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Autophagy involves the sequestration of a portion of the cytosolic contents in an enclosed double-membrane au-
tophagosomal structure and its subsequent delivery to lysosomes for degradation. Autophagy activity functions in
multiple biological processes during Caenorhabditis elegans development. The basal level of autophagy in embryos
removes aggregate-prone proteins, paternal mitochondria and spermatid-specific membranous organelles (MOs).
Autophagy also contributes to the efficient removal of embryonic apoptotic cell corpses by promoting phagosome
maturation. During larval development, autophagy modulates miRNA-mediated gene silencing by selectively degrad-
ing AIN-1, a component of miRNA-induced silencing complex, and thus participates in the specification of multiple
cell fates controlled by miRNAs. During development of the hermaphrodite germline, autophagy acts coordinately
with the core apoptotic machinery to execute genotoxic stress-induced germline cell death and also cell death when
caspase activity is partially compromised. Autophagy is also involved in the utilization of lipid droplets in the aging
process in adult animals. Studies in C. elegans provide valuable insights into the physiological functions of autophagy

in the development of multicellular organisms.
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Introduction

Macroautophagy (herein referred to as autophagy) is
an evolutionarily conserved lysosome-mediated degra-
dation process. It involves the formation of a double-
membrane structure, called the autophagosome, and its
subsequent maturation and fusion with lysosomes to
form degradative autolysosomes, in which the seques-
trated cytosolic contents and the autophagosomal inner
membrane are degraded [1, 2]. Autophagy is induced in
response to various metabolic stresses, and engulfs a por-
tion of cytoplasm for degradation, thereby acting as a cell
survival mechanism. Autophagy also functions as a qual-
ity control system by selectively removing misfolded and
aggregate-prone proteins, and damaged or superfluous
organelles. Dysfunction of autophagy has been linked
to the development of a broad range of human diseases,
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including tumorigenesis, neurodegeneration and immune
diseases [3]. This review focuses on the role of autopha-
gy during C. elegans development.

Conservation of the autophagic machinery in C. el-
egans

The establishment of Saccharomyces cerevisiae as a
genetic model to study autophagy has laid the ground-
work for our understanding of the molecular mechanism
of autophagy [4-6]. Under nutrient-deficient conditions,
yeast cells lacking vacuolar proteinases accumulate
spherical membrane structures in the vacuole (the yeast
lysosome counterpart). These vesicles, also known as
autophagic bodies, are derived from fusion of autopha-
gosomes with the vacuole, and consist of the enclosed
autophagosomal inner membrane and its sequestrated
cytosolic contents [4]. The transport of vacuolar enzymes
including the precursor form of aminopeptidase I (prApel)
and o-mannosidase under vegetative growth conditions
involves their selective packaging into autophagosome-
like vesicles, called Cvt vesicles, and subsequent fusion



of Cvt vesicles with the vacuole [7]. Genetic screens
have identified approximately 18 ATG (autophagy related
genes) that are essential for the formation of autopha-
gosomes and Cvt vesicles [2, 5, 6]. These Atg proteins
form distinct complexes involved in different steps of
autophagosome biogenesis. The Atgl/Atgl3 complex
and the class III phosphatidylinositol 3-kinase Vps34
complex are required for the induction and nucleation
of the crescent-shaped double membrane known as the
isolation membrane or phagophore. Expansion of isola-
tion membranes into autophagosomes requires the two
ubiquitin-like conjugation systems. The ubiquitin-like
protein, Atg§8, through the actions of the El-like enzyme
Atg7 and the E2-like conjugating enzyme Atg3, is con-
jugated to phosphatidylethanolamine (PE), while the
ubiquitin-like protein Atgl2 is conjugated to Atg5 via
the sequential reactions of Atg7 and the E2-like enzyme
Atgl0. The Atgl2-Atg5 conjugate further interacts with
the self-oligomerized protein Atgl6 to form a multimeric
complex, which possesses an E3-like ligase activity for
Atg8-PE conjugation and also targets Atg8-PE to the pre-
autophagosomal structure (PAS), from which autophago-
somes are originated [2]. The multispanning membrane
protein Atg9 traffics between mobile Atg9-positive
vesicles in the cytoplasm and the PAS to provide a mem-
brane source for autophagosomes [8, 9]. The Atg2/Atgl8
complex and the Atgl complex are required for retrieval
of Atg9 from the PAS [8, 10]. How these Atg proteins
act coordinately to regulate autophagosome formation
remains largely unknown.

Study of autophagy in higher eukaryotes is greatly fa-
cilitated by the conservation of Azg genes and their roles
in autophagosome formation. The autophagic process,
however, exhibits fundamental differences in higher eu-
karyotes, including integration of various signaling path-
ways during development and also the maturation of na-
scent autophagosomes before fusion with lysosomes [11].
Autophagic removal of a variety of protein substrates
during embryogenesis establishes C. elegans as a model
suitable for genetic screens for essential autophagy genes
[12, 13]. Worm homologs of yeast Atg genes, including
Atgl-10, 12, 16 and Atgl8, and genes that have no yeast
counterparts or that are distantly related homologs of
Atg genes, including epg-1, -3, -4, -5, -6, -8 and -9, have
been identified from genetic screens [14, 15]. epg-1 and
epg-8 encode highly divergent A7g/3 and Atg/4 homo-
logs, respectively [16, 17]. epg-9 encodes the mamma-
lian Atg/01 homolog, and EPG-9 forms a complex with
UNC-51/Atgl and EPG-1/Atgl3 [18]. epg-3 and epg-4,
encoding transmembrane proteins, and epg-6, encoding
a WD40 repeat PtdIn(3)P-binding protein, are involved
in progression of omegasomes/isolation membranes into
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autophagosomes [14, 15]. The novel protein epg-J is es-
sential for the formation of degradative autolysosomes
[14, 19]. Thus, the more elaborate autophagic machinery
in higher eukaryotes involves highly conserved counter-
parts of yeast Atg proteins, highly divergent components
and also metazoan-specific factors. The presence of
multiple homologs of the same yeast Atg genes endows
another layer of complexity on the autophagic machin-
ery. The two Atg4 homologs and Atgl6 homologs have
partially redundant functions in, but also contribute dif-
ferentially to, the autophagic degradation of protein ag-
gregates [20, 21]. A detailed summary of the autophagy
pathway in C. elegans is described in the recent review
of Luetal [11].

Embryogenesis: autophagy as a picky eater

Degradation of protein aggregates

A variety of protein aggregates are degraded by au-
tophagy during embryogenesis P granules, specialized
protein-RNA aggregates, are maternally loaded and dis-
persed throughout the cytoplasm of a newly fertilized
embryo, but during a series of asymmetric cell divisions
they become localized exclusively in the germline blas-
tomeres P1, P2, P3, and P4 and finally in the two germ
precursor cells, Z2 and Z3, derived from P4 [22]. The P
granule components, PGL-1 and PGL-3, which are parti-
tioned into somatic cells during early asymmetric cell di-
visions, are degraded by autophagy (Figure 1) [12]. PGL-
1 and PGL-3 form numerous aggregates in somatic cells
in autophagy mutants. Autophagic degradation of PGL-1
and PGL-3 and their accumulation into aggregates in so-
matic cells require the self-oligomerizing protein SEPA-
1 [12]. In early-stage embryos, SEPA-1 forms aggregates
independent of PGL-1 and PGL-3, and is itself removed
by autophagy, resulting in the absence of SEPA-1 in
late-stage embryos [12]. In autophagy mutants, SEPA-1
completely colocalizes with PGL-1 and PGL-3 forming
aggregates termed PGL granules that persist throughout
embryogenesis [12].

Like p62/sequestosome-1 (SQSTM1) in mammalian
cells and flies, the C. elegans homolog of p62, SQST-
1 (SeQueSTosome-related protein), is also degraded by
autophagy [14]. In autophagy mutant embryos, SQST-1
is present at dramatically increased levels and accumu-
lates into a large number of aggregates that are distinct
from PGL granules [14]. In addition to PGL granules
and SQST-1, other proteins, including SEPA-1 family
members and W07G4.5, are also selectively removed by
autophagy during embryogenesis [12, 23]. Why many
protein aggregates are selectively degraded by autophagy
during embryogenesis? The development of C. elegans
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Figure 1 The hierarchical recruitment of receptor and scaffold proteins triggers selective degradation of protein aggregates.
In degradation of PGL granules, methylated PGL-1 and PGL-3 are recruited into SEPA-1 aggregates, which associate with
the scaffold protein EPG-2. The scaffold protein EPG-7 mediates the degradation of AIN-1 and also of SQST-1. The cargo/
receptor/scaffold complex triggers the formation of surrounding autophagosomal membranes. EPG-2 and EPG-7 directly
interact with multiple ATG proteins, including LGG-1/Atg8. SEPA-1, AIN-1 and SQST-1 also interact with LGG-1.

embryos relies on the degradation of maternally-loaded
factors rather than external nutrients. Autophagic deg-
radation of P granules and other protein substrates may
provide a source of nutrients for embryogenesis. Some
protein factors may function only at a specific embryonic
stage and their persistence would be detrimental to em-
bryonic development.

The scaffold protein confers cargo selectivity and
degradation efficiency A family of proteins that simul-
taneously associate with the cargo and Atg8/LC3 has
been suggested to act as receptors for tethering protein
aggregates to the autophagic machinery [24]. p62, which
contains a self-oligomerization PB1 domain, an LC3-in-
teracting LIR motif and a UBA domain, acts as a recep-
tor for autophagic degradation of ubiquitinated protein
aggregates [24]. SEPA-1 exhibits many features similar
to p62, including self-oligomerization and direct interac-
tions with the cargo PGL-3 and LGG-1/Atg8, and thus
acts as a receptor for degradation of PGL-1 and PGL-3
[12]. However, the colocalization of PGL granules with
LGG-1/Atg8 puncta also requires the scaffold protein
EPG-2 [14]. EPG-2 forms aggregates and is removed by
autophagy, and both of these processes are independent
of pgl-1, pgl-3 or sepa-1 [14]. EPG-2 directly interacts
with SEPA-1 and also with multiple Atg proteins [25].
Therefore, degradation of PGL-1 and PGL-3 involves
the hierarchical recruitment of receptor and scaffold pro-

teins.

EPG-7 acts as a scaffold protein in degradation of
SQST-1 during embryogenesis (Figure 1) [23]. EPG-7
self-oligomerizes and is itself degraded by autophagy in
a SQST-1-independent manner. EPG-7 directly interacts
with SQST-1 and also associates with the autophagy pro-
teins: LGG-1, LGG-3/Atgl2, ATG-18 and ATG-9 [23].
Like the role of EPG-2 in degradation of PGL granules,
EPG-7 links SQST-1 aggregates with LGG-1 puncta [23].
Thus, autophagic degradation of different types of pro-
tein aggregates is mediated by distinct scaffold proteins.
The cargo/receptor/scaffold protein complex may act as
a PAS-like structure, providing a platform for recruiting
core Atg proteins to protein aggregates, which then trig-
ger the assembly of surrounding autophagosomal mem-
branes.

The utilization of a scaffold protein appears to be a
general mechanism for promoting the delivery of the
cargo/receptor complex to the autophagosome. In the
Cvt pathway, Atgll interacts with the receptor protein
Atgl9 to transport the prApel complex to the PAS [26,
27]. Atgll also interacts with multiple Atg proteins, in-
cluding Atgl and Atg9, which acts at the top of the hier-
archical recruitment of Atg proteins to the PAS [28-30].
Yeast Atgll also interacts with the mitochondrial outer
membrane-spanning protein Atg32 and the peroxisome-
associated protein PpAtg30, which act as receptors for
removal of excess or damaged mitochondria (mitophagy)
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and peroxisomes (pexophagy), respectively [31-33]. The
phosphatidylinositol 3-phosphate-binding protein ALFY
scaffolds a complex between p62-positive aggregates and
the Atg5/Atgl12/Atgl6L complex and LC3 to increase
degradation efficiency [34]. EPG-7 displays a sequence
similarity to yeast Atgl1 and mammalian FIP200, and all
three proteins contain an Atgll motif at the C-terminus
[23]. In mammalian cells, FIP200 is a component of the
ULK1 complex and is essential for autophagy induction
[35]. Whether FIP200 also has a function independent of
the ULK1 complex in promoting cargo degradation ef-
ficiency remains unknown.

Association of the cargo/receptor complex with the
scaffold protein is regulated by post-translational
modification How is the hierarchical recruitment of car-
go, receptor and scaffold proteins regulated? These pro-
teins may be expressed in a sequential temporal pattern;
alternatively, their interactions may be controlled at the
post-translational level. In the degradation of PGL-1 and
PGL-3, SEPA-1 is zygotically synthesized and displays
a dynamic expression pattern that overlaps with EPG-
2 [25]. A recent study demonstrated that the interaction
between the cargo (PGL-1 and PGL-3) and the receptor
(SEPA-1) and also the interaction of the cargo/receptor
complex (PGL granule) with the scaffold protein (EPG-
2) are controlled by post-translational arginine methyla-
tion [25]. Loss of function of epg-11, which encodes the
C. elegans arginine methyltransferase PRMT1 homolog,
causes accumulation of PGL granules [25]. EPG-11 di-
rectly binds to PGL-1 and PGL-3 and methylates their
RGG domains [25]. Arginine methylation of the RGG
domains of PGL-1 and PGL-3 may prevent the formation
of PGL-1 and PGL-3 aggregates, resulting in the diffuse
localization of PGL-1 and PGL-3 and their strict depen-
dence on SEPA-1 for formation of aggregates (Figure 1).
The interaction between PGL-3 and SEPA-1 is greatly
enhanced in epg-11 mutant embryos [25]. The altered
composition or organization of PGL granules in epg-
11 mutants reduces the binding affinity of SEPA-1 with
EPG-2, and thus the autophagic degradation efficiency of
PGL granules is greatly impaired. Ectopic accumulation
of PGL-1/PGL-3 in somatic cells impairs the degradation
of SEPA-1, but has no effect on the autophagic removal
of EPG-2 and other autophagy substrates [25]. Therefore,
in addition to conferring cargo selectivity and promoting
degradation efficiency, the tightly controlled association
of the cargo/receptor complex with the scaffold protein
also prevents ectopic accumulation of a specific type of
cargo/receptor complex from saturating the autophagic
flux and thus impairing degradation of other selective
cargoes.
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The interaction among cargo, receptor and scaffold
proteins is also modulated by post-translational modifi-
cation in other systems. When mutant huntingtin protein
is acetylated, it exhibits preferential interaction with p62,
which promotes its trafficking into autophagosomes [36].
Phosphorylation of p62 at serine 403 in the UBA domain
increases its binding affinity with polyubiquitinated
chains [37]. Phosphorylation of PpAtg30 and Atg32
facilitates their interactions with Atgll and triggers
pexophagy and mitophagy in yeast [31, 38]. The hierar-
chical recruitment of the receptor and scaffold proteins
provides multiple regulatory layers for cellular or devel-
opmental modulation of degradation efficiency.

Clearance of paternal mitochondria and MOs

In animals, offspring inherit the mitochondrial ge-
nome (mtDNA) only from the female parent, known as
maternal inheritance. In Drosophila melanogaster, two
developmental barriers act prior to fertilization to pre-
vent paternal mtDNA from being transmitted to the next
generation [39]. mtDNA is eliminated by the mitochon-
drial endonuclease G during sperm elongation, and is
also removed from spermatids into waste bags by a cel-
lular remodeling process during the spermatid individu-
alization stage [39]. In mice, sperm mtDNA is also pre-
eliminated before fertilization [40]. If a sperm containing
mtDNA enters the zygote, the mtDNA is not eliminated
and becomes unevenly distributed in blastomeres during
cleavage, persisting in only a small fraction of embryonic
cells [40]. Unlike in flies and mice, in which maternal in-
heritance of mtDNA is a passive process, autophagy se-
lectively degrades paternal mitochondria and mtRNA in
C. elegans [41-43]. In two- and four-cell stage embryos,
sperm-derived mitochondria are randomly partitioned
into blastomeres, but they are eliminated before the 64-
cell embryonic stage. In autophagy mutant zygotes, pa-
ternal mitochondria and mtDNA persist in late embryos
and even in larvae. Paternal mitochondria are associated
with LGG-1-labeled autophagosomes in the early em-
bryo (Figure 2) [41, 42]. Ubiquitination has been shown
to act as a trigger for selective autophagic degradation
of various autophagy substrates [24]. How C. elegans
sperm mitochondria, which are not ubiquitinated, are
recognized and degraded by the autophagic machinery
has yet to be elucidated. In mice, sperm mitochondria
are labeled by p62, LC3 and ubiquitin immediately after
fertilization, but are not engulfed by autophagosomes
[40]. p62 and LC3 eventually disengage from sperm mi-
tochondria [40].

C. elegans spermatids also contain membranous
organelles (MOs), which are specialized vesicular
structures. MOs are also engulfed by LGG-1-positive

83



@ Role of autophagy in C. elegans

84

, mitochondrion

® 661

<) mB-vo

@ nucleus O MO autophagosome
pseudopod
spermatid ‘;_"
R < after
.- e -
fertilization

secondary
spermatocyte

primary
spermatocyte

spermatozoon
autophagosome

engulfing cell

Figure 2 Autophagic degradation of paternal mitochondria and MOs after fertilization. Schematic of the C. elegans
spermatogenesis process. The two secondary spermatocytes may or may not remain attached by a cytoplasmic bridge.
The cytosolic components are differentially segregated into developing spermatids and the residual body. Spermatids inherit
mitochondria, Golgi-derived fibrous body-membranous organelles (FB-MOs) and a haploid nucleus, while the residual body
contains all ribosomes, nearly all actin and myosin and most of the tubulin. Once spermatids bud from the residual body,
the FB-MO complex is reorganized and FBs disappear. Sperm mitochondria and MOs are degraded by autophagy after
fertilization. Residual bodies are engulfed and degraded by the gonadal sheath cells.

autophagosomes (Figure 2) [41, 42]. Unlike mitochon-
dria, MOs in newly fertilized embryos are ubiquitinated,
which probably acts as the signal to trigger their selective
recognition and degradation by autophagy [41, 42]. The
19S regulatory subunit of the proteasome also surrounds
MOs, suggesting that proteasome activity may contribute
to MO degradation [42].

As spermatids terminally differentiate into spermato-
zoa in mammals, the bulk cytoplasmic contents are seg-
regated into the residual bodies, which are detached from
the spermatids and eliminated [44]. It has been suggested
that disposal of the residual body is initiated by autoph-
agy and then completed by phagocytosis by Sertoli cells
[45]. During C. elegans spermatogenesis, residual bod-
ies are generated during the second meiotic division of
spermatocytes when spermatids are generated (Figure 2)
[46]. All ribosomes, nearly all the actin and myosin, and
most of the tubulin and many internal membranes are
partitioned into the residual body [47, 48]. Autophagy
mutants show no evident accumulation of residual bodies
[49]. Residual bodies, which expose the “eat-me” signal
phosphatidylserine (PS) on the surface, are recognized,
engulfed and degraded by gonadal epithelial sheath cells
(Figure 2), a process that uses the same set of genes un-
derlying apoptotic cell removal [49]. Efficient removal of
residual bodies regulates the number of spermatids and
also the effective transfer of spermatids during male mat-
ing [49].

Removal of apoptotic cell corpses during embryogenesis

Phagocytosis involves the engulfment of extracellular
constituents in a single-membrane phagosome, which
then undergoes extensive membrane remodeling, includ-
ing sequential recruitment of PtdIns(3)P and RAB small
GTPases, and finally fuses with lysosomes for degrada-
tion. Autophagy proteins have been shown to participate
in phagosome-mediated degradation. LC3 is recruited to
phagosomes containing apoptotic cells, macropinosomes
and entotic vacuoles (which form when one live epithe-
lial cell engulfs another), facilitating their fusion with
lysosomes, and consequently the degradation of phago-
cytosed cargoes [50-52]. Recruitment of LC3 depends on
the PtdIn(3)P-generating complex (Beclinl and Vps34)
and the two conjugation systems (Atg5 and Atg7), but
not the ULK-1-ATG13-FIP200 complex [50, 51]. In the
clearance of apoptotic cell corpses during cavitation in
mouse embryoid bodies and chick retinal development,
autophagy contributes to this process by generating the
cellular ATP that is required to expose the “eat-me” sig-
nal PS on the apoptotic cell surface [53, 54].

During C. elegans embryonic development, 113 so-
matic cells undergo programmed cell death [55]. The
neighboring cells recognize the PS exposed on the apop-
totic cell surface, and then envelop and internalize the
cell corpse to form a phagosome [56, 57]. Two partially
redundant signaling pathways, with ced-2, ced-5 and
ced-12 in one pathway and #tr-52, ced-1, ced-7, ced-6
and dyn-1 in the other, mediate recognition and phago-
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cytosis of cell corpses [56, 57]. The nascent cell corpse-
containing phagosomes undergo stepwise maturation
processes, involving the dynamic coating of PdtIns(3)
P and sequential recruitment of RAB proteins, including
RAB-5, RAB-7, UNC-108/RAB2 and RAB-14, before
fusion with lysosomes to generate phagolysosomes for
degradation [56-59]. The class II PI/PtdIns(3)-kinase
PIKI-1 and the class III PtdIns 3-kinase VPS-34 act
coordinately to regulate PtdIns(3)P generation and ac-
cumulation on phagosomes [60, 61]. Loss of function of
autophagy genes acting at distinct steps of the autophagy
pathway, including genes encoding components of the
UNC-51/EPG-1 Atgl complex, the VPS-34/BEC-1/EPG-
8 complex and the two conjugation systems, atg-9 and
epg-5, causes an increased number of cell corpses in C.
elegans embryos [62, 63]. In autophagy mutant embryos,
the frequency of cell death is normal but the duration of
cell corpses is prolonged compared to wild type [63].
Loss of function of autophagy genes has no effect on PS
exposure on the dying cell, nor on the internalization of
cell corpses [62, 63]. Phagosome maturation, however,
is impaired by defective autophagy. PtdIns(3)P level on
phagosomes is reduced and phagosomal association of
RAB-5 and RAB-7 is decreased [63]. Autophagy genes
act in the same pathway with VPS-34 but in parallel to
PIKI-1 to regulate phagosomal PtdIns(3)P levels [63].
The involvement of autophagy genes acting at all steps of
the autophagy pathway in cell corpse removal argues that
the autophagy process itself, rather than additional func-
tions of autophagy genes, is involved. Autophagy may
modulate the formation of different VPS-34 complexes
with distinct functions in the endocytic and autophagic
pathways. Alternatively, PtdIns(3)P-containing autopha-
gic structures may directly fuse with phagosomes. Taken
together, the existing evidence shows that autophagy
activity is essential for selective removal of protein ag-
gregates, sperm mitochondria, MOs and also apoptotic
cell corpses during embryogenesis.

Post-embryonic cell fate specification: autophagy
and miRNA-mediated gene silencing

miRNAs, ~22 nucleotide noncoding RNAs, post-
transcriptionally repress gene expression by forming
non-perfect complementary interactions with the 3’ un-
translated region of target mRNAs to inhibit their trans-
lation and/or promote their degradation [64]. miRNA-
mediated gene silencing is mediated by the miRNA-
induced silencing complex, which contains Argonaute
(Ago), miRNA and a member of the GW182 family of
proteins [65]. In C. elegans, miRNAs post-transcription-
ally regulate the expression of heterochronic genes to
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specify the temporal fate of a row of lateral hypodermal
seam cells, which undergo stage-specific developmental
programs [66]. The let-7 family miRNAs, including mir-
84, mir-48 and mir-241, inhibit the expression of hbl-1 to
control succession from the L2 to L3 larval stage, while
let-7 miRNA downregulates the expression of /in-41 in
specifying the L4-adult switch [67-69]. Loss of function
of the miRNA pathway, including mutations in dcr-1
(Dicer homolog), alg-1 and alg-2 (the Argonaute homo-
logs), and ain-1 and ain-2 (the GW182 homologs), leads
to a retarded heterochronic defect, in which the L2-stage-
specific division is reiterated at the L3 stage and terminal
differentiation at the late L4 stage is delayed, manifested
as an increased number of seam cells and incomplete for-
mation of cuticular alae structures [70, 71]. Autophagy
mutants exhibit neither precocious nor retarded heteroch-
ronic phenotypes [72]. However, loss-of-autophagy mu-
tations partially suppress the retarded heterochronic de-
fects associated with dcr-1, alg-1 or ain-1 mutations [72].
Levels of reporters containing the 3’ untranslated region
from Abl-1 and lin-41, two genetically verified targets of
let-7 family miRNAs, are downregulated in autophagy
mutants in a let-7-dependent manner, while elevation of
autophagy activity by inactivation of Tor signaling or
starvation increases their expression [72].

Autophagy also regulates other developmental pro-
cesses controlled by miRNAs. The let-7 family miRNAs
negatively regulate let-60/RAS, which is essential for
vulval cell fate specification [73]. Vulval precursor cell
fate is sensitive to the dosage of let-60 activity. Loss of
function of /et-60 causes a vulvaless phenotype, while
elevated /et-60 activity results in generation of supernu-
merary vulva-like structures, known as multivulva [74].
Autophagy mutants show normal vulval development.
Loss of autophagy activity, however, ameliorates the
multivulva phenotype associated with activating muta-
tions in let-60 and this suppression effect is dependent
on the miRNA pathway [72]. The miRNA Isy-6 controls
the left-right asymmetry of the two ASE taste neurons
ASE left (ASEL) and ASE right by repressing the Nkx-
type homeodomain gene cog-1 in ASEL [75]. Isy-6(null)
mutants show a loss of the ASEL fate with a concomitant
adoption of the ASE right-specific fate. This defect has
incomplete penetrance in /sy-6 hypomorphic mutants.
Loss of autophagy activity has no effect on ASEL fate
specification, but suppresses the defect in Isy-6(hypo)
mutants [72]. In contrast, elevated autophagy activity
exacerbates the ASEL specification defect in /sy-6(hypo)
mutants [72]. Thus, autophagy participates in diverse
biological processes regulated by various miRNAs. Loss
of autophagy activity enhances miRNA-mediated gene
silencing.
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Autophagy modulates miRNA-induced gene silencing
by degrading components of miRNA-induced silenc-
ing complex. Compared to wild-type animals, AIN-1 is
present at increased levels and accumulates into a large
number of aggregates that colocalize with SQST-1 in
autophagy mutants [72]. EPG-7, the scaffold protein for
removal of SQST-1, mediates the degradation of AIN-1
(Figure 1) [72]. Degradation of components of the RNA-
induced silencing complex (RISC) by autophagy has
recently emerged as a mechanism for modulating small
interfering RNA (siRNA)- or miRNA-mediated gene si-
lencing. In mammalian cells, DICER and AGO2 are tar-
geted for autophagic degradation by the receptor NDP52
[76]. In Arabidopsis, ARGONAUTEI is degraded by
autophagy, a process triggered by the viral suppressor of
RNA silencing protein PO and also by impaired produc-
tion of miRNAs [77].

To live: autophagy, lipid metabolism and aging

During C. elegans post-embryonic development, au-
tophagy functions as a survival mechanism when the ani-
mal experiences metabolic stresses such as starvation. In
the absence of food, newly hatched larvae fail to initiate
larval development and arrest at the L1 diapause, remain-
ing viable for about 1-2 weeks. Inhibition of autophagy
greatly shortens the survival of worms during L1 starva-
tion [14-18, 20, 21, 78]. When early larvae experience
harsh environmental conditions, including high popula-
tion density, limited food supply or high temperature,
they adopt a specialized third larval stage, called the
dauer diapause, for long-term survival. Loss of autopha-
gy activity significantly reduces dauer formation [79]. At
the adult stage, autophagy activity slows down the aging
process [13, 21]. Autophagy activity is also required for
the extended life-span associated with germline removal,
TOR inhibition, dietary restriction, reduced insulin/IGF-
1 signaling and reduced mitochondrial respiration [13].
Recent studies demonstrated that autophagy acts con-
comitantly with lipolysis to modulate the aging process.

Lipid metabolism and autophagy

Lipid droplets (LDs) contain a hydrophobic lipid core
enclosed by a phospholipid monolayer that is decorated
by membrane-associated proteins [80]. Excess cellular
nutrients can be converted into triglyceride and stored in
LDs. Under starvation conditions, lipases are recruited to
the surface of LDs and break down triglyceride into free
fatty acids that are utilized by mitochondria to generate
energy through B-oxidation [81]. In hepatocytes, starva-
tion induces engulfment of LDs by autophagosomes,
which are subsequently delivered to lysosomes for the

hydrolysis of LD triglyceride, a process termed lipopha-
gy [82]. Inhibition of autophagy increases the triglycer-
ide level and the number and size of LDs, and decreases
B-oxidation in hepatocytes [82]. The livers of Arg7
knockout mice also display increased triglyceride storage
in LDs compared to wild-type animals under starvation
conditions [82]. How the LDs are selectively recognized
and degraded by the autophagic machinery has yet to
be determined. In contrast to hepatocytes, autophagy is
required in adipocytes for normal adipogenesis [83, 84].
In adipocyte-specific A¢zg7 knockout mice, the white adi-
pose tissue exhibits characteristics of brown adipocytes,
containing multilocular LDs in contrast with the single
large unilocular LD in white adipose cells, and numerous
mitochondria, and displays increased levels of fatty acid
B-oxidation [83, 84].

In C. elegans, autophagy also facilitates lipid storage
in the intestine [85]. Compared to wild-type animals,
autophagy mutants, including bec-1 and unc-51 mutants,
have fewer LDs and lower triglyceride levels in the intes-
tinal cells [85]. The C. elegans intestine performs mul-
tiple functions, including digestion of food, absorption
of processed material and nutrients, and lipid biogenesis.
Autophagy may facilitate lipid storage by directly pro-
viding raw materials generated from the recycling of
misfolded proteins and damaged or superfluous organ-
elles, or it may act to stimulate lipogenesis indirectly.

Lipid metabolism, autophagy and aging in C. elegans

Autophagy activity is induced and is required for
longevity in germline-deficient glp-/ mutants and insu-
lin signaling-compromised daf-2 mutants [79, 86]. The
transcription factor PHA-4/FOXA is required for the
induction of autophagy and the extended lifespan in g/p-
1 mutants [86]. The longevity of glp-1 and daf-2 mutant
animals is also linked to an increased expression of the
triacylglycerol lipase, LIPL-4, which is upregulated in a
daf-16-dependent manner (Figure 3) [86, 87]. Autophagy
and LIPL-4 are interdependently regulated in gip-1/
mutants. Autophagy is required to maintain high lipase
activity, while LIPL-4 is required for autophagy induc-
tion [86]. The effect of LIPL-4 appears to be mediated
by ®-3/6 polyunsaturated fatty acids (PUFAs), the pro-
duction of which is induced by overexpression of lip/-4
[88]. Inactivation of /ip/-4 also suppresses the longev-
ity of daf-2 mutants [87]. Autophagy induction in daf-
2 mutants is independent of daf-16 [89]. Thus, LIPL-4,
activated by DAF-16, acts coordinately with autophagy
to mediate the longevity of daf-2 mutants.

Autophagy is also required for utilization of lipid
stores for lifespan extension in C. elegans. In addition to
LIPL-4, other lipases in C. elegans, including LIPL-1,
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Figure 3 Autophagy, lipolysis and aging. The expression of LIPL-4 is activated by DAF-16. Autophagy and LIPL-4 are
interdependently regulated. In response to nutrient availability, HLH-30 acts antagonistically to MXL-3 to regulate the
expression of lysosomal lipases, including LIPL-1 and LIPL-3. Enhanced lipid metabolism extends lifespan of animals.

-2, -3, and -5, are upregulated under starvation conditions
[90]. LIPL-1, -2, and -3, but not LIPL-4, localize to lyso-
somal structures in the intestine [90]. LIPL-1 and LIPL-
3 are required for lipid breakdown through lipophagy in
worms under starvation conditions (Figure 3) [90].

MXL-3 and HLH-30/TFEB in lipid metabolism

The basic-helix—loop—helix transcription factor MXL-
3 (Max-like 3) represses expression of the lysosomal
lipases lipl-1, -2, -3 and -5, but not lipl-4, in well-fed
animals (Figure 3) [90]. As an acute response to nutrient
starvation, MXL-3 is downregulated and consequently
the expression of /ip/-1 and -3 is induced to mobilize
lipids as an energy supply [90]. mx/-3 mutants are long
lived, a phenotype that is independent of daf-16, pha-4
or rheb-1 [90]. mx[-3 mutants exhibit increased lipolysis
activity, but show no enhanced autophagy activity, sug-
gesting that increased lysosomal lipolysis extends the
worm lifespan [90].

The helix-loop-helix transcription factor TFEB is a
master regulator for expression of genes essential for
the autophagy-lysosomal pathway [91]. TFEB activity
is regulated by serine phosphorylation mediated by the
extracellular signal-regulated kinase ERK2, which con-
trols the nuclear localization of TFEB [91]. HLH-30, the
worm homolog of mammalian TFEB, acts antagonisti-
cally to MXL-3 to regulate lysosomal lipases in response
to nutrient availability [90, 92]. Under starvation condi-
tions, HLH-30 is transcriptionally activated and translo-
cates into the nucleus where it activates the expression
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of lipl genes and autophagy genes (Figure 3) [92]. Alh-30
mutants show impaired autophagy induction and lipase
expression, and consequently the utilization of LDs is
slowed down [90]. A/h-30 mutants show a modest reduc-
tion in lifespan, while overexpression of HLH-30 extends
the lifespan [90, 92]. hlh-30 is required for the lifespan
extension in animals with germline removal, TOR inhibi-
tion, reduced insulin/IGF-1 signaling and mitochondrial
dysfunction [92]. These long-lived animals also exhibit
increased HLH-30 nuclear localization and elevated au-
tophagy activity [92]. Loss of A4/h-30 function also sup-
presses the longevity phenotype of mx/-3 mutants [90].
Therefore, HLH-30 mediates lifespan extension in mul-
tiple longevity pathways by autophagy induction and/or
increased lysosomal lipolysis.

The role of TFEB in regulation of lipid metabolism by
autophagy is evolutionarily conserved [93]. Expression
of TFEB is induced by starvation through an autoregula-
tory loop, which then exerts global transcriptional con-
trol on genes involved in lipid metabolism [93]. Liver-
specific depletion of TFEB impairs, while overexpression
of TFEB facilitates, lipid degradation [93]. Autophagy is
required for lipid degradation regulated by TFEB [93].

To die: autophagy contributes to cell death

Autophagy has been shown to act as a mechanism
for executing cell death in the context of impaired func-
tions of apoptosis factors in mammalian cells [94]. For
example, various apoptotic stimuli such as etoposide and

87



@ Role of autophagy in C. elegans

staurosporine induce non-apoptotic death of Bax/Bak
knockout fibroblasts in an autophagy-dependent manner
[95]. During Drosophila development, autophagy and
caspases exhibit context-specific roles in physiological
cell death in different types of tissues [96]. In metamor-
phic cell death of the salivary gland, caspase activation
occurs in parallel with autophagy, and their coordinated
action leads to the complete removal of salivary glands
[97, 98]. Autophagy acts upstream of caspase activation
to promote cell death in the female germline [99], while
autophagy per se functions as a cell death mechanism
in degeneration of the midgut [100]. During C. elegans
development, 131 somatic cells undergo programmed
cell death. The death program is initiated by transcrip-
tional activation of the BH3-only protein EGL-1, which
binds to the Bcl-2-like anti-apoptotic protein CED-9,
and subsequently leads to activation of the pro-apoptotic
proteins CED-4 and CED-3, which are the C. elegans
orthologs of mammalian Apafl and caspases, respec-
tively [101]. In the gonad of adult hermaphrodites, a
large number of germline cells at the meiotic pachytene
stage of oogenesis also undergo programmed cell death
[102]. Physiological germ cell death is executed via a
cascade of apoptotic factors, composed of CED-9, CED-
4 and CED-3, but independent of EGL-1 [103]. Geno-
toxic stress such as DNA damage also induces meiotic
pachytene-stage germ cell death that is triggered by the
activation of CEP-1, the worm homolog of mammalian
pS3, which transcriptionally activates egl/-1 and ced-13
(which encodes another BH3 domain-only protein) [102].
Autophagy activity is dispensable for physiological
germline cell death [104]. However, compared to wild-
type animals, the number of germline cell corpses is low-
er in autophagy mutants after y-ray treatment [104]. The
engulfment and degradation of germ cell corpses, which
is mediated by gonadal sheath cells, are not altered in
autophagy mutants [104]. Autophagy appears to func-
tion downstream of EGL-1 and CED-13 or in parallel to
the core cell death machinery to contribute to genotoxic
stress-induced germline cell death [104].

In C. elegans, when caspase activity is partially com-
promised, cells that normally undergo programmed cell
death have the ability to escape death, even after activa-
tion of the apoptotic program [105, 106]. This reversion
of fate is enhanced by mutations in engulfment genes.
The six Pn.aap cells (posterior daughters of the ante-
rior daughters of the anterior daughters of P blast cells)
generated from P1, P2, P9 to P12 in the ventral cord
normally die, but some of them survive in mutants with
partial loss of ced-3 activity [105, 107]. Autophagy itself
does not trigger cell death in the ventral cord. However,
inhibiting autophagy increases the survival of Pn.aap

cells generated from P1, P2, P9 to P12 when ced-3 activ-
ity is partially compromised [104]. Autophagy activity
also contributes to physiological germline cell death in
mutants with partially reduced caspase activity [104].

Concluding remarks

The wealth of knowledge about its developmental
processes makes C. elegans an excellent model system
to investigate the functions of autophagy under normal
physiological conditions and also when the animal expe-
riences various stresses. In future, the powerful genetic
tools that are available to study C. elegans may help us
to reveal the molecular mechanisms underlying the se-
lective autophagic removal of protein aggregates, pater-
nal mitochondria, MOs and lipid droplets. Investigating
how various developmental signaling and environmental
cues are integrated into the autophagic machinery will
also be of great importance in understanding autophagy
regulation during C. elegans development. Ultimately,
these studies will provide insights into how autophagy
dysfunction leads to the development of a broad range of
human diseases, such as metabolic disorders and neuro-
degeneration.
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