and thymic selection. Type II 
immunophagy regulates cell viability and immune cell function. 
Specific roles for this type include: T/B cell homeostasis, T cell 

or autophagosome–lysosome interaction. A recently identified 
inhibitor, spautin-1 (specific and potent autophagy inhibitor-1), 
blocks the deubiquitinase activities of USP10 and USP13, leading 
to the UPS-mediated degradation of the kinase component of the 
PtdIns3K complex.74 Vacuolar ATPase is an enzyme that resides 
on the lysosomal membrane and regulates lysosomal acidifica-
tion. Bafilomycin A

1
 (BafA1) is a vacuolar-type ATPase inhibi-

tor. BafA1 inhibits fusion of autophagosomes with lysosomes 
and leads to an accumulation of autophagosomes in the cell as 
well as a reduction of protein degradation, another indication 
that autophagy is impaired.75 The fusion blockage seems to be 
an effect secondary to the reduced acidification of the lysosome.76 
Conflicting reports in the literature imply that both cell type and 
length of BafA1 treatment affect the degree of inhibition as well 
as more general effects. It is important to note here that interpre-
tation of commonly used autophagic activity and flux assays may 
be altered when using drugs affecting lysosomal acidification. In 
a short communication, Klionsky et al.,77 discuss the complica-
tions that may arise such as reduced LC3-II degradation at early 
time points and the difficulty in discriminating autophagosomes 
from autolysosomes in this system due to GFP persistence in the 
less acidified lysosomes.

Types of Autophagy

Aggrephagy. Aggrephagy refers to the autophagic process of 
degrading proteins that are assembled into large protein aggre-
gates, which are less toxic to the cell than more numerous small 
protein aggregates. Although this is seen as a companion system 
to the UPS to promote protein degradation, there are subtle dis-
tinctions as to the intertwining of these pathways. For example, 
proteins targeted for degradation by this means can be ubiq-
uitinated, but do not necessarily have to be. Histone deacety-
lase 6 (HDAC6)-mediated dynein transport of proteins along 
microtubules occurs preferentially with proteins that have Lys63 
(K63) linked polyubiquitin chains. Conversely, BAG3-mediated 
aggresome formation, which also uses dynein transport along 
microtubules, does not require such protein modifications. The 
forming aggresome requires K63 linked polyubiquitination to 
recruit autophagy receptors SQSTM1, NBR1 and WDFY3. 
These receptors provide a physical link to ATG8, found in the 
developing phagophore, to ultimately envelope the aggresomes.78

Allophagy, crinophagy and zymophagy. Allophagy refers to 
the autophagic degradation of paternally-derived mitochondria 
upon fertilization in the zygote. As such, this mechanism is a 
developmental-specific form of mitophagy. Sperm mitochondria, 
located in the mid-piece region, are initially tagged with K63-
linked ubiquitin prior to fertilization. This labeling increases 
immediately after fertilization, presumably to insure their quick 
and successful degradation prior to fusion of the male and female 
pronuclei.79 Historically, crinophagy refers to the process by which 
secretory granules containing hormones are directly routed to 
lysosomes without contribution from autophagy. However, a par-
allel mechanism involving encapsulating these granules within 
autophagosomes does occur, as demonstrated within Paneth cells 
and pancreatic β-cells.80,81 This provides a turnover mechanism 
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nucleophagy.102 Topoisomerase inhibitors (e.g., camptothecin, 
etoposide), DNA intercalating agents (e.g., cisplatin) and oxida-
tive stress damage [e.g., vanadyl (IV)] can induce nucleophagy 
in cancer cells. It is possible that basal piecemeal nucleophagy 
occurs to maintain nuclear architecture, energy production and 
nucleotide stores for DNA repair enzymes.

Pexophagy. Pexophagy, the selective degradation of peroxi-
somes through autophagy, is probably the most utilized of the 
three known mechanisms, which also includes LON protease-
mediated and 15-LOX-mediated turnover, to eliminate dam-
aged or superfluous peroxisomes. Analysis of liver-specific 
Atg7-deficient mice showed pexophagy contributes to about 
70–80% of the turnover, compared with the remainder that 
is linked to both a LON protease-mediated mechanism and 
15-LOX-mediated autolysis.103 The only known mammalian 
peroxisome receptor involved in pexophagy is PEX14, which can 
associate with LC3 on the phagophore membrane.104 An LC3-
RAB7-FYCO1-kinesin complex is responsible for the transport 
of engulfed peroxisomes along microtubules to the lysosome. 
Although ubiquitination of a distinct membrane protein of the 
peroxisome allows for SQSTM1-mediated autophagy to occur, 
the identity of this protein is currently not known.105

Reticulophagy and ribophagy. Degradation of the ER 
through reticulophagy occurs in response to ER stress, and is 
seen as an additional stress coping mechanism like the UPR and 
ER-associated degradation.106,107 The trigger for all three mecha-
nisms lies in the accumulation of unfolded protein aggregates 
within the ER lumen. Activation of the resident ER membrane 
protein EIF2AK3 occurs when chaperones dissociate from the 
luminal side of EIF2AK3 to assist in protein folding. This causes 
dimerization of EIF2AK3, phosphorylation of EIF2A, and acti-
vation of ATG12, thus triggering the autophagic response via 
ATG12–ATG5-ATG16L1 complex formation. Ribophagy, the 
selective elimination of free ribosomes in the cytosol, is also linked 
to the ER stress response similar to reticulophagy. ER stress leads 
to reduced translation levels, via phosphorylated EIF2A, to avoid 
the additional burdening of chaperone recruitment to nascent 
peptides.108 In modeling neurodegenerative disorders in Purkinje 
cells, polyribosomes are disassembled into nontranslational 
monosomes, which become associated with autophagosomes.109 
However, it is not known which ATG proteins mediate the rec-
ognition and sequestration of ribosomes and ER fragments into 
autophagosomes.

Xenophagy. Viruses, bacteria and parasites can be eliminated 
in an autophagic process involved in innate immunity defense 
termed xenophagy, which has been previously reviewed.92,110 
Invading bacteria can generally be classified as vacuolar (e.g., 
Salmonella) or cytosolic (e.g., Listeria, Shigella). Cytosolic bac-
teria can undergo ubiquitin-dependent and ubiquitin-indepen-
dent mechanisms for autophagosomal envelopment followed 
by translocation to lysosomes. Vacuolar bacteria can be routed 
into autophagosomes, or in the instance of Mycobacteria, auto-
phagy proteins can resume the maturation of the vacuole and 
promote fusion with the lysosome.111 The main recognition 
receptors that link detection and autophagy induction include 
the membrane TLRs (toll-like receptors) and the cytoplasmic 

maturation and Paneth cell maintenance. Type III immunoph-
agy utilizes specific ATG proteins but does not require the entire 
process of autophagy to occur. Examples in this class include 
inhibition of RIG-I-like receptor signaling by ATG12–ATG5, 
and the negative regulation of TBK1 signaling for type I inter-
feron secretion by ATG9.

Lipophagy. Lipophagy involves the metabolic regulation of 
lipids through degradation of lipid droplets (LDs) by autophagy. 
Ultimately, fusion with lysosomes contributes to lipolysis of 
LDs, or the breakdown of triglycerides into free fatty acids. In 
addition to lipophagy, cytosolic lipases generate free fatty acids 
from lipolysis in an autophagy-independent fashion. Although 
these cytosolic lipases are well characterized, the autophagy pro-
teins involved in the detection and mobilization of LDs are not 
known. This field has recently expanded due to the pathologies 
associated with autophagy-deficient mice. Liver-specific ablation 
of Atg7 results in LD accumulation known as liver steatosis (fatty 
liver).93 Similar studies have shown that lipophagy is a sensor 
for appetite regulation in hypothalamic cells,94 whereas reduced 
lipolysis in macrophages causes their premature conversion into 
foam cells, which promotes atherosclerosis.95

Mitophagy. Mitophagy is the selective degradation of mito-
chondria through autophagy, although the process may be cell 
specific within mammals. For example, reticulocytes lose their 
mitochondria as they mature into red blood cells, an interaction-
dependent process driven by BNIP3L (BCl2/adenovirus E1B 
19 kDa interacting protein 3-like) located on mitochondria, 
and LC3 found on phagophores.96 Within other cells, a PINK1 
(PTEN-induced putative kinase 1)-PARK2/Parkin system seems 
to regulate mitophagy.97,98 PINK1 localization at the OMM of 
damaged mitochondria recruits the E3 ubiquitin ligase PARK2 
to cause K63-ubiquitination of three known mammalian pro-
teins: mitofusin1, mitofusin2 and voltage-dependent anion selec-
tive channel protein 1 (VDAC1). Autophagy can subsequently 
be directed by SQSTM1- and HDAC6-dependent mechanisms. 
Given the enrichment of PARK2 within skeletal muscle, brain, 
heart and liver, it is possible that other tissues may use distinct E3 
ubiquitin ligases for selective removal of mitochondria. A recent 
genomic mammalian screen revealed 96 proteins required for 
PARK2-mediated mitophagy, underscoring the complexity and 
uncertainty of this mechanism.99

Nucleophagy. Although yeast undergo piecemeal micro-
autophagy of the nucleus, where portions of the yeast nuclear 
membrane and nucleoplasm are invaginated into a vacuole for 
degradation,100 mammalian cells can exhibit complete encapsu-
lation of the nucleus known as nucleophagy. This was initially 
demonstrated in murine models that exhibit nuclear envelopa-
thies from mutations in nuclear membrane-associated proteins 
such as LMNA/lamin A and EMD/emerin.101 Murine embryonic 
fibroblasts (MEFs) isolated from these mutant mice demonstrate 
decreased cell viability and increased nuclear abnormalities when 
pharmacological inhibitors of autophagy are used. Wild-type 
MEFs also exhibit signs of nucleophagy, although at lower lev-
els than mutant MEFs, suggesting a control mechanism when 
nuclear damage occurs. This notion is strengthened by find-
ings that anticancer drugs that elicit DNA damage can trigger 
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and CLOCK deficiencies.121,122 It is sure to be found that the link 
between autophagy and the biological clock is stronger than we 
currently understand.

FOXO family. The FOXO (forkhead box, class O) family 
is comprised of four proteins in mammals: FOXO1, FOXO3, 
FOXO4 and FOXO6. FOXO proteins are transcription factors 
involved in metabolism, longevity, oxidative-stress resistance, 
apoptosis and autophagy. Once FOXO proteins are activated in 
the cytosol, FOXO proteins are shuttled into the nucleus where 
they bind to promoters to initiate transcription. Their role in 
controlling autophagy gene transcription comes from studies on 
skeletal muscle,123-125 neurons,126 ischemic insults on the heart127 
and human cancer cell lines.128 Upon starvation or denervation 
of skeletal or heart muscles, both autophagy and FOXO activity 
are increased, suggesting a transcriptional control link. These 
studies have shown that FOXO1 and FOXO3 can induce the 
expression of Gabarapl1 [GABA(A) receptor-associated protein 
like 1], Lc3b, Atg12l, Atg4b, Pik3c3, Ulk2, Becn1, Bnip3 and 
Bnip3l. Further analysis by ChIP has found FOXO proteins 
bound to the consensus sequence (T/C/G) (G/A/T)AAA(C/A)
A found in the promoters of several autophagy genes including 
Becn1, Gabarapl1, Lc3b, Atg12 and Bnip3.127 The activation of 
autophagy by FOXO is one major arm of autophagy activa-
tion as FOXO is independent of MTORC1 signaling. FOXO1 
can be activated in neurons through loss of Mapk8.126 Studying 
mapk8−/− mouse brains and neurons it is clear that MAPK8 
is a negative regulator of autophagy by inhibiting FOXO1. 
mapk8−/− neurons have increased levels of dephosphorylated, 
nuclear-localized, activated FOXO1 and greater autophagic 
flux. In cardiomyocytes, sirtuin 1 (SIRT1) and nuclear pro-
tein, transcription regulator, 1 (NUPR1 also known as p8) play 
crucial roles in regulating autophagy through modification of 
FOXO1 and FOXO3.129,130 SIRT1 regulates the activation of 
autophagy by directly deacetylating and activating FOXO1 dur-
ing glucose deprivation (GD).131 Knockdown of either Sirt1 or 
Foxo1 leads to no increase in expression of Atg genes and fail-
ure of autophagy induction during GD.130 Utilizing a mutated 
FOXO1 (3A/LXXAA), which cannot be recognized by SIRT1, 
leads to increased acetylation of FOXO1 and failure to induce 
autophagy after GD.130 Additionally, Foxo1 conditional KO 
or Foxo1 (3A/LXXAA) overexpression in cardiomyocytes of 
mice significantly deteriorates cardiac function after GD, and 
is proposed to be a direct cause of the significant decrease in 
autophagic flux. Knockdown of Nupr1, a transcriptional core-
pressor of Foxo3, leads to activation and nuclear localization of 
FOXO3 where it associates more with target gene promoters 
such as Bnip3, which in turn have increased mRNA and protein 
expression. Subsequently, Nupr1 knockout mice have increased 
Bnip3 expression and increased autophagic flux in cardiac tis-
sue, likely due to the increased FOXO3 activity.129 In primary 
skeletal muscle myotubules, AMPK is a potent activator of 
autophagy through both activation of FOXO3 and inhibition of 
MTORC1.125 While more regulators of FOXO proteins are likely 
to be found, this research shows a clear link between FOXO acti-
vation and autophagy induction, through the increased expres-
sion of Atg genes in several cell types.

nucleotide-binding oligomerization domain (NOD)-like recep-
tors (NLRs). The receptors can recognize the lipopolysaccha-
rides and peptidylglycans of gram-negative bacteria. Microbial 
interference with autophagy can occur due to the adaptive nature 
of bacteria. For example, Shigella flexneri secretes the protein 
lcsB, which prevents ATG5-induced autophagy at the bacte-
rial surface.112 Yersinia pseudotuberculosis resides within arrested 
autophagosomes in macrophages, since it can inhibit the fusion 
process with lysosomes.113

Transcriptional Regulation

A multitude of studies have focused on discovering the transcrip-
tion factors responsible for controlling ATG genes. Thus far these 
studies have culminated in nine transcription factors that orches-
trate the expression of autophagy-related genes in mammals. We 
have learned that autophagy is under the regulatory control of 
circadian, metabolic, inflammatory and cell death factors.

Circadian regulation. As might be expected, autophagy genes 
are transcribed with a circadian rhythm under control of the 
biological clock due to metabolic demands. A circadian rhythm 
refers to the oscillation of a biochemical process (e.g., transcrip-
tion, translation, phosphorylation, etc.) that goes through a cycle 
roughly every 24 h. The circadian clock is a transcription/trans-
lation feedback loop between the positive transcription factors 
CLOCK and ARNTL/BMAL1 and the negative transcription 
factors PER1 and PER2. These signals originate in two clusters 
of hypothalamic neurons of the suprachaismatic nucleus (SCN), 
which is reset by a light-dark cycle. The oscillation in the SCN is 
considered the “master pacemaker” and is responsible for coordi-
nating “subordinate pacemakers” throughout an organism, giv-
ing rise to circadian rhythms in every tissue. Autophagy is under 
circadian control likely because metabolism demands change 
throughout the day, an idea recently reviewed.114 While only 
~10% of transcripts are globally rhythmically expressed,115-118 
research using mice has shown that the mRNA expression of 
many autophagy genes such as Becn1, and Map1lc3b are rhyth-
mic in the distal colon,119 liver, kidney, heart and skeletal mus-
cle.120 In addition, the conversion of LC3-I to LC3-II is rhythmic 
in the liver of mice.120 The expression of the transcription fac-
tor CEBPB/CEBPβ, known to be controlled by the clock, was 
found to coordinate autophagy gene rhythms by directly binding 
to the promoters of autophagy genes, such as, Bnip3, cathepsin 
L (Ctsl) and GABA(A) receptor-associated protein (Gabarap). 
Additionally, CEBPB has been identified as the transcription fac-
tor responsible for rhythmic autophagy gene expression in the 
mouse liver.120 Furthermore, this rhythm is abolished in Arntl 
knockout livers, proving that autophagy rhythms from CEBPB 
are dependent on the clock and thus, are circadian.120 It remains 
untested if CEBPB or another component of the clock controls 
autophagy rhythmicity in other tissues such as the distal colon, 
but logic would dictate this to be the case. While there have 
not been any direct links to disease caused by interrupting the 
link between autophagy and the circadian clock, several lines of 
research suggest this link exists. Metabolic disorders such as dia-
betes are similarly exacerbated independently by both autophagy 
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RB1–E2F1. The Rb1–E2F pathway is a well-characterized 
regulator of the G

1
/S cell cycle transition. Under normal condi-

tions, RB1 directly inhibits E2F so that the cell remains in G
1
. 

When RB1 is phosphorylated by CCND1−CDK4, RB1 dissoci-
ates from E2F proteins, which allows them to bind to promoters 
of several genes including Ccne1 and virtually all initiators of the 
pre-replication complex necessary for entrance into S-phase. As 
this pathway is the major pathway augmented to increase pro-
liferation in many cancer models, Rb1 and E2F have become 
targets of many therapies. E2F1, a member of the E2F family 
of eukaryotic transcription factors, is unique in that when DNA 
damage is sensed E2F1 can directly promote apoptosis through 
expression of TRP73 and indirectly through TRP53 accumu-
lation by expression of CDKN2A/p19arf (reviewed in ref. 143). 
Evidence for how RB1-E2F regulates autophagy is confusing, as 
both RB1 and E2F1 can induce autophagy separately and often 
in an inverse relationship to each other. E2F1 indirectly increases 
the expression of autophagy-related genes after E2F activation in 
U2-OS cells.144 A comprehensive analysis of Atg gene promoters 
in the presence of E2F1 reveals that E2F1 promotes the expres-
sion of Ulk2, Atg4b, Atg4d, Atg7, Gabarap2, Lc3a, Lc3b, Atg9, 
Atg10, Atg12 and Dram1.145 E2F1 overexpression in SK-MEL2 
and MEFs induces autophagic flux by LC3-II conversion and 
GFP-LC3, irrespective of a functional transactivation domain.146 
While the E2F2 transactivation domain contains the RB1 bind-
ing site, autophagy induction cannot be linked to E2F1-RB1 
interaction since the expression of RB1 compared with E2F1 was 
not investigated. These data also do not address whether E2F1tr 
(deletion of transactivation domain) can still induce expression 
of Atg genes. As might be expected, removal of RB1 a negative 
regulator of E2F1 increases autophagic flux and expression of Atg 
genes in myoblasts.147 Together these data suggest that regula-
tion of autophagy by RB1-E2F is dependent on active E2F to 
promote transcription. However, when Rb1 is overexpressed in 
several human cancer cell lines (U2-O2, Saos-2, Hep3b and 
U-87MG) autophagic flux is dramatically increased by detection 
through LC3-II conversion, GFP-LC3 localization and transmis-
sion EM.148 Furthermore, when mutant RB1 that cannot bind 
to E2F family members is overexpressed in these same cell lines, 
autophagy is not induced, which suggests that the repression of 
E2F by RB1 is necessary for autophagy induction. To corroborate 
these findings, knockdown of E2F1 in the same cells increases 
autophagy, suggesting that the regulation of autophagy by RB1-
E2F is dependent on RB1 inhibiting E2F. To best determine if 
the control of autophagy by RB1-E2F is physiological, more stud-
ies conducted in noncancer cell lines are needed since discrep-
ancies could be due to the models used. Either way, RB1-E2F 
is clearly a transcriptional regulator of Atg genes and could be 
involved in post-transcriptional regulation.

TFEB. The transcription factor EB (TFEB) is a well-charac-
terized master regulator of lysosome biogenesis. TFEB directly 
promotes the transcription of several lysosomal-specific genes. 
Recent work in several labs has shown that when TFEB is phos-
phorylated, it remains inactive at the lysosome membrane and 
does not translocate to the nucleus. Along these lines, it has 
been elucidated that MTORC1 at the lysosomal membrane 

TRP53. Transformation-related protein 53/tumor protein 
p53 (TRP53/TP53/p53) is a tumor-suppressor protein with 
well-known roles in regulating both cell cycle progression and 
the cell survival/death axis. Recently, it has also been shown 
to provide both positive and negative regulation of autophagy. 
In normal cells, TRP53 remains in the cytoplasm at low lev-
els, which are maintained by the E3 ubiquitin ligase MDM2 
and the UPS. Upon activation by post-translational modifica-
tions, TRP53 translocates to the nucleus where it functions to 
transactivate a number of target genes involved in cell survival, 
death and cell cycle regulation. Initial observations that TRP53 
inhibition results in increased autophagy were complicated by 
the discovery that nuclear TRP53 is able to induce autophagy 
by transactivation of specific target genes.132 The current model 
for TRP53 regulation of autophagy describes distinct, indepen-
dent roles for cytoplasmic TRP53 and nuclear TRP53. Analysis 
in vitro in a variety of cell types and in vivo in various organ-
isms has shown that cytoplasmic TRP53 functions as a repres-
sor of autophagy. Trp53 knockout (in enucleated cells) as well 
as inhibition or inactivation of cytoplasmic TRP53 results in 
increased levels of autophagy, similar to that of cells follow-
ing induction by starvation or treatment with rapamycin.133 
As well, induction of autophagy by starvation or rapamycin 
results in rapid depletion of cytoplasmic TRP53 by UPS degra-
dation. Mutant TRP53, lacking a ubiquitination site, strongly 
inhibits the induction of autophagy in vitro.133,134 In contrast, 
nuclear TRP53 transactivates several genes known to stimu-
late autophagy following genotoxic stress. The TRP53 target 
gene, Dram1, encodes a highly conserved lysosomal protein 
whose function is unclear, but strongly induces autophagy in 
a variety of cell types.132 Other nuclear TRP53 transactivation 
targets include Sesn2, Tsc2 and genes encoding AMPK α/β 
subunits, which function together to stimulate autophagy dur-
ing nutrient deprivation. AMPK can activate the TSC1–TSC2 
complex, which functions as a potent and sensitive inhibitor of 
MTOR, thereby derepressing autophagy. The AMPK activator 
SESN2 functions to amplify the TRP53-directed autophagic 
response.135,136

While it is widely accepted that TRP53 levels in normal cells 
are maintained by MDM2 ubiquitination and proteasomal degra-
dation,137 it is also well demonstrated that tumor cells commonly 
carry various TRP53 mutants capable of escaping the regulation 
by MDM2 and proteolytic degradation.138-140 Accumulation of 
mutant TRP53/TP53 in tumor cells is associated with metastases 
and resistance to chemotherapeutic agents. It has also previously 
been shown that various post-translational modifications can 
stabilize and destabilize cytoplasmic TRP53.141 Recent analy-
ses have shown that glucose restriction of tumor cells results in 
deacetylation and subsequent autophagy-dependent degradation 
of mutant TRP53, followed by apoptotic cell death. Inhibition 
of autophagy prevents degradation of the mutant TRP53 and 
promotes tumor cell survival during glucose restriction.142 This 
finding presents an interesting link in regulation of TRP53 and 
the cell death-survival axis by selective autophagy because cyto-
plasmic TRP53 has classically been characterized as a negative 
regulator of autophagy.
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is found in a complex with the dynein, light chain, LC8-type 
1 protein (DYNLL1). Luo et al.161 recently described the com-
plex formed by BCL2L11 bridging the BECN1–DYNLL1 
interaction, which appears to sequester and inhibit BECN1 at 
the dynein motor complex. Upon knockdown or knockout of 
Bcl2l11, cells in culture exhibit an increase in autophagosome 
formation, which is reversible by overexpression of Bcl2l11 (in 
mutants unable to induce apoptosis). While this interaction 
appears sufficient to reduce levels of autophagy in nutrient-rich 
conditions, starvation-induced phosphorylation of BCL2L11 
eliminates its interaction with BECN1, suggesting that inactive 
BCL2L11 may act to repress BECN1 until autophagy is induced 
by nutrient deprivation. This model also proposes an interesting 
link between autophagy and apoptosis in that BCL2L11 phos-
phorylation potentially enables BECN1-dependent autophago-
some formation and also activates pro-apoptotic BAX-BAK1 
proteins, inducing mitochondrial apoptosis.

Extrinsic apoptosis and autophagosomes. While the models 
mentioned above primarily involve interactions between BECN1 
and the BCL2 family proteins, a recent study has described 
autophagosomes as potential platforms for formation of the 
death-inducing signaling complex (DISC) for the activation of 
caspase 8 (CASP8). Classically, the DISC forms near the PM 
off of adaptor proteins bound to the cytoplasmic domain of vari-
ous death receptors, activated by extracellular apoptotic signal-
ing. CASP8 is recruited to the DISC as a monomer, which then 
self-associates and cross activates by cleavage of the prodomain. 
Active CASP8 cleaves and activates caspase 3 (CASP3) trigger-
ing the apoptotic cascade. It has been previously reported that 
CASP8 requires SQSTM1 for efficient self-association; however, 
Young et al. have described complex formation between ATG5 
and CASP8, as well as ATG5 and the adaptor protein FADD at 
the autophagosomal membrane. Atg5 knockdown is associated 
with reduced CASP8 activation upon induction of apoptosis.162 
While other amplification mechanisms have been described in 
the apoptotic machinery, this appears to be the first that is depen-
dent upon autophagy/autophagosome formation.

Transgenic Models for Autophagy Detection

GFP-LC3. The best-characterized and most widely used detec-
tion model is the GFP-LC3 transgenic mouse generated by 
Mizushima and colleagues. This robustly expressing transgenic 
mouse, in which LC3 is driven by a constitutive CAG promoter, 
displays punctate GFP fluorescence that corresponds to LC3-
positive phagophores and autophagosomes.163 With this trans-
genic model quantification of autophagosomes and phagophores 
is feasible using a high-resolution fluorescence microscope. This 
reporter line has been crossed into many of the knockout and 
floxed autophagy models generated in the field. For example, 
atg5−/− mice are autophagy deficient and atg5−/−; GFP-LC3 mice 
do not exhibit the punctate fluorescence indicative of auto-
phagosome formation.164 (Protocols for use are widely available 
and published references are helpful; for detailed information 
see ref. 165). This model is limited in that only phagophore and 
autophagosome number, not autophagic flux can be evaluated. 

is responsible for the inhibiting phosphorylation at Ser142 of 
TFEB.149-151 Furthermore, the inhibiting activity of MTORC1 is 
blocked during nutrient starvation, which is strikingly similar to 
MTORC1’s inhibition of ULK1. When TFEB is overexpressed 
in HeLa cells, Atg genes UVRAG, WIPI1, LC3B, SQSTM1, 
VPS11, VPS18 and ATG9B are upregulated along with lysosomal 
genes.152 Analysis of these same cells showed that autophagic flux 
is increased as well, indicating a parallel pathway to induce auto-
phagic flux due to starvation. It is interesting that TFEB, a lyso-
somal master switch, is implicated in the induction of Atg genes 
post-starvation and that it is regulated through the starvation 
sensor MTORC1.

Autophagy–Apoptosis Crosstalk

BECN1–BCL2/BCL2L1 interaction. Classically, crosstalk 
between autophagy and apoptosis has focused primarily on the 
interaction of the pro-autophagic protein BECN1 and the anti-
apoptotic protein BCL2.153,154 While the mechanisms behind the 
regulation of autophagy remain elusive and highly debated, the 
most widely accepted theory describes BCL2 as a BECN1 antag-
onist, through direct interaction with the BH3 domain found 
on BECN1, preventing activation of the PtdIns3K complex and 
induction of autophagy.155-157 Further analyses have identified 
additional components of regulation in that only ER-localized 
BCL2 or BCL2L1 (BCL2-like 1/BCLX) in complex with the 
ITPR1 complex and the NAF1 protein can sufficiently inhibit 
the induction of autophagy under starvation conditions.158 It has 
been stated that BCL2 and BCL2L1 in complex with BECN1 
retain their anti-apoptotic capabilities; however, these data can 
be misleading as the interaction with BECN1 is dependent upon 
ER localization of BCL2 and BCL2L1 while the regulation of 
intrinsic apoptosis occurs primarily at the mitochondria.159 
This may suggest multiple independent roles of the BCL2 and 
BCL2L1 proteins, dependent upon subcellular localization; how-
ever, it is unknown what drives the specific distribution of ER- 
and mitochondrial-BCL2/BCL2L1 proteins and whether or not 
redistribution may occur under starvation conditions as a func-
tional link between apoptosis and autophagy. Recent data sug-
gest that BCL2 may indirectly regulate BECN1 by interaction 
with AMBRA1, a positive regulator of BECN1 and autophagy. 
BCL2 interaction with AMBRA1 is disrupted upon autophagic 
stimuli, at which point AMBRA1 competes with ER-localized 
BCL2 for interaction with BECN1. Interestingly, AMBRA1 is 
preferentially bound by the mitochondrial fraction of cellular 
BCL2, rather than ER-localized BCL2, further linking the regu-
lation of apoptosis and autophagy.160

BECN1–BCL2L11 interaction. In contrast to the previ-
ous model, a novel interaction has been observed that suggests 
that the pro-apoptotic protein BCL2L11 (also known as BIM) 
can inhibit autophagy by recruitment of BECN1. BCL2L11 is a 
BH3-only BCL2 family protein that has been previously shown 
to function in an active, phosphorylated state or an inactive, 
dephosphorylated state. Phosphorylated BCL2L11 induces mito-
chondrial pore formation and apoptosis by activating pro-apop-
totic BAX-BAK1 proteins, while the dephosphorylated BCL2L11 
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encoded protein primarily functions in rather than by resultant 
phenotype, these being the: (1) ULK1 complex, (2) PtdIns3K 
complex, (3) ATG9 complex and (4) ATG12 conjugation and 
LC3-lipidation system. Lastly, we include a section on induced 
mutations that affect autophagy more indirectly beyond these 
complexes.

ULK1 complex. ULK1 is the namesake member of the ULK 
kinase complex, and was initially identified as the mammalian 
homolog of yeast Atg1. ULK1 kinase complex functions early in 
the autophagy pathway, during the induction phase, and consists 
of ULK1, ATG13, RB1CC1 and C12orf44/ATG101. ULK1 and 
ATG13 are phosphorylated by activated MTORC1 in nutrient-
rich conditions; however, during stress, MTORC1 is inactivated 
and the ULK1 complex is liberated to induce autophagy. In 
this sense, ULK1 is a direct link to nutrient sensing in the cell. 
Contrary to expectations based on other autophagy component 
knockouts, the ULK1 conventional knockout mice are viable and 
have no overt developmental defects. It is noted by the authors 
that Ulk1 knockout mice exhibit LC3 conversion at the same rate 
as wild-type controls, indicating that starvation-induced autoph-
agy is not impaired in these mutants. Under closer inspection 
Ulk1 knockout mice exhibit specific red blood cell lineage popu-
lations retaining mitochondria and ribosomes, as well as delayed 
mitochondria elimination in reticulocytes and increased reticulo-
cyte numbers.168 It is evident from these initial studies that ULK1 
is important for organelle clearance during erythrocyte matura-
tion but not necessarily for starvation-induced autophagy. Ulk2 
knockout mice, like Ulk1 knockouts, are phenotypically normal 
and viable, which is not surprising since there is most likely 
some degree of functional redundancy in the mammalian sys-
tem.169 To investigate this possibility, the authors generated Ulk1 
Ulk2 double-knockout mice, which die shortly after birth. This 
result suggests that elimination of ULK function yields a simi-
lar phenotype to the other autophagy deficient models. ulk1−/−

ulk2−/− MEFs are specifically impaired in response to amino acid 
deprivation, though they have a similar response to glucose depri-
vation as wild-type MEFs.169

RB1CC1, the mammalian functional counterpart of yeast 
Atg17, is a direct interacting partner of ULK1 and a member of 
the ULK kinase induction phase complex.170,171 Rb1cc1 knockout 
mice die in utero at approximately E14.5-E15.5, with the lethality 
attributed to massive liver and cardiac cell death from increased 
levels of apoptosis. At E14.5, Rb1cc1 knockout embryos exhibit 
ventricular abnormalities: the left ventricular wall is lacking in 
trabeculation, contains fewer cells, and is thinner than control 
littermates.172 Autophagy may also have an impact on the dif-
ferentiation of hematopoietic stem cells (HSCs) as revealed in 
the conditional knockout of Rb1cc1. Tek/Tie2-Cre; Rb1cc1fl/fl mice 
die perinatally from severe erythroblastic anemia and have 6-fold 
fewer HSCs than control mice. There is not a proliferation defect, 
as apoptosis rates are similar between groups and proliferation is 
actually slightly higher in the conditional knockout (35% com-
pared with 25%). However, a 4-fold increase in myeloid cells is 
found in the livers of CKO fetuses at E14.5, possibly explaining 
the depletion of fetal HSCs.173,174 Eight proteins have been identi-
fied as binding partners of RB1CC1, including TSC1, a tumor 

In basal conditions, lysosomal degradation clears the auto-
phagosome and contents from the cell, to maintain a “balance” 
of autophagosome formation and degradation. An accumulation 
of LC3-positive structures may represent either an increase in 
formation or a decrease in fusion events. Ferreting out these dif-
ferences is relevant for proper data interpretation, especially when 
using chemical autophagy inhibitors and inducers. Measuring 
autophagic flux in vivo has been problematic to date and the field 
is in need of an appropriate reporter model; currently, tandem flu-
orescent-tagged autophagy proteins are a valuable in vitro tool.166 
Due to its chemical nature, GFP is quenched by the low pH of 
the autolysosome; however, red fluorescent proteins are more pH 
stable, and thus will retain their fluorescence in the lower pH 
of the autolysosome. The need for better detection mechanisms 
with regard to cardiac autophagy has led to the generation of 
a double-transgenic reporter. A cardiomyocyte-specific myosin, 
heavy chain 6, cardiac muscle, α (MYH6 ) promoter was used to 
drive expression of a mCherry-LC3 construct. These mice were 
crossed with the GFP-LC3 model previously described to pro-
duce a double label, which allows for the detection and evaluation 
of autophagic flux.164 GFP-LC3 will still function for visualiza-
tion of LC3-positive phagophores and autophagosomes, while 
mCherry-LC3 puncta will mark phagophores, autophagosomes 
and autolysosomes. Any double-labeled puncta are indicative of 
phagophores or autophagosomes, while red-only puncta corre-
spond to autolysosomes. The comparison of double-labeled struc-
tures to red fluorescent-only labeled structures is informative to 
distinguish an increase in formation and a decrease of fusion 
events. Although this model is cardiac-specific, a similar strategy 
could be used to target other tissues or to generate a global trans-
genic model.

GFP-GABARAP. GFP-GABARAP transgenic mice were 
originally generated to address the question of the role of 
GABARAP in podocytes. Since GABARAP was reported to 
be highly expressed in podocytes, a pCAG-GFP-GABARAP 
transgenic mouse was produced in order to examine subcellular 
localization in this specialized cell type.167 The expression level 
of GFP-GABARAP is low, yet visible, ameliorating many of the 
potential effects of highly expressing fluorescent proteins. In 
podocytes, GFP-GABARAP merges with SQSTM1 aggregates, 
but not LC3-II. Although it was shown that GABARAP is not 
the preferred Atg8 ortholog for conjugation in podocytes this is 
a valuable reporter model for use across the field as differences in 
Atg8 orthologs are ferreted out.

Autophagy and Development

Since the seminal genetic studies conducted in yeast, there has 
been an explosion in global and tissue-specific mouse knockout 
models produced to ascertain the role of autophagy in mam-
malian development and disease. Although this section stresses 
development over disease, the pathologies that arise from induced 
mutations frequently lead to diseased states. More commonly, 
mouse models are generated to profile and to uncover treatment 
regimens to address human diseases. The models that we pres-
ent are segregated into one of four distinct complexes that the 
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BCL2L1.180 This inhibition is primarily disrupted by phosphory-
lation of BCL2/BCL2L1.181 BECN1 contains a central coiled-coil 
interaction domain, which affords it the ability to oligomerize.182 
Interestingly, the other domains of BECN1 are nonessential for 
self-oligomerization, and self-oligomerization is not affected 
by starvation, rapamycin or overexpression of Bcl2l1, Uvrag or 
Pik3c3. Higher-level understanding of this property has yet to 
be elucidated. The evolutionarily conserved domain is respon-
sible for autophagic function. BECN1 interacts with PIK3C3 
directly to induce autophagosome nucleation and promote elon-
gation. Perhaps attributed to their unique juxtaposition between 
two programmed cell death pathways or autophagy-independent 
functions, Becn1 knockout mice have a more severe phenotype 
than other autophagy-related genes. becn1−/− mice die in utero 
around E7.5 d, with the embryonic lethality ascribed to a devel-
opmental failure to close the pro-amniotic canal.183 As a classi-
cal tumor suppressor, heterozygous disruption of Becn1 results in 
an increase in tumor incidence.183,184 Additional induced mutant 
models for Becn1 demonstrate a developmental-specific role for 
autophagy in blood cell lineages. Becn1-deficient rag1−/− chime-
ras have a dramatic reduction in early marrow-derived thymo-
cytes and B cells, while displaying normal levels of peripheral 
B and T cells. Thus, autophagy is required for undifferentiated 
lymphocyte progenitor maintenance and is not needed for the 
peripheral T and B cell compartments.185 Naive T-cell homeo-
stasis is crucial for protective immunity against infection and it 
appears that autophagy is necessary for this process. A T cell-spe-
cific deletion of Pik3c3 shows that T cell development does not 
require autophagy; however, naïve T cell survival is contingent 
upon autophagy to effectively remove damaged mitochondria via 
mitophagy.186

The class III PtdIns3K is a highly conserved ancient kinase, 
and the only PtdIns3K identified in yeast. PIK3C3 phosphor-
ylates phosphatidylinositol to generate phosphatidylinositol 
3-phosphate, which is used in the elongating the phagophore 
membrane. A global knockout of Pik3c3 was generated by cross-
ing a conditional Pik3c3 allele with a Meox1-Cre transgenic 
strain, for conversion to a null allele early in development. As 
with several other autophagy knockout models, the hemizygous 
mouse is viable and exhibits no obvious phenotype. In stark con-
trast to the hemizygous state, the homozygous Pik3c3 knockout 
is lethal in the early embryonic stages (E7.5). The embryos fail to 
form a recognizable mesoderm and both the endosomal traffick-
ing and autophagosomal pathways are disrupted.187 In a liver-spe-
cific knockout of Pik3c3 (Alb-Cre; Pik3c3fl/fl), mice are smaller 
and have enlarged, pale livers. At the molecular level, hepatocytes 
have reduced levels of the autophagy nucleation complex and an 
increase in intracellular lipid droplet formation. Mitochondria 
are smaller, despite fed conditions, indicating a potential mito-
chondrial fusion defect. Additionally, when challenged with 
a 24-h starvation, there are no observable GFP-LC3 puncta 
formed in the mutants, indicating a cessation of autophagic flux 
in the Pik3c3 liver-specific knockout mice.188 A cardiomyocyte-
specific knockout (Ckm/Mck-Cre; Pik3c3fl/fl) results in mice with 
cardiomegaly, with an increased left ventricular wall thickness, 
decreased cardiac contractility and reduced cardiac output.188 

suppressor gene, which is also a negative regulator of MTOR. 
This interaction mediates cell size and growth. As a compliment 
to the Rb1cc1 KO studies, Tsc1 knockout embryos also show 
defects in the heart and liver; however, the heart defects consist 
of thickened, rather than thinned, ventricular walls.175

As part of the ULK1 kinase complex ATG13 functions dur-
ing the induction phase. ATG13, the mammalian homolog of 
yeast Atg13, is directly phosphorylated by both MTORC1 and 
ULK1/2 and has been characterized as an adaptor protein. At 
this time there is not an Atg13 knockout mouse, though intrigu-
ing in vitro studies indicate that ATG13 is essential for autoph-
agy induction. Interestingly, when researchers simultaneously 
knock out both Ulk1 and Ulk2, RB1CC1 and ATG13 are able 
to induce autophagy, suggesting that ATG13 and RB1CC1 are 
functioning independently of MTORC1 input to ULK1/2.176 
This higher order autophagy regulation network is deserving of 
further attention.

PtdIns3K complex. AMBRA1 promotes the positive asso-
ciation of PtdIns3K and BECN1 to form the core multi-protein 
autophagy induction complex. Cecconi and colleagues initially 
reported that Ambra1 knockout mice, generated by using a gene 
trap strategy, are nonviable.177 The majority of Ambra1 null 
embryos exhibit severe neural tube defects and spina bifida at E10 
through E14.5. Additionally, a myriad of autophagy-deficient 
effects are seen including cell cycle abnormalities, accumula-
tion of ubiquitinated proteins and increased apoptotic cell death. 
AMBRA1 is expressed specifically in the developing nervous sys-
tem and appears to serve a role in controlling neuron survival. 
Like the Becn1 knockout model, the phenotype of the Ambra1 
knockout is particularly severe and strongly affects the develop-
ing embryo. Interestingly, new evidence suggests that AMBRA1, 
like its binding partner BECN1, is a regulator of the autophagy–
apoptosis crosstalk. Pagliarini et al. report that AMBRA1 is selec-
tively and irreversibly degraded by caspases and calpains.178 This 
would help shift the cell from a survival program into an apop-
totic program by destabilizing the autophagy promotion complex 
(BECN1-AMBRA1-PIK3C3). In support of this hypothesis, a 
noncleavable mutant of Ambra1 introduced into a 2F cell line 
shows a delay and partial prevention of apoptosis by extending the 
pro-survival effect of activated autophagy.177 It has been widely 
reported in the literature that PARK2, an E3 ubiquitin ligase 
involved in the pathogenicity of Parkinson disease, translocates 
from the cytosol preferentially to depolarized mitochondria and 
prompts their selective degradation via mitophagy.179 Emerging 
evidence shows that AMBRA1 directly interacts with PARK2, 
although it is not a target for ubiquination. Additionally, Ambra1 
overexpression leads to an increase of mitophagy but only in the 
presence of PARK2. These findings suggest a novel mechanism 
whereby recruitment of AMBRA1, by PARK2, to the area of 
depolarized mitochondria elicits the nucleation of a phagophore.

BECN1 is a core protein component of the PtdIns3K complex 
needed for the nucleation phase of autophagy, and serves as a 
scaffolding protein whereby a dynamic grouping of autophagy-
related proteins hub. BECN1 is unique among the autophagy-
related proteins in that it contains an N-terminal BH3 domain, 
which can be bound and inhibited by BCL2 and family member 
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the most efficient and broadly active family member in vitro.193 
atg4b−/− mice are viable but have a depletion of ATG8-like pro-
teins in normal and nutrient poor conditions. These mice have 
balance and coordination deficits resulting from defective devel-
opment in the vestibular system. The otoconia within the inner 
ear do not develop normally, resulting in abnormal, giant or miss-
ing otoconia, a phenotype recapitulated in the atg5−/− model.194 In 
contrast, atg4c−/− mice have normal levels of basal autophagy, but 
are less responsive to starvation-induced autophagy in the dia-
phragm. This role in ameliorating cell stress is highlighted in this 
model’s increased susceptibility to methyl cholanthrene-induced 
fibrosarcoma formation.194 Given the functional redundancy 
of Atg4 homologs, double-knockout models should be highly 
informative.

ATG16L1 binds to ATG5 to regulate the localization of the 
ATG12–ATG5 conjugate to the nascent autophagosomal mem-
brane. atg16L1−/− neonates do not survive the perinatal starvation 
period and have a disruption of LC3–PE conjugation.195 Crohn 
disease, a chronic inflammatory bowel disease, is strongly linked 
genetically to the autophagy gene ATG16L1 in humans,196 and 
hypomorphic Atg16l1 mice show altered Paneth cell morphol-
ogy and decreased intestinal antimicrobial protein secretion.197 
Immunological synapse dynamics between dendritic cells (DCs) 
and T cells seems to be autophagy-dependent, as RNAi knock-
down of ATG16L1 in DCs stabilizes DC-T cell interaction and 
hyperstimulates the T cell response.198 This “hyperstability” is 
also found in DCs from Crohn disease patients with an ATG16L1 
risk allele, which suggests that normally autophagy is activated at 
the synapse to negatively regulate T cell activation. In addition, 
atg16l1−/− mice may help to model an autophagy-inflammasome 
connection, since they have an induced expression of inflamma-
tory cytokines including IL-1B.195

atg5−/− mice die perinatally, suggesting that autophagy is 
not essential for embryonic development;199 however, mater-
nal mRNAs and proteins persist in the early embryo and may 
permit autophagic activity during the preimplantation period. 
Recent studies demonstrate that autophagy is essential for the 
oocyte-to-embryo transition. Analysis of GFP-LC3 embryos and 
oocytes show that autophagy is selectively upregulated in fertil-
ized embryos from the one-cell to the four-cell stage.200 Very little 
evidence of autophagy is detectable in mature oocytes or ovu-
lated, unfertilized oocytes, indicating that fertilization stimulates 
the induction of autophagy. Mating of oocyte-specific Atg5-
deficient females (Zp3-Cre; Atg5fl/fl) with Atg5+/− males, leads to 
embryos devoid of maternally inherited autophagic protein that 
fail to develop.201 Autophagy may function to eliminate mater-
nally inherited proteins or to catabolize cellular components for 
energy homeostasis. Since atg5−/− neonates die from starvation-
induced amino acid deprivation,199 conditional gene deletion 
models have been developed to characterize autophagy later in 
development. From these models, autophagy has been shown to 
play a pivotal role in the prevention of neurodegeneration and 
the onset of age-related neurological diseases and cardiomyopa-
thies. Nes/Nestin-Cre; Atg5fl/fl mice are viable and do not exhibit 
the suckling defect comparable to that found with Atg5- or 
Atg7-deficient neonates.202 After three weeks of age, progressive 

Although these mutants appear to be healthy at birth, they die 
between 5 and 13 weeks of age. Consistent with the liver-specific 
knockout, small and deformed mitochondria are observed, and 
autophagic flux is disrupted. It is evident that PtdIns3K is essen-
tial for autophagy regulation as well as autophagy-independent 
functions such as endosomal trafficking.

UVRAG is a coiled-coil, BECN1 interacting protein. It has 
been characterized as a positive regulator of autophagy acting in a 
complex with requisite autophagy proteins BECN1 and PIK3C3. 
UVRAG has tumor suppressor activity and a negative effect 
on tumor cell proliferation, as UVRAG is recurrently monoal-
lelically mutated in human colon cancers.189 Although BECN1 
serves a host of autophagy-independent functions, UVRAG may 
have autophagy-independent roles as well. Liang et al. elegantly 
showed that a UVRAG-PtdIns3K complex coordinates both late 
endosome fusion and trafficking, independently of its BECN1-
dependent role in mediating autophagosomal formation and 
maturation.9 Although neither UVRAG knockout nor condi-
tional knockout mice currently exist, the generation of a model 
would be of great value to the field, aiding in ascribing autoph-
agy-dependent and independent functions to each member of the 
induction complex.

Atg9 complex. ATG9 is the only multimembrane spanning 
autophagy-related protein involved in autophagosome formation 
identified to date. Proposed to function in membrane traffick-
ing, it dynamically shuttles between organelles during starvation 
conditions. There are two mammalian homologs: Atg9a, with a 
global expression profile, and Atg9b, with a restricted expression 
in the placenta and pituitary gland.190 Not surprisingly, atg9a−/− 
mice, like atg5−/− and atg7−/− mice, die as neonates. Thus, several 
autophagy-deficient mouse strains are unable to survive the tran-
sition from placenta-derived nutrition without an intact autopha-
gic response. ATG9A is necessary for LC3 to conjugate PE, which 
is essential for autophagy function. This study reveals that Atg9a 
is an essential autophagy gene. In addition to autophagy-related 
functions, Saitoh and colleagues show that ATG9A regulates 
double-stranded DNA innate immune response.191

ATG12 conjugation and LC3 lipidation. ATG3 functions as 
the E2-like enzyme acting with LC3 in the LC3 ubiquitin-like 
conjugation system. Similar to atg5−/−, atg7−/− and atg9a−/− mice, 
atg3−/− neonates die within 1 d of parturition, as amino acid lev-
els are reduced and the overall energy homeostasis is disrupted 
after termination of the placental nutrient supply. The ATG12–
ATG5 conjugate system is affected as well as the LC3 conjuga-
tion system,192 suggesting cooperation between the two distinct 
conjugation complexes during elongation. atg3−/− cells contain 
small autophagosome-like, ATG16L1-positive structures, dis-
organized phagophores, and altered levels of GABARAP and 
GABARAPL2/GATE-16.

In yeast, a single Atg4 cysteine protease is responsible for 
cleaving Atg8 to expose an essential, terminal glycine residue. 
In humans and mice, four Atg4 homologs (also referred to 
as autophagins) have been identified: Atg4a, Atg4b, Atg4c and 
Atg4d. Of the Atg4 homologs, Atg4b and Atg4c knockout mouse 
models have been generated to date. Atg4c is the most widely 
expressed Atg4 homolog in human tissues, although Atg4b is 
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distended rough ER and Golgi complex. Interestingly, these mice 
do not become diabetic until bred with ob/ob mice to trigger an 
obesity-induced ER stress response. Obesity induces the UPR in 
β-cells, which in the absence of autophagy leads to an increase 
in β-cell death from an increase in reactive oxygen species.212,213

Since there are several Atg8 mammalian homologs (e.g., 
GABARAP, LC3s, GABARAPL1 and GABARAPL2), it is 
not surprising to find that lc3b−/− and gabarap−/− mice are via-
ble, have normal life spans, and exhibit normal autophagy levels 
in fed and starved conditions.214,215 While the subcellular relo-
calization of LC3 is useful in monitoring autophagy, LC3 has 
been recently implicated in mitophagy. BNIP3L, an outer mito-
chondrial membrane-spanning protein, has a cytoplasmic LC3-
interacting region through which it can recruit mitochondria to 
the autophagosome; ablation of this interaction severely affects 
mitochondrial clearance.96 Although SQSTM1 interacts with 
all of the LC3 orthologs, recent studies have revealed that only 
lipidated LC3 selectively binds to SQSTM1 and directs it to the 
autophagosome.163 Thus, closer examination of the lc3b−/− model 
may reveal defects in mitophagy or aggresome clearance in a cell-
specific fashion.

Autophagy-modifying models. Activation of autophagy, 
through the ectopic overexpression of peroxisome proliferator-
activated receptor gamma, coactivator 1 α (PPARGC1A, also 
known as PGC-1α), results in the degradation of HTT/hun-
tingtin protein aggregates and ameliorates the phenotype of 
Huntington disease mice.216 This PPARGC1A-mediated prote-
olysis occurs by activation of TFEB, a known master regulator of 
autophagy. Induction of autophagy through rapamycin adminis-
tration can reverse protein plaque formation in a murine model 
for Gerstmann-Sträussler-Scheinker disease, a prion disease that 
results in ataxia from extracellular PRNP amyloid plaques.217 
Rapamycin treatment eliminates amyloid plaque formation, 
reduces symptoms and extends the survival time of these mice.218 
Within the hippocampus, the region devoted to learning and 
memory, an increase in autophagosomes in aged mice has been 
correlated with short-term memory deficits.219 This suggests an 
impairment of productive autophagosome-lysosome fusion in 
aged hippocampal cells. A genetic affirmation of this mecha-
nism is shown in a rescue of the TgCRND8 mouse model for 
Alzheimer disease.220 Ablation of cystatin B, a lysosomal cysteine 
protease inhibitor, reverses this defect through an increase in pro-
ductive autophagy and reduction of amyloid protein deposition. 
The Sqstm1 knockout mouse displays an Alzheimer-like pheno-
type, characterized by accumulations of cytotoxic aggregates of 
ubiquitinated proteins in neurons and other tissues.221 Autophagy 
mitigates ROS-mediated cellular damage through productive 
mitophagy. The E3 ubiquitin ligase PARK2 initially was found 
to be necessary for mitophagy in neurons,222 and PARK2 muta-
tions are associated with juvenile Parkinsonism.223

However, PARK2-mediated mitophagy is also important for 
increased myocardial survival after induced infarction. Fatalities 
from myocardial infarction increase from 20% in control mice 
to 60% in park2−/− mice during the first week after insult.224 
Mitophagy may be a necessary process after injury to eliminate 
damaged mitochondria to avoid an inflammatory response. 

motor and behavioral defects become apparent including: growth 
retardation, ataxia, poor motor coordination and failed clasping 
reflex. High levels of neurodegeneration are found in the cer-
ebellar Purkinje cells, and ubiquinated protein accumulations 
are observed across several anatomical regions of the brain.202 A 
Purkinje-cell specific deletion strategy (Pcp-Cre; Atg5fl/fl model) 
shows a later onset of motor defect around 10 mo of age com-
pared with the more regional Nes-Cre.203 Autophagy-dependent 
cardiomyopathies may have a developmental component, as car-
diac-specific Atg5 deletions in young and adult mice have differ-
ent pathologies.204 Inducible deletion of Atg5 in adult mice leads 
to cardiac myopathy, contractile dysfunction, altered sarcomere 
structure and aberrant mitochondrial organization. Conversely, 
cardiac-specific Atg5 deletion during gestation does not result in 
these abnormalities, which points to adaptability of cardiomyo-
cytes during early development.

Similar to Atg5, Atg7 is necessary for the survival of neonates 
through amino acid pool maintenance as shown in the traditional 
knockout model.199 Neuronal-specific atg7−/− mice share many of 
the Atg5 knockout phenotypes including: abnormal behavior, 
altered limb-clasping response and reduced motor coordination. 
The Nes-Cre; Atg7fl/fl model shows high levels of neurodegenera-
tion in the cerebellar and cerebral cortex with death occurring 
by 28 weeks of age.205 Remaining neurons, which demonstrate 
normal proteasome function, accumulate polyubiquinated pro-
teins and harbor inclusion bodies that increase with age. The 
Nes-Cre; Vps18fl/fl model exhibits a more severe neurodegenera-
tion phenotype and results in lethality by postnatal day 12,206 
perhaps due to VPS18 being part of a protein tethering complex 
at the lysosome needed for its fusion with autophagosomes or 
endosomes. Ablation of Atg7 within dopaminergic neurons of 
the substantia nigra has been performed to model Parkinson dis-
ease.207 Slc6a3/Dat-Cre; Atg7fl/fl and En1/engrailed-1-Cre; Atg7fl/

fl adult mice have ubiquitinated protein aggregates and show a 
40% to 60% reduction in dopaminergic neurons, respectively, 
and a corresponding decline in dopamine by 55% to 65%. 
Although Slc6a3-Cre; Atg7fl/fl mice do not display locomotive 
deficits, En1-Cre; Atg7fl/fl mice exhibit an ataxic gait, presumably 
from additional Atg7 ablation within the hindbrain, cerebellum 
and midbrain. Using a Th/tyrosine hydroxylase-specific Cre 
mouse (Thtm1(cre)Te/Th-IRES-Cre) with the Atg7fl/fl model, there is a 
40% reduction in dopaminergic neurons compared with controls 
and an accumulation of SNCA/α-synuclein protein.208 Seizure 
activity, in human TSC patients, is thought to occur due to a 
hyperstimulated MTOR pathway.209 Inhibition of autophagy is 
demonstrated in Camkk2-Cre; Ptenfl/fl mice, Camkk2-Cre; Tsc1fl/

fl mice, and brains of TSC patients.210 Moreover, Camkk2-Cre; 
Atg7fl/fl mice are prone to spontaneous tremors, as 75% of the 
mice develop symptoms by 6–7 weeks of age. A liver-specific Atg7 
deletion results in hepatomegaly and an increase in hepatocyte 
size due to an accumulation of peroxisomes and deformed mito-
chondria.211 Insulin-producing pancreatic β-cells use autophagy 
to maintain homeostasis, as β-cell-specific Rip-Cre; Atg7fl/fl mice 
show β-cell mass reduction and exhibit hypoinsulinemia and 
hyperglycemia.212 Atg7-deficient islet cells have reduced num-
bers of insulin granules, increased mitochondrial swelling and a 
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Table 2. Atg knockout and conditional knockout mouse phenotypes

Gene Genotype Phenotype Ref.

ULK1 complex

Ulk1 ulk1-/-

Viable; no developmental defects or impairment to starvation-induced autophagy; 
delayed mitochondria elimination from reticulocytes 168

Ulk2
ulk2-/- Viable; no overt phenotype/fertility defects

169
ulk1-/-; ulk2-/- Neonatal lethal; impaired response to amino acid deprivation

Rb1cc1

rb1cc1-/- Embryonic lethal at E14.5-15.5; excessive liver and cardiac apoptosis; thin left ven-
tricular wall, lacking trabeculation

170–172

Tek-Cre; Rb1cc1fl/fl Perinatal lethal; severe erythroblastic anemia; 6-fold decrease in HSCs; increased 
number of myeloid cells in liver

173–175

Atg13 Currently no KO mouse

C12orf44 Currently no KO mouse

PtdIns3K complex

Ambra1 ambra1-/- Non-viable; embryos show neural tube defects, spina bifida at E10-E14.5, accumu-
lation of ubiquitinated proteins, and increased apoptosis in various tissues

177

Becn1

becn1-/- Embryonic lethal at E7.5; failure to close pro-amniotic canal 183

Becn1+/- Increased tumor incidence in various tissues 184

becn1-/-; rag1-/- Reduced levels of early marrow-derived thymocytes and B cells 185

PtdIns3k

Meox1-Cre; Pik3c3fl/fl Embryonic lethal at E7.5; embryos fail to form recognizable mesoderm 187

Alb-Cre; Pik3c3fl/fl

Smaller adult mice; enlarged, pale liver. In hepatocytes: Reduced levels of auto-
phagy nucleation complex; arrested autophagic flux; increased intracellular lipid 
droplet formation; reduced size of mitochondria

188

Ckm-Cre; Pik3c3fl/fl

Lethal between 5-13 weeks; Cardiomegaly with increased thickness of left ven-
tricular wall, decreased cardiac contractility/reduced cardiac output; arrested auto-
phagic flux; Reduced size of mitochondria

188

Uvrag Currently no KO mouse

ATG9 complex

Atg9a atg9a-/- Neonatal lethal during perinatal starvation 191

Atg9b Currently no KO mouse

ATG12 conjugation and LC3 lipidation

Atg3 atg3-/- Neonatal lethal at P1; many cells contain small ATG16L1-positive structures and 
scattered phagophores

192

Atg4a Currently no KO mouse

Atg4b atg4b-/- Viable; inner ear developmental defects and associated defects in balance/coordi-
nation

194

Atg4c atg4c-/- Viable; no overt phenotype/fertility defects; decreased starvation-induced auto-
phagy in diaphragm

194

Atg4d Currently no KO mouse

Atg16l1 atg16l1-/- Neonatal lethal during perinatal starvation; induced expression of IL1B 195

Atg5

atg5-/- Neonatal lethal during perinatal starvation 199

Nes-Cre; Atg5fl/fl

Viable; neurological defects appear after 3 weeks of age: growth retardation, atax-
ia, poor motor coordination, failed clasping response; increased accumulations of 
ubiquinated proteins; abundant neurodegeneration of cerebellar Purkinje cells

202

Pcp-Cre; Atg5fl/fl Viable; neurological defects appear after 10 months of age 203
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Lysosomal DNASE2 functions to degrade mitochondrial DNA 
upon autophagy-mediated trafficking of mitochondria to the 
lysosome. Upon pressure overload, mice with DNASE2-deficient 
hearts exhibit myocarditis from an inflammatory response and 
dilated cardiomyopathy.225 Autophagy could affect cell dif-
ferentiation by restructuring the cell through the elimination 
of organelles, proteins, and structures while providing neces-
sary “building block” metabolites. FGF signaling inhibits the 
transition from cardiac precursor cells to differentiated cardio-
myocytes. Abrogation of FGF signaling through the conditional 
deletion of floxed Fgfr1/2 or Frs2 causes premature cardiomyo-
cyte differentiation through precocious autophagy activation.226 
A potential regulatory mechanism for autophagy induction 
comes from a recent study that examined potent miRNAs that 
are expressed upon hypertrophic stimuli.227 mir212−/− mir132−/− 
mice are protected from transaortic constriction-induced 
hypertrophy and exhibit increased basal levels of autophagy. 
Transgenic overexpression of Mir212-Mir132 causes a decrease in 
the pro-autophagic transcription factor FOXO3, and impairment 
of starvation-induced autophagy, and leads to hypertrophy and 
heart failure. Lastly, blocking the fusion of autophagosomes and 
lysosomes in cardiomyocytes through a cardiac-specific deletion 
of Mitofusin 2 (Mfn2) leads to increased sensitivity to ischemia 
and late onset cardiac dysfunction.228

Sonic hedgehog (SHH) is a crucial morphogen that promotes 
angiogenesis during development229 and after ischemia in adults.230 
Ligation of mouse common carotid arteries induces neointimal 
lesion formation due to SHH-mediated, autophagy-dependent 

smooth muscle cell proliferation.231 Inhibition of autophagy with 
3-MA or BafA1 inhibits cell proliferation and neointima forma-
tion. This potentially signifies an angiogenic role for autophagy 
in SHH-mediated smooth muscle cell proliferation during devel-
opment as well. A reduced level of autophagy is associated with 
arterial endothelial cell aging and dysfunction in older humans, 
as autophagy markers are decreased by 50% and endothelium-
dependent dilatation (EDD) is lowered by 30%.232 In addition, 
aged mice have a 40% decrease in autophagy markers and a 25% 
reduction in EDD due to suppressed nitric oxide generation and 
an increased inflammatory response. Induction of autophagy 
with trehalose reverses the EDD through normalizing both nitric 
oxide levels and inflammatory cytokine expression. The depen-
dence of cell differentiation on autophagy is probably cell spe-
cific, since autophagy may inhibit skeletal muscle differentiation 
from myoblasts. TGFB1, an inhibitor of muscle differentiation, 
induces autophagy through phosphoprotein enriched in astro-
cytes 15 (PEA15/PED) activation.233 Ectopic overexpression of 
PEA15A in transgenic mice activates autophagy, leading to atro-
phic fiber accumulation in skeletal muscle.

Summary

Autophagy is a complex process with many constituent players 
and is highly regulated. Autophagic degradation of cellular con-
tents and turnover of organelles is crucial for cell vitality and for 
the fidelity of organismal development. The concerted effort of 
specific types of autophagy is essential for cellular homeostasis 

Table 2. Atg knockout and conditional knockout mouse phenotypes (Continued)

Gene Genotype Phenotype Ref.

ATG12 conjugation and LC3 lipidation

Atg7

atg7-/- Neonatal lethal during perinatal starvation 199

Nes-Cre; Atg7fl/fl

Lethal by 28 weeks of age; abundant neurodegeneration /neuron death in cere-
brum and cerebellum, ubiquitinated protein accumulations in remaining neurons; 
motor and clasping defects

205

Slc6a3-Cre; Atg7fl/fl Viable; 40% reduction of dopaminergic neurons and 55% reduction in dopamine; 
ubiquitinated protein accumulations in remaining neurons

207

En1-Cre; Atg7fl/fl Viable; 60% reduction of dopaminergic neurons and 65% reduction in dopamine; 
ubiquitinated protein accumulations in remaining neurons; taxic gait

207

Thtm1(cre)Te-Cre; Atg7fl/fl Viable; 40% reduction of dopaminergic neurons; accumulation of SNCA protein 208

Camkk2-Cre;Atg7fl/fl
Viable; spontaneous tremors in 75% of mice by 6-7 weeks of age 210

Alb-Cre; Atg7fl/fl Viable; enlarged hepatocytes; hepatomegaly; accumulation of peroxisomes and 
mitochondria

211

Rip-Cre; Atg7fl/fl Viable; hypoinsulinemia and hyperglycemia; reduced number of insulin granules; 
swelling of mitochondria, rough ER, Golgi

212

Lc3b lc3b-/- Viable; no overt phenotype/fertility defects 214

Gabarap gabarap-/- Viable; no overt phenotype/fertility defects 215

Autophagy-modifying models

Sqstm1 sqstm1-/- Alzheimer-like phenotype; accumulation of ubiquitinated proteins in neurons and 
various tissues

221

Park2 park2-/- 40% increase in fatalities from induced myocardial infarction due to mitophagy 
defect

224

Mfn2 mfn2-/- (cardiac specific) Increased sensitivity to ischemia and late onset cardiac dysfunction 228
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and immune function. Transgenic mouse models of autophagic 
deficiency, both global and tissue/temporal specific, have 
revealed the importance of autophagy in the oocyte-to-embryo 
transition, postnatal survival, development, differentiation and 
aging. A synopsis of the induced genetic models discussed in 
this review is provided in Table 2. From the collection of pheno-
types of these models, a common thread emerges to assert that 
autophagy may not be essential for embryogenesis. Six mod-
els (atg3−/−; atg5−/−; atg7−/−; atg9a−/−; atg16l1−/−; ulk1−/−ulk2−/−) 
exhibit a perinatal lethality partly based on an inability for the 
neonates to maintain a pool of amino acids after parturition. 
In contrast, a separate cluster of mutations, three within the 
PtdIns3K complex (ambra1−/−; becn1−/−; pik3c3−/−) and one in 
the ULK complex (rb1cc1−/−), demonstrate early to mid-gestation 
lethalities in the respective knockout models. Reconciliation 
of these phenotypic differences may be argued by functional 
redundancies or alternative mechanisms (e.g., cell-specific Atg5-
Atg7-independent autophagy) found within the former group, 
or additional autophagy-independent roles for members of the 
latter group. With regard to the ULK complex, a recent study 
showed that both Atg13- and Rb1cc1-deficient avian DT40 
cells have impaired autophagy, which is independent of Ulk1-
Ulk2.176 Generation of an Atg13-deficient mouse model should 
help in discerning the developmental consequences of ULK1-
ULK2-independent autophagy. In addition to this ULK1-
ULK2-independent activation, ULK3 can also contribute to the 

induction of autophagy as well.234 This affirms Einstein’s notion 
that a problem, when looked at in the right context, becomes 
increasingly more complicated. It also illustrates that there is 
considerable work to be done in this area, especially as our meth-
ods of detection improve.

Our understanding of autophagy has increased tremendously 
in the past decade and continues to do so as the research effort 
in this area continues to accelerate. More productive growth will 
greatly benefit from the advent of more specific pharmacological 
agents to induce or inhibit autophagy both in vitro and in vivo, as 
well as the generation of a global reporter model to monitor auto-
phagic flux in currently existing induced mutant strains. Future 
autophagy-modifying agents will invariably be extended to novel, 
engineered peptides. Recently, a novel autophagy-inducing pep-
tide, Tat-beclin 1, was engineered linking the HIV-1 Tat protein 
transduction domain to 18 amino acids derived from the BECN1 
evolutionarily conserved domain. This peptide can induce auto-
phagy in vitro and in vivo presumably by promoting the release 
of endogenous BECN1 from inhibitory complexes.235 As new 
tools and models are developed and refined over time, the tenu-
ous nature of how autophagy integrates into multiple signaling 
pathways (e.g., AKT, MTOR, apoptosis) to orchestrate develop-
mental programs will become more clear.
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