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Autophagy is a bulk degradation system induced by cellular stresses such as nutrient starvation. Its function relies
on the formation of double-membrane vesicles called autophagosomes. Unlike other organelles that appear to stably
exist in the cell, autophagosomes are formed on demand, and once their formation is initiated, it proceeds surpris-
ingly rapidly. How and where this dynamic autophagosome formation takes place has been a long-standing question,
but the discovery of Atg proteins in the 1990’s significantly accelerated our understanding of autophagosome biogen-
esis. In this review, we will briefly introduce each Atg functional unit in relation to autophagosome biogenesis, and
then discuss the origin of the autophagosomal membrane with an introduction to selected recent studies addressing

this problem.
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Introduction

Macroautophagy, usually referred to simply as au-
tophagy, is an intracellular degradation system conserved
among eukaryotes from yeast to human. A prominent
feature of autophagy is the dynamic membrane reorgani-
zation that results in the formation of double-membrane
autophagosomes. During autophagy, a cup-shaped dou-
ble-membrane sac called the isolation membrane (also
called the phagophore) emerges in the cytoplasm. The
isolation membrane expands in size, and its open end
eventually closes to form a double-membrane vesicle
called the autophagosome (Figure 1). After the comple-
tion of autophagosome formation, the outer membrane
of the autophagosome fuses with a lysosome (in mam-
mals) or the vacuole (a lysosome-like organelle in yeast),
and the contents inside the autophagosome and its inner
membrane are degraded by lysosomal hydrolases. These
processes proceed rapidly. In yeast, it is estimated that
autophagosome formation takes 4-5 min, and one au-
tophagy cycle from autophagosome initiation to its deg-
radation takes 7-9 min [1]. In mammals, it is estimated
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that autophagosome formation takes 5-10 min [2, 3].

Autophagosome formation is highly inducible. De-
privation of nutrients, especially amino acid, is a well-
known inducer of autophagy. In nutrient-rich conditions,
the protein kinase complex TORC1/mTORC1 suppresses
autophagosome formation. Inversely, nutrient starvation
leads to autophagy induction through TORC1/mTORC1
suppression. TORC1/mTORCI1 inhibitors such as ra-
pamycin can induce autophagy even under nutrient-rich
conditions. Autophagy induction leads to the degrada-
tion of cytosolic macromolecules, providing energy and
building blocks for biosynthesis [4].

The diameter of the autophagosome is typically 0.3-0.9
pum in yeast [5] and 0.5-1.5 pm in mammals [6]. Since
a relatively large amount of cytosolic components can
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Figure 1 Schematic of autophagosome formation.



be trapped in an autophagosome, autophagy can handle
degradation of not only cytosolic macromolecules, but
also much larger structures such as cell organelles. This
is in marked contrast to the ubiquitin-proteasome system,
which degrades individual ubiquitinated proteins. Recent
studies suggest that autophagy maintains intracellular ho-
meostasis by eliminating unwanted molecules/structures
such as protein aggregates, damaged mitochondria, ex-
cessive peroxisomes, ribosomes, and invading pathogens
[7]. Although autophagy was initially thought of as a
non-specific degradation system, it exhibits selectivity in
these cases. This type of autophagy, called selective au-
tophagy, will be discussed in the last part of this review.

Consistent with the idea that autophagy is generally
beneficial for the cell, systemic autophagy-deficient mice
die within a day after birth [8-12], and oocyte-specific
autophagy deficiency results in lethality during early em-
bryogenesis [13]. Moreover, it is becoming apparent that
defects in autophagy are associated with many dysfunc-
tions, such as tumor development, neurodegenerative
diseases, cardiac hypertrophy, diabetes, and pathogen
infection, as well as abnormal differentiation in many
cell lineages [14]. However, despite the apparent biologi-
cal and clinical importance of autophagy, we are just
beginning to understand the molecular mechanisms of
autophagosome formation.

Atg proteins

Observations of autophagy-related structures by elec-
tron microscopy have been reported since the 1950’s,
and early studies showed that autophagy is induced in
rat livers by glucagon or by amino acid depletion, and
is suppressed by insulin [15]. Despite this, the molecular
mechanisms of autophagy remained largely unknown.
The discovery of autophagy-related (A7G) genes in the
1990°s by yeast genetics provided powerful genetic and
molecular tools to investigate autophagy [16]. To date,
over 35 ATG genes have been identified in yeast. A to-
tal of 15 core ATG genes required for both starvation-
induced and selective autophagy (47G1-10, 12-14, 16,
18) are highly conserved in mammals [17].

In yeast, autophagosomes are formed at a single
site called the pre-autophagosomal structure (PAS;
also called phagophore assembly site) [18]. Under
a fluorescence microscope, the PAS is detected as a
single, dot-like accumulation of Atg proteins next to the
vacuole. Epistasis analysis using atg mutants went on
to reveal the hierarchical relationships among these Atg
proteins [19]. In mammals, autophagosome formation
sites (the counterpart of the yeast PAS) have also been
characterized as dot-like accumulations of Atg proteins at
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multiple locations in a single cell, and have a hierarchy
similar to yeast Atg proteins [20].

A natural question to ask, then, is how the Atg pro-
teins function to generate autophagosomes. The core
Atg proteins can be functionally categorized into several
units: the Atgl/ULK complex, the class III phosphati-
dylinositol 3-kinase (PI3K) complex, the Atg2-Atgl8/
WIPI complex, the Atgl2 conjugation system, the Atg8/
LC3 conjugation system, and Atg9 vesicles. Understand-
ing Atg proteins will provide insights into a question that
existed long before the discovery of Atg proteins: what is
the origin of the autophagosome? Or, more specifically,
where do the lipid molecules for autophagosomal mem-
brane biogenesis come from? In the next sections, each
Atg functional unit will be briefly discussed in relation to
autophagosome biogenesis, followed by a discussion of
the origin of the autophagosome.

The Atgl/ULK complex

The Atgl/ULK complex is placed at the most upstream
position in the hierarchy of Atg protein recruitment [19,
21]. In canonical autophagy in yeast, a 2:2:2 complex
formed by Atgl7-Atg31-Atg29 functions as the scaffold-
ing subunits for the Atgl complex [22]. Upon starvation,
decreased TORCI activity results in dephosphorylation
of Atg13, leading to the incorporation of Atgl-Atgl3 into
the Atgl7-Atg29-Atg31 complex [23, 24]. In mammals,
the orthologues of Atgl (ULKI1 and 2; of the two, ULK1
is thought to play the major role in autophagy [25, 26])
and Atgl3 exist, but those of Atgl7, Atg29, and Atg31
have not been identified. Instead, FIP200 and Atgl101
are thought of as the functional counterparts of yeast
Atgl7-Atg29-Atg31. Yeast Atgl and mammalian ULKs
are Ser/Thr kinases. Although the kinase activity of Atgl
is required for canonical autophagy [24], it has been
shown that downstream Atg proteins still accumulate
in yeast cells with a kinase-deficient mutation of Atgl
[27, 28]. On the other hand, in mammals, expression of
kinase-deficient mutants of ULK1 and ULK2 leads to a
dominant negative effect and suppresses accumulation
of downstream Atg proteins [21, 29]. Taken together, the
Atgl/ULK complex functions as the scaffold for the re-
cruitment of downstream Atg proteins, and in yeast, the
scaffolding function does not require the kinase activity
of Atgl.

The class III PI3K complex and the Atg2-Atgl18/
WIPI complex

Autophagosomal membranes contain a specific lipid
molecule, phosphatidylinositol 3-phosphate (PI3P) [30].
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Consistently, autophagosome formation requires the class
I PI3K complex, which produces PI3P by phosphorylat-
ing phosphatidylinositol (PI) at the 3-position hydroxyl
group of the inositol ring. In yeast, the autophagy-specific
PI3K complex is composed of four proteins: Vps34
(catalytic unit), Vps15, Atg6/Vps30, and Atgl4 [31]. In
mammals, Beclin 1 [32, 33] and Atgl4L/Barkor [34-
37] are identified as the orthologues of Atg6/Vps30 and
Atgl4, respectively. It is thought that the production
of PI3P is initiated by the dot-like accumulation of the
Atgl4/Atgl4L-containing PI3K complex at the PAS (in
yeast) or on the endoplasmic reticulum (ER) (in mam-
mals; discussed below). The accumulation of PI3P gen-
erates a platform to recruit PI3P-binding proteins. The
PI3P-binding protein Atgl8/WIPI and its binding partner
Atg2 are recruited to such a platform. Although the exact
function of Atg2-Atgl8/WIPI in autophagosome biogen-
esis is not clear, it has been shown that the Atg2-Atgl8
complex is required for normal distribution of Atg9 vesi-
cles [38-40].

The Atgl2 conjugation system

Two ubiquitin-like conjugation systems exist in the
core machinery of autophagy. In the Atgl2 conjugation
system, the C-terminal glycine of Atgl2 is covalently
conjugated to the lysine residue located in the middle of
Atg5 [41]. In this system, Atg7 and AtglO catalyze this
conjugation by functioning as El-like and E2-like en-
zymes, respectively, but no E3-like enzymes for this sys-
tem appear to exist. The Atgl2-Atg5 complex binds to
Atgl6 (Atgl6L1 and 2 in mammals; Atgl6L1 is thought
to be the major form in autophagy [42]) through the
direct association of Atgl6(L1) and Atg5. Atgl2-Atgs-
Atgl6(L1) forms a 2:2:2 complex through the homo-
dimerization domain of Atgl6(L1) [43, 44]. The Atgl2-
Atg5-Atgl6(L1) complex localizes to the isolation mem-
brane and its precursor, and dissociates from the mem-
brane upon the completion of autophagosome formation
[2, 18]. Therefore, Atgl2, Atg5, and Atgl6(L1) are
frequently used as markers for the early steps of autopha-
gosome formation. The localization of the Atgl2-Atg5-
Atgl6(L1) complex appears to be directed by Atgl6(L1)
[19, 45], and it has been shown that mammalian Atg16L1
directly binds to the ULK1 complex subunit FIP200 [46-
48]. In addition, the membrane-binding ability of yeast
Atg5, which can be inhibited by Atgl2 and activated by
Atgl6, has also been reported [49]. The Atgl2-Atg5-
Atgl6 complex functions as the E3-like enzyme for the
other ubiquitin-like conjugation system: the Atg8/LC3
conjugation system [50].

The Atg8/L.C3 conjugation system

Yeast Atg8 and the mammalian Atg8 orthologues
(LC3A/B/C, GABARAP, and GABARAPL1/2/3; here-
after represented by LC3) are not conjugated to proteins,
but to the lipid molecule phosphatidylethanolamine (PE).
Atg8/LC3 is translated as a precursor. Shortly after trans-
lation, the C-terminal peptide of the precursor is trun-
cated by Atg4, and the C-terminal glycine of Atg8/LC3
is exposed [51]. The C-terminal glycine is conjugated to
the amino group of PE, and Atg7 and Atg3 act as the E1-
like and E2-like enzymes for this conjugation [52]. The
Atgl2-Atg5-Atgl6 complex acts as the E3-like enzyme
[50]. Since the Atgl2-Atg5-Atgl6(L1) complex accumu-
lates on the isolation membrane and its precursor, Atg8/
LC3-PE conjugation takes place on these membranes.
PE-conjugated Atg8/LC3 stably associates with autoph-
agy-related structures, including isolation membranes
and completed autophagosomes, and is therefore widely
used as a marker for microscopic analysis of autophagy
[53, 54]. In addition, PE-conjugated Atg8/LC3 displays
increased mobility in SDS-PAGE gels compared to its
unconjugated form, and can be specifically detected by
western blotting. It has been shown that the amount of
PE-conjugated LC3 (also called LC3-II, as opposed to
unconjugated LC3-I) correlates well with the number of
autophagosomes/autolysosomes [54], and therefore the
amount of LC3-1II is widely used for quantification of au-
tophagic activity. Even though it is a widely used marker,
the exact function of Atg8/LC3 is unclear. In vitro analy-
sis using PE-containing liposomes and purified Atg8 has
shown that Atg8-PE can facilitate hemifusion of lipo-
somes [55]. In mammals, suppression of PE-conjugation
of the Atg8 orthologues by overexpression of a dominant
negative form of Atg4 (AtgdB“’**) [3] or by Atg3 knock-
out [11] resulted in accumulation of unclosed isolation
membranes, suggesting that Atg8/L.C3 may function dur-
ing the closure of the isolation membrane.

Atg9 vesicles

Atg9 is the only transmembrane protein among the
core Atg proteins. Although Atg9 is required for the ac-
cumulation of most of the downstream Atg proteins [19,
56], its function is still enigmatic. In yeast, Atg9 has been
shown to localize on small vesicles of 30-60 nm diameter
(Atg9 vesicles) [57], which localize to the PAS and in the
cytoplasm. The PAS localization of Atg9 requires post-
Golgi vesicle-trafficking machinery [58-62]. Yeast Atg9
was also found on isolation membranes and autopha-
gosomes [57]. In mammals, Atg9 partially localizes to
the trans-Golgi network and endosomes, and starvation
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induces the exit of Atg9 vesicles from the trans-Golgi
network and transient colocalization of Atg9 with the
autophagosome marker LC3 when visualized by fluores-
cence microscopy [26]. Mammalian Atg9 was detected
on small vesicles and tubular structures similarly to yeast
Atg9 [40]. Since Atg9 localizes to membrane vesicles,
it was thought that these vesicles may supply membrane
for autophagosome biogenesis. This possibility will be
discussed later in this review.

Searching for the origin of the autophagosomal mem-
brane

The discovery of Atg proteins provided us with pow-
erful tools to investigate the mechanism of autophago-
some biogenesis. Recent studies significantly advanced
our knowledge about the origin of the autophagosomal
membrane, especially in mammals. As discussed below,
the ER is a strong candidate for the membrane source.
In addition, mitochondria, the ER-Golgi intermediate
compartment (ERGIC), the Golgi apparatus (often in
relationship with Atg9 vesicles), recycling endosomes,
and the plasma membrane are all proposed sources of the
autophagosomal membrane.

Autophagosome formation on the ER

Recent studies using mammalian cells revealed a strong
relationship between autophagosome formation sites
and the ER. Axe et al. [63] investigated a protein called
double FYVE domain containing protein 1 (DFCP1),
which binds to PI3P through its FYVE domains. Unlike
the typical endosomal localization of other PI3P-binding
proteins, DFCP1 localizes to the ER and Golgi. The au-
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thors also found that starvation induced multiple dot-like
structures of DFCP1 on the ER. Further analysis indicat-
ed that LC3-positive isolation membranes emerge from
the centers of DFCP1-positive, ~1 um diameter ring-like
structures. These were named omegasomes, as DFCP1-
positive rings often looked like Q-shaped structures on
the ER. The connection between isolation membranes
and the ER was further confirmed by two independent
studies using 3D tomographic imaging of isolation mem-
branes [64, 65]. These studies have shown that the cup-
shaped isolation membrane was tightly sandwiched by
two sheets of ER. Moreover, the isolation membrane was
physically connected to the ER through a narrow mem-
brane tube. Therefore, isolation membrane formation
and elongation may be guided by the adjacent ER sheets.
This “ER cradle model” was further supported by the
finding that 70% of autophagosomes contained portions
of the ER [64]. Importantly, the isolation membrane/ER
complex was labeled by DFCP1 [64], suggesting that the
omegasome and the ER cradle may be identical struc-
tures (Figure 2).

The PI3K inhibitors, 3-methyladenine and wortman-
nin, inhibit the formation of omegasomes [63], indicating
that the omegasome, where autophagosome formation
takes place, is the site of local PI3P production on the
ER. Consistently, Atgl4L, a subunit of the autophagy-
specific PI3K, was shown to localize to the ER by
fluorescence and immuno-electron microscopy [35].
Under resting conditions, Atgl4L evenly localized to
the ER, and during starvation, Atgl4L formed punctate
structures on the ER. Further investigation revealed that
the N-terminal region of Atgl4L contains a conserved
cysteine repeat that is required for its ER localization.
Since the mutation of the cysteine repeat abrogated the

Figure 2 Proposed membrane
sources of autophagosomal
membrane. Upon starvation,
Syntaxin-17 (Stx17) facilitates
Atg14L accumulation at ER-
mitochondria contact sites,
inducing the formation of the
DFCP1-positive ER cradle/
omegasome on the ER. In
this model, other membrane
sources support the elonga-
tion of the forming isolation
membrane at the ER cradle/
omegasome.

Atg16L1
complex

ERGIC

ER exit site
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autophagy-inducing ability of Atgl4L, and the addition
of the ER localization sequence from DFCP1 rescued the
deficiency, it was concluded that the ER localization of
Atgl4L is crucial for autophagosome biogenesis [66]. In
addition, the C-terminus of mammalian Atg14L, which is
also required for its ER localization [66], has been shown
to preferentially bind to liposomes containing PI3P or
PI(4,5)P2 [67].

Consistent with Atgl4L dot formation on the ER, it
was found that ULK1 and Atg5 also form dot-like accu-
mulations on the ER, and that these dots are also associ-
ated with the ER when visualized by live cell imaging [20,
68]. Recently, Koyama-Honda et al/. [69] have shown
that ULK1 and Atg5 are simultaneously recruited and ac-
cumulate to form dots upon starvation, possibly through
the direct interaction between FIP200 and Atgl6L1 [46-
48]. Shortly after ULK1/Atg5 dot formation, Atgl4L ac-
cumulates to form a dot overlapping the ULK1/Atg5 dot,
possibly through an association of ULK1 and Atgl4L
mediated by the Exo84 exocyst complex [70]. Although
the ULK1 complex is placed upstream of the PI3K com-
plex [20, 66], PI3K activity appears to stabilize ULK1/
Atg5 dot formation [69, 71]. In addition, it was shown
that most ULK1 dots are formed on pre-existing VMP1
dots [69]. VMP1 has been previously shown to form
dot-like accumulations on the ER, in addition to the ER
network and the Golgi, regardless of nutrient conditions
[20]. VMP1 was originally identified in C. elegans using
a screen designed to identify eukaryotic autophagy genes
[72]. Since VMPI1 dots can be seen without autophagy
induction and therefore precedes the accumulation of
other Atg proteins, VMP1 may be marking autophago-
some formation sites. However, VMP1 knockdown/
knockout does not prevent the early steps of autophagy,
and instead leads to aberrant accumulation of Atg pro-
teins, suggesting that VMP1 functions in a late step even
though its dot formation precedes recruitment of other
Atg proteins [20].

ER-mitochondria contact sites

In contrast, a study by Hailey et al. [73] suggested
that the outer mitochondrial membrane contributes to
autophagosome biogenesis in starved mammalian cells.
The authors demonstrated that a protein in the outer
mitochondrial membrane (YFP-Mito®*TM: YFP fused
to the targeting sequence of a mitochondria-specific iso-
form of cytochrome b5) colocalized with LC3-positive
membranes (isolation membranes and autophagosomes)
after starvation. However, markers for the mitochondrial
matrix or inner mitochondrial membrane did not colo-
calize with LC3-positive membranes even after starva-

tion. Interestingly, even outer mitochondrial membrane
proteins did not colocalize with LC3-positive structures
if the protein spanned the outer and inner leaflets (YFP-
Mito® TM is inserted only to the outer leaflet of the outer
mitochondria membrane). The authors reasoned that the
sharp membrane curvature at the connection site between
the mitochondrion and the isolation membrane prevents
the transfer of transmembrane proteins if they penetrate
both the outer and inner leaflets.

Therefore, two models of the origin of the autopha-
gosome existed: the ER and mitochondria. These two
separate models, however, may be reconciled by the re-
cent work by Hamasaki et al. [68], which focuses on the
contact sites between the ER and mitochondria (Figure 2).
ER-mitochondria contact sites were previously known
to exist and play important roles in mitochondria fission,
calcium signaling, lipid transfer and so on [74]. It is pos-
sible that YFP-Mito®TM entered the nascent isolation
membrane after passing through the ER-mitochondria
contact site. Indeed, in mitofusin 2-knockout cells, in
which the ER-mitochondria contact sites are disrupted,
autophagosome formation was significantly suppressed
[73]. The mitochondria-associated ER membrane
(MAM), which includes ER-mitochondria contact sites,
can be recovered by subcellular fractionation. Upon star-
vation, components of the autophagy-specific class III
PI3K (Atgl4L, Beclinl, Vps34, and Vpsl15) all accumu-
lated in the MAM fraction. Atg5, which is downstream
of Atgl4L, almost always formed dots on the ER and
remained associated with the ER over time. These Atg5
dots were also associated with mitochondria, but the
Atg5-mitochondria association fluctuates dynamically,
explaining why only about half of the Atg5 dots were
found adjacent to mitochondria in fixed cells [68]. Con-
sistent with the results of Hailey et al. obtained from mi-
tofusin 2 knockout cells, disrupting the ER-mitochondria
contact sites by knockdown of PACS-2 or mitofusin-2
inhibited Atg14L and LC3 dot formation, as well as LC3
lipidation [68]. Interestingly, syntaxin 17 (Stx17), an ER-
resident Qa-SNARE protein identified in a screen for
SNARE proteins involved in autophagy against group A
Streptococcus, is responsible for starvation-induced relo-
calization of Atg14L to the MAM fraction. Stx17 relocal-
ized to the MAM fraction after starvation like Atgl4L,
and Stx17 co-immunoprecipitated with Atgl4L, Vps34,
Beclin 1, and Vps15 under starvation conditions. Stx17
knockdown did not prevent Atgl4L dot formation, but
instead resulted in Atgl4L dot formation outside of ER-
mitochondria contact sites. In Stx17-knockdown cells,
Atg5-positive autophagic structures accumulated, but
no autolysosomes were observed [68]. Itakura et al. [75]
independently identified Stx17 as an autophagosomal
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SNARE that is required for starvation-induced autoph-
agy. These authors showed that Stx17 has two tandem
transmembrane domains that are sufficient for its local-
ization to autophagosomes, likely through the formation
of a hairpin-like conformation that can be inserted into
the outer membrane of the autophagosome. They ob-
served that Stx17 is relocated to the outer membrane of
autophagosomes after completion of isolation membrane
closure. Stx17, together with VAMPS and SNAP29, fa-
cilitates fusion between autophagosomes and lysosomes
[75]. Stx17 thus, may have two separate functions in
autophagosome formation depending on the timing and
location: ER-resident Stx17 may regulate the recruitment
of Atgl4L dots to ER-mitochondria contact sites, and
Stx17 inserted in the outer membrane of autophagosomes
after completion of autophagosome formation may facili-
tate autophagosome-lysosome fusion.

ER exit sites

Recently, Suzuki et al. [76] observed that the edge
of the isolation membrane was often found next to ER
exit sites, the sites of COPII vesicle formation. Interest-
ingly, Atg9 and the Atg2-Atgl8 complex accumulated
at the edge of the isolation membrane. Consistent with
this, Graef et al. identified protein-protein interactions
between Atg and COPII coat proteins using a proteomics
approach, and showed that the edge of the isolation
membrane is located in close proximity to the ER exit
sites [77]. Although the exact mechanism of how ER exit
sites contribute to autophagosome biogenesis has yet to
be elucidated, it has previously been shown that ER-to-
Golgi trafficking plays an important role in autophago-
some biogenesis both in yeast [78, 79] and in mammals
[80, 81].

The ER-Golgi intermediate compartment (ERGIC)

Recently, the ERGIC was proposed as another mem-
brane source for autophagosome biogenesis. Ge et al. [82]
found that the membrane fraction from Atg5-knockout
MEF cells, in which no LC3 conjugation occurs, can be
conjugated with LC3 when incubated with the cytosol
from wild type cells. Using this cell-free assay system,
they further performed membrane fractionation and
found that LC3 was preferentially conjugated with the
membrane subfraction containing ERGIC marker pro-
teins. Consistent with this, drugs that disrupt ERGIC
also suppressed LC3 conjugation and LC3 dot formation.
Expression of Sarl A mutants that inhibit COPII vesicle
formation also suppressed LC3 dot formation. In addi-
tion, ERGIC disruption resulted in reduced membrane
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recruitment of Atgl4L. In their assay system, the MAM
fraction was not preferentially conjugated with LC3 even
though starvation-induced Atgl4L enrichment in this
fraction [68] was confirmed, suggesting that the MAM
fraction alone is not the primary target of LC3 conjuga-
tion. The preferential LC3 conjugation in the ERGIC
fraction does not appear to be the consequence of the
enrichment of PE or Atg proteins (ULK1, Atg7, Atg3,
Atgl6, Atgl4, and Beclin 1 were mostly found in the cy-
tosol, and Atg9 was not enriched in the ERGIC fraction).
This indicates that other factors required for LC3 conju-
gation are enriched in the ERGIC fraction, but not in the
other membrane fractions or in the cytosol.

The plasma membrane and recycling endosomes

The plasma membrane has been suggested as one of
the membrane sources for autophagosome formation. The
group led by David Rubinsztein has shown that Atgl6L1
interacts with the heavy chain of clathrin and localizes
to clathrin-coated structures. Inhibition of clathrin-
mediated endocytosis decreased the number of Atgl6L1
dots and autophagosomes [83]. Further study showed
that the SNARE protein VAMP7 and its partner SNAREs
(syntaxin 7, syntaxin 8, and Vtilb) localize to Atgl6L1-
positive vesicles, and mediate the homotypic fusion of
these vesicles. The knockdown of these SNARE proteins
inhibits autophagosome formation, suggesting that
Atgl6L1-positive vesicles may mature into the isolation
membrane through homotypic fusion [84].

Recycling endosomes are also implicated in autopha-
gosome formation. The group led by Sharon Tooze has
shown that Atg9 partially colocalizes with recycling
endosomes [40] in addition to the previously reported
colocalization of Atg9 with the trans-Golgi network and
other types of endosomes [26, 85]. They also identified
TBC1D14 in a screen for putative RabGAP proteins in-
volved in autophagy. They found that TBC1D14 binds
to Rabll, a resident of recycling endosomes. Although
TBC1D14 has a putative RabGAP domain, it does not
appear to have RabGAP activity for Rabl11, instead it
may act as a downstream effector of Rab11. Overexpres-
sion of TBC1D14 negatively regulates autophagy pos-
sibly by sequestering the ULK1 complex in the recycling
endosome through the direct binding between TBC1D14
and ULK1 [86].

In contrast to this, sorting nexin 18 (SNX18) has been
identified as a positive regulator of autophagy in an
RNAI screen for PX domain-containing proteins regulat-
ing autophagy [87]. SNX18 has a BAR domain, which
can sense/induce membrane curvature, and overexpres-
sion of SNX18 causes formation of LC3- and Atgl6L-
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positive membrane tubules. SNX18 interacts with
Atgl6L1 through its C-terminal PX-BAR domain and
directly binds LC3 through its N-terminal LC3-binding
motif. Its PX domain also binds PI(4,5)P2. Since both
SNX18 and Atgl6L1 colocalized with recycling endo-
some markers (transferrin receptor and Rabl1), it was
proposed that recycling endosomes may supply mem-
brane lipids for autophagosome formation.

Thus, both Atg9 and Atgl6L1 have been shown to
localize to recycling endosomes. Recently, the Rubin-
sztein group also reported that Atg9 vesicles traffic to
the plasma membrane [88]. They showed that Atg9 on
the plasma membrane is internalized in a dynamin- and
AP2-dependent manner, similarly to Atgl6L1 endocy-
tosis they had previously reported. However, Atg9 and
Atgl6L1 were not found together in the same clathrin-
coated structures. Atg9, but not Atgl6L1, trafficked
through EEA1-positive early endosomes. Atg9 and
Atgl6L1 eventually colocalized in Rabl1-positive recy-
cling endosomes in a VAMP3-dependent manner. Clarifi-
cation of how the Atgl6L1- and Atg9-positive recycling
endosomes contribute to autophagosome biogenesis is
still pending investigation.

Atg9 vesicles as a membrane source

In mammals, Atg9 was shown to partially colocalize
with LC3 by fluorescence microscopy [26]. However,
immuno-electron microscopy analysis failed to detect
Atg9 on autophagosomes [40]. Mammalian Atg9 may
not be stably incorporated into isolation membranes or
autophagosomes even though it may transiently interact
with these structures. In contrast, however, yeast Atg9
has been detected on isolation membranes and autopha-
gosomes, suggesting the incorporation of Atg9 vesicles
into these membranes [57]. Interestingly, typically only
a few Atg9 vesicles are recruited during one round of au-
tophagosome formation in yeast [57]. Since so few Atg9
vesicles (30-60 nm diameter) cannot provide the lipid
amount of one autophagosome (300-900 nm diameter), it
is likely that other membrane sources exist. Nevertheless,
fusion of Atg9 vesicles may provide the membrane plat-
form that matures into the isolation membrane. Immuno-
electron microscopy analysis in another study detected
Atg9 in clusters of small vesicles and tubules, and it was
proposed that the isolation membrane may be initiated by
the fusion of these clustered vesicles/tubules [89]. The
Atg9 vesicle fusion mechanism may involve the yeast
Rab protein Yptl and its GEF complex (the TRAPP III
complex), which are required for autophagy and were
identified in purified Atg9 vesicles [90, 91]. In addition,
SNARE proteins required for autophagosome formation

in yeast have also been implicated in Atg9 vesicle fusion
[92].

The recent structural analysis of yeast Atgl7 provided
further insights into the fusion mechanism of Atg9 vesi-
cles [93]. Atgl7 forms a crescent shape with an approxi-
mately 10 nm radius curvature, and two Atgl7 molecules
bind each other at their C-termini to form an S-shaped
homodimer. Since the radius of the Atgl7 crescent is
similar to that of Atg9 vesicles, the authors suspected
that the Atgl7 homodimer acts as a scaffold for two Atg9
vesicles and facilitates their fusion. However, the Atgl7-
Atg31-Atg29 complex did not bind to liposomes in this
study. It should be noted that the vesicles used in these
experiments are synthetic liposomes and did not contain
Atg9. In light of the previously reported Atgl-dependent
Atg9-Atgl7 interaction [94], the authors proposed that
Atg9 or other molecules on the Atg9 vesicles may facili-
tate tethering of Atg9 vesicles by Atgl7. In addition, they
found that yeast Atgl has a membrane-binding domain at
its C-terminus similar to its mammalian ortholog ULK1
[29]. They named this domain the Early Autophagy Tar-
geting/tethering domain. The vesicle-binding ability of
this domain may further facilitate Atg9 vesicle fusion.
This is still mostly hypothetical however, and should be
tested experimentally.

Autophagosome formation in selective autophagy

In selective autophagy, the substrate is recognized by
the isolation membrane and subjected to degradation.
Selective autophagy targets intracellular cargoes such as
pathogens (xenophagy), mitochondria (mitophagy), and
protein aggregates (aggrephagy). In mammals, ubiquiti-
nation of a substrate is not only the targeting mechanism
for the ubiquitin-proteasome pathway, but is also a com-
mon feature of selective autophagy [7]. For example,
Parkin, an E3 ubiquitin ligase associated with Parkin-
son’s disease, is required for mitophagy that occurs
after mitochondrial damage induced by the uncoupling
reagent CCCP. Parkin is recruited to mitochondria after
CCCP treatment and ubiquitinates mitochondrial outer
membrane proteins [95]. Likewise, LRSAM1 and Parkin
have been identified as the E3 ubiquitin ligases required
for xenophagy [96, 97]. Moreover, ubiquitin tagging is
sufficient to induce autophagic degradation of mRFP and
peroxisomes [98]. It has been previously proposed that
adaptor proteins such as p62, NDP52, NBR1, and opti-
neurin mediate the association between the ubiquitinated
substrate and the isolation membrane because these pro-
teins can simultaneously bind ubiquitin and LC3 [99-102].
Adaptor proteins explain how the isolation membrane
can exert its specificity for ubiquitinated substrates, but
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this still does not answer the question of how isolation
membrane formation initiates in response to substrate
recognition.

We have recently shown that early Atg proteins (ULK1,
Atg9, and Atgl6L1) are all recruited directly to intracel-
lular Salmonella [85]. DFCP1 has also been shown to co-
localize with LC3-positive Salmonella [103]. In addition,
it was shown that early Atg proteins, including ULK1,
Atg9, Atgl4L, and WIPI1, are recruited to damaged
mitochondria after CCCP treatment [56]. Interestingly,
in the case of selective autophagy against Sa/monella,
the ULK1 complex, Atg9, and the Atgl6L1 complex are
recruited independently of each other, since knockout of
one component does not abolish the recruitment of the
other two [85]. Similarly, LC3 recruitment to damaged
mitochondria is also independent of the ULK1 complex
and Atg9 [56]. In starvation-induced autophagy, on the
other hand, deletion of the ULK1 complex or Atg9 abol-
ishes Atgl6L1 complex dot formation [21, 56]. There-
fore, the Atg recruitment hierarchy in selective autoph-
agy appears different from that of canonical starvation-
induced autophagy. In particular, the Atgl6L1 complex
must possess the ability to target substrates in a ULK1
complex- and Atg9-independent manner. Our recent find-
ing that Atgl6L1’s C-terminal WD domain directly binds
ubiquitin provides evidence for this [48]. Moreover,
Atgl16L1 was shown to directly bind the ULK1 complex
subunit, FIP200, in this and two other studies [46, 47].
The binding of Atgl6L1 to ubiquitin and FIP200 acts
redundantly to direct Atgl6L1 to the ubiquitinated sub-
strate. It was also found that a ubiquitination inhibitor
(E1 inhibitor) abolished the substrate recruitment of Atg
proteins (ULK1, Atg9, Atgl4L, WIPI1, Atg5, and LC3).
Importantly, the recruitment of Atg proteins appears to
be triggered by the membrane rupture of endosomes and
the following ubiquitination of endosomal membrane
proteins. Therefore, selective autophagy of intracellular
pathogens may be triggered simply by recognizing endo-
somal membrane rupture caused by the pathogen inside
the endosome, rather than by recognizing each pathogen
in a pathogen type-specific manner. This model can be
further supported by the fact that damaged lysosomes
are selectively ubiquitinated and degraded by autophagy
[104, 105]. Taken together, the ubiquitin-dependent re-
cruitment of early Atg proteins to substrates provides a
model for isolation membrane formation during selective
autophagy.

Concluding remarks

Since the discovery of Atg proteins, which enabled
us to directly observe and manipulate the autophagic
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machinery, significant advances have been made in
our understanding of the origin of the autophagosome.
As discussed above, multiple organelles, including the
ER, mitochondria, the Golgi, recycling endosomes, the
plasma membrane, and the ERGIC, have been suggested
to contribute to autophagosomal membrane biogenesis.
In mammals, the platform for autophagosome biogenesis
likely exists on the ER (Figure 2). The interaction with
mitochondria may generate such a platform on the ER,
and other proposed organelles may supply membrane
to the forming isolation membrane. However, details
in these processes, including the exact functions of Atg
proteins in autophagosome biogenesis, mechanistic
differences between starvation-induced and selective
autophagy, lipid trafficking routes for autophagosomal
membrane supply, and lipid compositions of autophago-
somal membrane, are all still unclear and therefore await
further investigations.
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