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Autophagy as a conserved degradation and recycling process in eukaryotic cells, occurs constitu-
tively, but is induced by stress. A fine regulation of autophagy in space, time, and intensity is critical
for maintaining normal energy homeostasis and metabolism, and to allow for its therapeutic mod-
ulation in various autophagy-related human diseases. Autophagy activity is regulated in both tran-
scriptional and post-translational manners. In this review, we summarize the cytosolic regulation of
autophagy via its molecular machinery, and nuclear regulation by transcription factors. Specifically,
we consider Ume6-ATG8 and Pho23-ATG9 transcriptional regulation in detail, as examples of how
nuclear transcription factors and cytosolic machinery cooperate to determine autophagosome size
and number, which are the two main mechanistic factors through which autophagy activity is
regulated.
� 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Background

Macroautophagy, hereafter referred to as autophagy, is a con-
served process among eukaryotic cells, through which cytoplasmic
components are delivered to the vacuole (in yeasts or plants)
or lysosomes (in mammals) for degradation [1]. The auto-
phagy-lysosome system and the ubiquitin–proteasome system
(UPS) are the two major subcellular degradation systems. However,
in contrast to the UPS, which is primarily a degradative pathway,
autophagy has a much greater range of functions, participating in
cellular adaptation and remodeling, the recycling of macromolecu-
lar building blocks, and even biosynthetic trafficking [2].

The morphological hallmark of autophagy is a double-
membrane vesicle, termed an autophagosome, which is assembled
de novo. That is, formation of the autophagosome occurs by a pro-
cess that is distinct from vesicle formation throughout the secre-
tory pathway. In the latter, transient transport vesicles bud off
from a pre-existing organelle already containing their cargo [3,4].
In contrast, the autophagosome is formed in a step-wise manner,
providing a tremendous flexibility and capacity with regard to
cargo sequestration. In yeast cells, autophagy occurs at a low basal,
constitutive level. In response to various types of stress, or chang-
ing nutrient conditions, autophagy is upregulated. The induction of
autophagy involves the recruitment of various autophagy-related
(Atg) proteins to a peri-vacuolar site, termed the phagophore
assembly site (PAS), where they nucleate and assemble into the
initial sequestering compartment, a double-membrane structure
named the phagophore. The phagophore can surround cytoplasmic
materials randomly, or in the case of selective autophagy targeted
cargo molecules are sequestered through direct interaction
between receptors, scaffold proteins, and protein components in
the phagophore membrane. Upon completion of elongation the
phagophore seals to generate an intact double-membrane vesicle;
at this stage, formation of the autophagosome is complete. Subse-
quently, the outer membrane of the autophagosome fuses with the
vacuole, exposing the inner vesicle to the hydrolytic environment
of the vacuole lumen. Breakdown of the vesicle membrane, and
degradation of the cargo ensues (Fig. 1). The resulting macromole-
cules are released back into the cytosol through various permeases
and recycled [1].

While the UPS is restricted to the degradation of ubiquitinated
proteins that must be unfolded to gain access to the associated
proteases, autophagy mediates the degradation of a wider range
of targets, including soluble proteins, protein aggregates, damaged
organelles, or even invasive pathogens. Non-selective autophagy is
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Fig. 1. A model of transcriptional regulation of autophagy in yeast. When nutrients are present, the transcription of most ATG genes is repressed due to the inhibition of
autophagy transcription activators, and/or activation of transcription repressors. For example, Ume6 represses the transcription of ATG8, and Pho23 represses the expression
of ATG9. Repression of transcription in growing conditions leads to a relatively low amount of Atg proteins that are sufficient for basal autophagy, and consequently the
autophagosomes that are formed under these conditions are predicted to be smaller in size (due to limited Atg8) and generated at a slower rate (due to limited Atg9). The Cvt
pathway, which is the main type of autophagy-like process in growing conditions, generates Cvt vesicles to sequester complexes formed primarily of prApe1 dodecamers and
deliver them to the vacuole to allow maturation of the zymogen. After starvation, transcription activators of autophagy become functional, and the repressors are inhibited.
For example, Ume6 is phosphorylated by Rim15 kinase, releasing its repression of ATG8 transcription. Upregulation of ATG gene expression allows larger amounts of Atg
components, such as Atg8 and Atg9, to participate in the formation of the autophagosome. As a result, more and larger autophagosomes are generated. During starvation-
induced autophagy, Atg proteins are initially recruited to a peri-vacuolar site to generate the double-membrane structure named the phagophore. The phagophore randomly
sequesters cytoplasmic material, and after the expansion phase is complete it seals to generate the double-membrane autophagosome. The outer membrane of the
autophagosome fuses with the vacuole, releasing the inner vesicle, now termed an autophagic body. This single-membrane vesicle along with its cargo is degraded in the
vacuole lumen, and the resulting macromolecules are released back into the cytosol.
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primarily a starvation response in which cytoplasm, potentially
including organelles that are randomly sequestered, is delivered
to the vacuole to provide macromolecules for catabolism (to
provide energy), or for the synthesis of essential proteins. In con-
trast, during selective autophagy, the phagophore membrane is
in close apposition to the cargo, preventing bulk cytoplasm from
being sequestered [5]. Various types of cargo are selectively
degraded through autophagy including protein aggregates (aggre-
phagy), mitochondria (mitophagy), peroxisomes (pexophagy), lipid
droplets (lipophagy), and pathogens (xenophagy) [6]. Finally,
although most types of autophagy are degradative in nature, selec-
tive autophagy can also serve a biosynthetic function. For example,
during the cytoplasm-to-vacuole targeting (Cvt) pathway the pre-
cursor form of aminopeptidase I (prApe1) forms into a dodecamer
in the cytosol. The dodecamer subsequently assembles into a larger
self-interacting complex that is selectively sequestered by a phago-
phore. Upon completion, the double-membrane compartment is
referred to as a Cvt vesicle. This vesicle targets to and fuses with
the vacuole, again releasing the inner vesicle into the lumen. In this
case, after lysis of the single-membrane vesicle, the contents are
not degraded. Instead, a propeptide that keeps prApe1 inactive is
proteolytically removed to generate the mature, active form of
the hydrolase (Fig. 1) [7].

2. Cytoplasmic regulation of autophagy: Atg proteins

Most of our understanding of the molecular machinery of
autophagy has been achieved within the past two decades. In
particular, studies relying on genetic analyses in yeast contributed
to the identification of the majority of the known protein compo-
nents that participate in autophagy. At present, more than 30 Atg
proteins have been identified in yeast, and orthologs of most of
these proteins are present in higher eukaryotes, indicating an evo-
lutionarily conserved molecular machinery. A subset of the Atg
proteins that is required for autophagosome formation (or for the
generation of selective double-membrane compartments including
the Cvt vesicle) is referred to as the molecular core machinery of
autophagy. These proteins participate in different steps of auto-
phagy, and, based on their roles in autophagosome formation
and interaction with each other, they can be divided into several
functional units.

2.1. Atg1 kinase complex and induction

The yeast Atg1 kinase complex contains the only kinase of the
core machinery, Atg1, and its regulatory subunit, Atg13. The Atg1
complex senses the signals of autophagy induction, delivered from
several upstream signaling inputs, such as the target of rapamycin
(TOR) [8], protein kinase A (PKA), and Sch9 pathways [9–11]. Atg1
is a serine/threonine protein kinase [12,13], and the kinase activity
of Atg1 requires its interaction with Atg13 [14]. During starvation-
induced autophagy, Atg1 kinase activity is upregulated, which
requires association of Atg1–Atg13 with a stable ternary complex
composed of Atg17–Atg31–Atg29 [14–16]. Atg17 is proposed to
be the first Atg protein that is recruited to the starvation-specific
PAS upon autophagy induction (Atg11 serves this role in growing
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conditions [17]), and its correct localization is essential for the
nucleation of other Atg proteins at this site [18]. Atg29 is a phos-
phoprotein that contains a C-terminal inhibitory domain; phos-
phorylation of the C terminus is necessary to relieve inhibition,
although the mechanism and the relevant kinase are not known
[19]. Similarly, the targets of Atg1 kinase that are involved in
autophagy have not been well characterized. Atg1 can be
autophosphorylated at Thr266 in the activation loop, and this
modification is required for Atg1 kinase activity [20]. BECN1, the
mammalian homolog of yeast Vps30/Atg6, is phosphorylated by
ULK1 (a mammalian Atg1 homolog) [21], and Atg9 has been
identified as one of the direct targets of Atg1 in yeast [22].

2.2. PtdIns3K complex and nucleation

Vps34 is the only phosphatidylinositol 3-kinase (PtdIns3K) in
yeast, and the autophagy-specific PtdIns3K complex I, which is
composed of Vps34, Vps15, Vps30, Atg14 and Atg38, is thought
to act downstream of the Atg1 kinase complex (complex II, which
contains Vps38 instead of Atg14, generates PtdIns3P at the
endosome) [23–25]. The main function of the PtdIns3K complex
is to generate PtdIns3P at the PAS, and recruit PtdIns3P binding
proteins, such as Atg18, to the PAS [26,27].

2.3. Ubl conjugation system and expansion

Atg8 and Atg12 are two ubiquitin-like (Ubl) proteins that
belong to two distinct conjugation systems that are part of the core
autophagy machinery. These proteins are not homologs of ubiqui-
tin, but have structural similarity, containing ubiquitin folds. Both
of the Ubl systems are essential for the expansion of the phago-
phore [28,29]. A C-terminal glycine of Atg12 is stoichiometrically
conjugated to an internal lysine of Atg5 in a process that is very
reminiscent of ubiquitination; the first step involves activation of
Atg12 by the E1-like enzyme Atg7 (a homolog of the ubiquitin-
activating enzyme), which is followed by conjugation to Atg5 via
an E2-like enzyme, Atg10 [29,30]. An E3 ubiquitin ligase-like
enzyme for Atg12–Atg5 conjugation has not been identified.
Atg12–Atg5 further forms a complex with Atg16, a small coiled-
coil protein [31], and the Atg12–Atg5-Atg16 complex forms larger
oligomers via homo-oligomerization mediated by the Atg16
coil-coiled domain [32].

Atg8, the second Ubl protein of autophagy, undergoes a unique
type of post-translational modification. Atg8 is initially synthe-
sized with a C-terminal extension (a single arginine residue in
yeast) that is proteolytically removed by the Atg4 cysteine prote-
ase. The same E1-like enzyme that is used in the Atg12–Atg5
conjugation system, Atg7, activates the modified Atg8; however,
conjugation requires a separate E2-like enzyme, Atg3, which
attaches the exposed C-terminal glycine to the lipid phosphatidyl-
ethanolamine (PE) [28]. The Atg12–Atg5–Atg16 complex may act
as the E3 ligase for Atg8–PE conjugation [33], although it is not
essential [34]. Besides its putative E3-like activity, Atg12–
Atg5-Atg16 is also required for the PAS localization of Atg8 [18].
Unlike the Atg12–Atg5-Atg16 complex that localizes exclusively
on the outer membrane of the phagophore [35], Atg8–PE is initially
located on both sides of the phagophore during expansion; Atg8 on
the outer surface of the completed autophagosome is removed by a
second Atg4-dependent cleavage (referred to as deconjugation),
whereas some of the Atg8 on the inner surface remains inside
the completed autophagosome [36,37]. The Atg8 that lines the
concave surface of the phagophore plays an important role in cargo
recognition during selective types of autophagy [38]. In contrast,
the population located on the outer surface is involved in deter-
mining the size of the autophagosome and may play a role in the
formation of a coat-like structure by interdigitating with the
Atg12–Atg5-Atg16 complex [39,40].

2.4. Atg9 and its cycling system

Atg9 is the only transmembrane protein in the core machinery
[41]. Atg9 has a unique localization pattern different from the
other core machinery proteins. Most Atg proteins are present in
two populations, one being diffuse in the cytosol, and the second,
that is thought to be the active pool, localized at the PAS; the latter
appears as a single punctum in growing conditions that becomes
much more intense (based on monitoring of fluorophore-tagged
Atg proteins by microscopy) following autophagy induction. Inter-
estingly, Atg9 localizes to multiple punctate structures. One of
these punctate structures is the PAS, but the other sites are located
proximal to the mitochondria; these latter populations are called
Atg9 peripheral sites, Atg9 reservoirs or tubulovesicular clusters
(TVCs) [41–43]. Based on studies with a temperature-sensitive
Atg1 mutant, Atg9 is proposed to cycle between the peripheral
sites/TVCs and the PAS. Anterograde movement to the PAS is
dependent on Atg11, Atg23, Atg27 and the Arp2/3 complex,
whereas retrograde trafficking depends on the Atg1–Atg13, and
Atg2–Atg18 proteins [42,44,45]. The PtdIns3K complex is also
required for Atg9 trafficking, which may reflect the fact that
Atg18 is a PtdIns3P-binding protein. The exact function of Atg9 is
not known, but it is proposed to be involved in delivering mem-
brane to the PAS, or in directing this process. Membrane-bound
Atg9 moves between the PAS and the peripheral sites/TVCs on
single-membrane vesicles [46,47]. Atg9 PAS localization is
dependent on Atg17; the Atg17–Atg31–Atg29 complex forms a
crescent-shaped structure that may recruit the Atg9 vesicles to
the early phagophore [19,48].

3. Physiology and pathology

Autophagy occurs at a constitutive basal level, but is upregu-
lated when it is induced by different types of stress such as starva-
tion or shifting to an alternative carbon source, hypoxia, or
pathogen infection. In a nutrient-rich condition the basal level of
autophagy is critical for normal homeostasis, performing
housekeeping roles such as the removal of misfolded and damaged
proteins, the biosynthetic delivery of vacuole-resident enzymes, or
maintaining proper metabolism. Recent studies have mostly
focused on stress-induced autophagy; however, basal autophagy
plays a very important role as part of the quality control
machinery, limiting the accumulation of damaged organelles and
misfolded proteins that may contribute to many types of neurode-
generative diseases, such as Huntington, Alzheimer and Parkinson
disease [49]. In the heart, basal autophagy is important for
maintaining cardiomyocyte size and global cardiac structure and
function [50], whereas in the liver it may play a role in preventing
misfolding diseases such as a1-antitrypsin deficiency [51]. The
degradation of depolarized mitochondria by basal mitophagy also
prevents spurious inflammation caused by reactive oxygen species
and DNA released from damaged mitochondria [52].

When a cell senses stress, autophagy is induced. Under starva-
tion conditions, cells degrade proteins and lipids through auto-
phagy to maintain energy homeostasis. Autophagy-defective cells
display a tremendous reduction in viability during starvation,
and autophagy-defective mice cannot survive after birth, when
the maternal trans-placental nutrient supply is disrupted [53]. In
addition autophagy triggered in oocytes by fertilization is essential
for preimplantation development in mammals [54]. As mentioned
above, autophagy is also induced by pathogen infection, and the
selective autophagy of pathogens, xenophagy, can target and kill
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invasive pathogens, including bacteria and viruses; therefore, this
process is essential for maintaining a healthy innate immune sys-
tem. Conversely, some microbes have evolved to evade or even
subvert autophagy for their own purposes, establishing a replica-
tive niche within autophagosomes, or relying on autophagy to pro-
vide nutrients [55]. Besides its functions in preventing infectious
diseases, autophagy is involved in immunity by delivering antigens
for major histocompatibility complex (MHC) presentation. The
intracellular substrates of autophagy can be loaded on MHC class
II, which is usually considered to present extracellular antigens,
explaining how the MHC class II pathway contributes to intracellu-
lar antigen presentation [56].

Too little autophagy is harmful, but too much autophagy can also
be deleterious – uncontrolled autophagy may cause cell death.
Autophagy functions as a mechanism of tumor suppression, but
cancer cells can also use autophagy to help them to survive in a hyp-
oxic and low-nutrient environment, or to carry out its cytoprotec-
tive function following anticancer treatments that may damage
organelles. Furthermore, autophagy plays different roles in different
tissues. Inhibition of autophagy in liver cells causes accumulation of
hepatic lipids, while inhibition of autophagy in adipose tissue
causes decreased white adipose mass. Therefore, a tight regulation
of autophagy in terms of its magnitude and in a tissue-specific man-
ner will be crucial for the therapy of autophagy-related diseases.

4. Nuclear regulation: transcriptional regulation of autophagy

Like many other cellular processes, the induction of autophagy
involves not only the post-translational modification and action
of the Atg proteins, but also a coordinated transcriptional activation
of the ATG genes. The abnormal expression of many ATG genes has
been observed in various human diseases [57–60] suggesting the
physiological significance of transcriptional regulation of auto-
phagy. Although the transcriptional induction of ATG genes was
first reported more than 10 years ago, at present our knowledge
of the transcription factors that are involved in autophagy regula-
tion is very limited, even in the yeast system, where the molecular
mechanism of autophagy has been most intensively studied. Some
progress has been made with regard to transcriptional regulation in
the mammalian system in recent years, and we briefly highlight
these findings along with data from yeast below.

4.1. FOXO transcription factors

The conserved forkhead box O (FOXO) transcription factors reg-
ulate autophagy in different cell types and organisms. The FOXO
proteins shuttle between the cytoplasm and the nucleus, which
is regulated by phosphorylation, and they have both transcrip-
tion-dependent and -independent roles in autophagy regulation.
Here we consider the transcription-dependent roles of FOXO fam-
ily members. There is only one FOXO protein in worms and flies,
whereas there are four members, FOXO1, FOXO3, FOXO4, and
FOXO6, in mammals [61]. In general, FOXO transcription factors
function as activators of autophagy. Under stress stimuli such as
nutrient deprivation, phosphorylation of FOXO proteins by AKT1
is blocked, and FOXO transcription factors translocate into the
nucleus. In mouse muscle cells, some of the Atg genes including
Lc3b, and Gabarapl1 are directly targeted and activated by FOXO3
as indicated by chromatin immunoprecipitation (ChIP) assays
[62,63]. In neurons, transcription of Atg genes such as Atg3, Atg5,
and Atg12 is activated by FOXO1 [64]. Transcriptional regulation
of autophagy by FOXO transcription factors has also been reported
in various other types of cells, including cardiomyocytes,
hepatocytes, and primary renal proximal tubular cells [61]. The
positive regulation of autophagy by FOXO transcription factors in
muscle is conserved in Drosophila [65]. In budding yeast, the role
of Fhl1, the homolog of FOXO transcription factors, in transcrip-
tional regulation of autophagy has not been directly tested. How-
ever, CHIP–chip data from several independent studies revealed
that this protein directly targets to the promoters of several ATG
genes including ATG13, ATG27 and ATG31 [8,66], indicating that a
conserved regulation may exist in the yeast system.

4.2. TFEB vs ZKSCAN3

The autophagosome itself is not a degradative compartment.
Accordingly, the autophagosome cooperates in the degradation of
its cargos with the lysosome in order to fulfill its roles in the deg-
radation and recycling of cytoplasmic materials. Under starvation
conditions, both autophagosome and lysosome biogenesis are
upregulated. For the transcriptional regulation, two master
switches, transcription factor EB (TFEB) as the activator, and
ZKSCAN3 as the repressor, have been reported to regulate both
autophagosome and lysosome biogenesis. Overexpression of TFEB
induces autophagy, while TFEB RNA interference decreases
autophagy. Starvation induces TFEB translocation to the nucleus
and activates the transcription of several lysosomal and autophagy
genes by directly binding to their promoters [67]. This organized
pattern of control is referred to as the coordinated lysosomal
expression and regulation (CLEAR) network [68]. Conversely,
silencing ZKSCAN3, a zinc family DNA-binding repressor protein,
upregulates the mRNA level of several autophagy and lysosomal
genes, and ChIP experiments suggest that ZKSCAN3 represses
transcription of these target genes by direct binding at the
respective promoters [69]. Interestingly, in contrast to TFEB,
ZKSCAN3 accumulates in the cytosol during starvation.

4.3. E2F1 vs NFKB

BNIP3 is an activator for hypoxia-induced autophagy [70], and
its transcription is regulated in an opposite manner by two tran-
scription factors, E2F1 and NFKB. Bnip3 is a direct target of E2F1,
which functions as a transcription activator. NFKB competes with
E2F1 for binding at the Bnip3 promoter, and therefore represses
its expression [71]. Besides BNIP3, E2F1 also activates additional
genes associated with autophagy including LC3, ULK1, and ATG5,
and induces autophagy activity [72]. NFKB represses BNIP3, how-
ever, NFKB activates other ATG genes such as BECN1 [73].

4.4. GATA family factors

GATA family zinc finger transcription factors regulate nitrogen
catabolite repression (NCR)-sensitive genes, which produce
enzymes and permeases required for using an alternative (non-
preferred) nitrogen source. Gln3, a yeast GATA family transcription
activator, is regulated by TOR, and Gln3 is reported to positively
regulate ATG14 transcription [74]. This regulatory event is one of
the first examples of transcriptional control of autophagy, and this
regulation is conserved in Drosophila [75]. In yeast, GATA family
factors include the relatively well-studied activators Gat1 and
Gln3, and the repressors Gzf3 and Dal80. In addition to these fac-
tors, there are other DNA-binding proteins containing the con-
served GATA-type zinc finger in yeast, such as Gat2, Gat3 and
Gat4, whose functions are not clear. Whether other GATA family
factors besides Gln3 have roles in the regulation of autophagy is
not yet known.

In mammals, GATA1 activates the transcription of ATG4, ATG12,
BNIP3, and mammalian homologs of ATG8 (MAP1LC3B, GABARAP,
GABARAPL1, and GABARAPL2/GATE-16). GATA1 directly binds at
the promoters of BNIP3, MAP1LC3B, GABARAP, and GABARAPL2
[76]. Interestingly, GATA1 activates the transcription of FOXO3,
and transcriptional regulation of MAP1LC3B requires FOXO3. In
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contrast, knockdown of TFEB does not affect GATA1-mediated
autophagy gene induction [76]. Another GATA transcription factor,
GATA4, inhibits autophagy by inducing the transcription of BCL2,
and repressing the transcription of ATG5, ATG7, ATG12, and BECN1
[77], which is surprising because GATA4 is generally known as a
transcriptional activator. Whether GATA4 represses transcription
of ATG genes through direct binding at their promoters is unclear
at this time.

4.5. Other transcription factors

Other transcription factors such as TP53/p53 and STAT are
involved in autophagy regulation, and their roles have been
reviewed recently [78,79]. The function of the yeast transcriptional
repressor Ume6 in autophagy regulation is discussed in detail
below.

5. How autophagy activity is regulated: size and number of
autophagosomes

Autophagy activity, which corresponds to the amount of cyto-
plasmic material, whether random portions of the cytoplasm or
selective cargos, sequestered by autophagosomes per unit time,
followed by degradation within the vacuole and permease efflux,
is modulated primarily by two features of autophagosomes: size
and number.

5.1. Regulation of the size of autophagosomes

A Cvt vesicle, which is the predominant type of sequestering
compartment formed in growing conditions, is approximately
140–160 nm in diameter. Upon autophagy induction, much larger
autophagosomes are formed; nitrogen-starvation induced auto-
phagosomes range from 300 to 900 nm in diameter [80]. Therefore,
the mechanism involved in determining the size of the auto-
phagosome, that is, which Atg (or other) proteins play a central role
in the formation of the larger autophagosome is an interesting
question. The flexibility in the size of autophagosomes allows the
sequestration of different sizes and amounts of cargo by autophagy.
During non-selective autophagy, premature closure of the phago-
phore would result in smaller autophagosomes, which would in
turn attenuate the efficiency of autophagic sequestration and deg-
radation. During selective autophagy, the size of the cargo may
determine the size of the sequestering compartment directly
through protein–protein interactions between the cargo/ligand-
receptor and Atg8 family proteins that are located on the concave
face of the phagophore. However, there is a limit to the size of the
autophagosomes that form during selective autophagy, indicating
that this simple model is not the complete explanation, and there
likely exists other machinery (which may be the same as that used
in non-selective autophagy) to control the expansion of the phago-
phore. Under physiological conditions the diameter of the Cvt ves-
icle is essentially the size of the cargo, the Cvt complex composed
primarily of prApe1 and its receptor Atg19. When the prApe1 cargo
protein is overexpressed, a larger Cvt complex is formed that cannot
be efficiently sequestered by a Cvt vesicle [80]. However, after star-
vation, when autophagy is induced and larger autophagosomes are
generated, the larger Cvt complex can be sequestered and delivered
to the vacuole. For both mitophagy and pexophagy, a fission com-
plex is needed for the efficient sequestration of the targeted organ-
elles [81,82], suggesting that matching the size of the cargo with the
phagophore may be important. Therefore, for selective autophagy,
the size of the autophagosome not only regulates efficiency, but
may also be critical for the cargo selectivity.

A series of studies in our lab on ATG8 and its regulation provides
some clues for the regulation of autophagosome size. The amounts
of both ATG8 mRNA and its protein product are elevated dramati-
cally within a short time following nitrogen starvation or rapamy-
cin (an inhibitor of TOR) treatment. To reveal the roles of the
increased level of Atg8 during autophagy induction, several strains
with various, but reduced, expression levels of ATG8 were
generated through the use of heterologous promoters. Based on
transmission electron microscopy, in conjunction with other
autophagy assays, the correlation between Atg8 protein amount
and autophagosome size/autophagy activity was determined
[39]. It is still unclear how Atg8 regulates the size of the auto-
phagosome. The observation that the Atg12–Atg5-Atg16 complex
together with Atg8 can form highly oligomerized network struc-
tures on giant unilamellar vesicles in vitro, indicates the possibility
that Atg8 along with the Atg12–Atg5-Atg16 complex forms a pro-
tein coat on the outer membrane of the phagophore to regulate its
curvature, as discussed above [40]. As PE, a cone-shaped lipid that
is the target of Atg8 conjugation, can modulate membrane curva-
ture [83], Atg8 may also regulate the size of the autophagosome
through its binding to PE, possibly due to differential distribution
on the two faces of the phagophore.

Considering that the amount of Atg8 plays an important role in
determining the size of the autophagosome, we became interested
in understanding how the transcription of ATG8 is regulated. We
identified a transcriptional repressor, Ume6, which can directly
bind at the promoter of ATG8 and suppress its transcription in
nutrient-rich conditions. In agreement with our previous study,
ume6D cells, which express an elevated amount of Atg8 even in
nutrient-rich conditions, generate larger autophagosomes than
the wild-type cells. Phosphorylation of Ume6 by Rim15 after star-
vation releases its suppression, and these findings suggest a model
for a regulatory signaling axis of autophagy: In nutrient-rich condi-
tions upstream sensors such as PKA inhibit the effector kinase
Rim15, resulting in active Ume6 that suppresses ATG8 transcrip-
tion; the resulting low level of Atg8 is sufficient to generate the
small Cvt vesicles. During starvation, inhibition of PKA allows the
now active Rim15 to inhibit Ume6; the resulting increase in Atg8
allows the formation of larger autophagosomes (Fig. 1) [84]. There-
fore, the Ume6-dependent control of ATG8 transcription is an
example of size regulation during autophagosome formation.

5.2. Regulation of the number of autophagosomes

The second feature, which is as important as the size of
autophagosomes, is their number, which can be viewed as the fre-
quency of autophagosome formation. In budding yeast cells, usually
only one PAS is observed, but the frequency of autophagosome
formation can be increased by autophagy induction to approach
a condition of continuous and accelerated autophagy. Data suggest
that the half-life of prApe1 processing through the Cvt pathway is
approximately 45 min [85], whereas after starvation-induction the
half-life of an autophagosome is approximately 10 min [86]. There
are multiple PAS sites in fission yeast, and in mammalian cells
phagophore nucleation is not limited to a single location. In these
systems, as a consequence of increased autophagosome formation
frequency, the number of PAS is increased by autophagy induction.
It had not been clear, however, which Atg proteins play a role in
determining the number of autophagosomes. From our recent
studies of transcriptional regulators of autophagy, we found that
cells deleted for the PHO23 gene, encoding a transcription repres-
sor, formed more (but not larger) autophagosomes relative to the
wild-type cells. Pho23 regulates transcription of more than one
ATG gene, but ATG9 expression is changed the most among these
genes in the pho23D mutant (Fig. 1) [87]. To determine the contri-
bution of Atg9 to the pho23D phenotype we used yeast strains with
different ATG9 gene expression levels. We found that the amount
of Atg9 protein correlated with the numbers of autophagic bodies,
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supporting our hypothesis that Atg9 levels determine the number
of autophagosomes [87]. Considering the role of Atg9 in autophagy
as a potential membrane carrier or in directing the delivery of
membrane to the PAS, we conclude that Atg9 may regulate the rate
of phagophore expansion, and consequently the time required for
generating each autophagosome, through its cycling between the
PAS and the peripheral sites/TVCs.

Mathematical modeling of the energy status of double-mem-
brane structures suggests that a minimal change of the rim curva-
ture on the edge of the double-membrane sheet may drive its
bending and closure to form a vesicle [88]. Interestingly, Atg9
appears to localize only at the edge of the phagophore [89], sug-
gesting another possibility that Atg9 regulates closure of the
phagophore by affecting the rim curvature on the edge of this
structure. If this is the case, the Atg17–Atg31–Atg29 scaffold,
which forms a crescent structure with a similar curvature as that
of the phagophore rim and also only localizes on the edge of the
phagophore, may cooperate with Atg9 in this aspect of autophagy
regulation [19,48,89]. Our studies with Atg8 and Atg9 indicate that
the size and number of autophagosomes may be separately regu-
lated by different autophagy components. This makes sense con-
sidering that modulating size may affect primarily cargo
selectivity, while regulating the number of autophagosomes could
be carried out to regulate mostly autophagy flux. Interestingly,
Pho23 and Ume6 both play roles in the Rpd3 large complex, but
Pho23 regulates ATG9 transcription in a Ume6-independent man-
ner, suggesting a dual function of the Rpd3 complex in regulating
autophagy activity.

6. Future directions

How the size and number of autophagosomes are regulated by
different subgroups of Atg proteins is an interesting question to
pursue, as it will reveal the different modulations of autophagy
activity and selectivity by different autophagy proteins. Further-
more, identifying new transcriptional regulators of autophagy
and the corresponding gene targets will help to dissect their func-
tions in modulating autophagy activity. Considering that most reg-
ulatory pathways of autophagy are conserved among different
organisms, a future genomic study in yeast to reveal the autophagy
transcriptome would provide valuable data for these studies, and
may provide information that can be used for the therapeutic
treatment of autophagy-related diseases.
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