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Abstract: Fertilization is the starting point for creating new progeny. At this time, the
highly differentiated oocyte and sperm fuse to form one zygote, which is then converted into a
pluripotent early embryo. Recent studies have shown that the lysosomal degradation system via
autophagy and endocytosis plays important roles in the remodeling of intracellular components
during oocyte-to-embryo transition. For example, in Caenorhabditis elegans, zygotes show high
endocytic activity, and some populations of maternal membrane proteins are selectively internalized
and delivered to lysosomes for degradation. Furthermore, fertilization triggers selective autophagy
of sperm-derived paternal mitochondria, which establishes maternal inheritance of mitochondrial
DNA. In addition, it has been shown that autophagy via liquid–liquid phase separation results in
the selective degradation of some germ granule components, which are distributed to somatic cells of
early embryos. This review outlines the physiological functions of the lysosomal degradation system
and its molecular mechanisms in C. elegans and mouse embryos.
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Introduction

The oocyte not only synthesizes maternal
proteins and RNAs but also takes up nutrients for
embryonic development. Oocyte growth is arrested
at the first meiotic division in Caenorhabditis elegans
and at the second meiotic division in mice. Upon

receiving a signal from the sperm, egg maturation is
initiated, followed by fertilization to form a zygote.
The zygote then completes meiosis and starts mitotic
cell division for embryogenesis. This is followed by
large-scale degradation of maternal RNA and cyto-
solic proteins.1)–3) In addition, translation of mater-
nal mRNAs and subsequent zygotic gene expression
drives protein synthesis to achieve intracellular
remodeling during embryonic development.

C. elegans has two sexes: hermaphrodites and
males. It mainly lives as a self-fertilizing hermaphro-
dite, although approximately 0.1% of the progeny is
male.4) C. elegans hermaphrodites have a pair of
U-shaped gonad arms connecting to a spermatheca,
which accommodates sperm (Fig. 1A). The first step
in the oocyte-to-embryo transition is “meiotic matu-
ration”. In C. elegans, the distal region of each gonad
forms a syncytium that contains germ cell nuclei,
and the cellularization of oocytes starts around the
bend region of the gonad arm. Growing oocytes take
up nutrients such as yolk proteins for embryogenesis
by endocytosis as meiosis proceeds (see below). The
oocytes continue to grow and gradually move toward
the proximal region. In the C. elegans germ line,
growing oocytes are arrested at the diakinesis stage of
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meiotic prophase I. This meiotic arrest is released by
the major sperm proteins (MSPs) secreted from the
sperm, leading to cortical rearrangement of the
oocytes. A fully mature oocyte is ovulated into the
spermatheca by gonadal sheath contraction and
fertilized by a single sperm.5) Sperm entry triggers
the second step in the oocyte-to-embryo transition,
which is referred to as “egg activation”. Fertilized

oocytes complete meiosis I and II, accompanied by
polar body formation. During this process, C. elegans
zygotes undergo cell polarization to form an anterior-
posterior axis.6) The zygotes also form eggshells
consisting of a chitin layer and a chondroitin
proteoglycan layer.7) Chitin synthesis is driven by
chitin synthase-1 (CHS-1) immediately after fertil-
ization to prevent polyspermy.8) The chondroitin
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Fig. 1. (A) C. elegans germ line. The C. elegans hermaphrodite gonad contains a pair of U-shaped gonad arms containing a
spermatheca, which accommodates sperms. A distal region of each gonad is composed of a syncytium that contains germ cell nuclei.
Oocytes are formed by cellularization around the bend region of the gonad arm and growing oocytes move to the proximal region.
In the most proximal region, the oocyte receives the signal from the sperm and undergoes meiotic maturation and cortical
rearrangement. Mature oocytes are ovulated into the spermatheca which contains sperm and the oocytes are fertilized. The fertilized
egg then moves to the uterus, completes meiosis I and II and starts embryogenesis. DTC, distal tip cell. (B) Multiple roles of
endocytosis and autophagy during oocyte-to-embryo transition. Growing oocytes take up yolk components via receptor-mediated
endocytosis in the proximal region. Oocytes receive a signal from the sperm and undergo lysosomal switching. Immediately after
fertilization, sperm-derived paternal mitochondria and membranous organelles (MOs) are ubiquitinated at metaphase I and then
eliminated by allophagy. Some populations of maternal membrane proteins are ubiquitinated at anaphase II and selectively
endocytosed for degradation by the 2-cell stage. Induction of autophagy occurs at later embryonic stages again (64–100 cells).
Autophagy of PGL granules also occurs in somatic cells of embryos.
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proteoglycan layer is formed by the exocytosis of
cortical granules, including chondroitin proteogly-
cans and mucin glycoproteins.9)–11)

In C. elegans, the first large-scale degradation of
maternal RNAs occurs immediately after fertiliza-
tion.12) Several maternal proteins such as meiotic
spindle formation protein (MEI)-1 and MEI-2,
which are homologs of the microtubule-severing
complex,13) are selectively degraded by the ubiqui-
tin-proteasome system (UPS) after fertilization and
before mitosis.14),15) Degradation of these meiotic
cytosolic proteins is regulated by the dual-specificity
tyrosine phosphorylation-regulated kinase (DYRK)
family protein minibrain kinase (MBK)-2 and an E3
ubiquitin ligase, such as cullin (CUL)-3.16) MEI-1 and
MEI-2 are required for meiotic cell division, but these
preclude the transition of short meiotic spindles to
large mitotic spindles and inhibit appropriate mitosis
if they remain in embryos.14),15) Thus, UPS degrada-
tion of a subset of meiotic proteins is essential for
normal embryonic development. In addition, recent
studies have revealed that the lysosomal degradation
system involving endocytosis and autophagy also
play important roles in the remodeling of intra-
cellular components during early development. This
review will address the role of membrane trafficking
in germline cells and recent developments in the
understanding of lysosomal degradation systems,
which mediate the degradation of intracellular
membrane components and organelles during the
oocyte-to-embryo transition, especially in C. elegans
and mice.

1. Receptor-mediated endocytosis of yolk
proteins by growing oocytes

In C. elegans, growing oocytes take up yolk
components by receptor-mediated endocytosis and
use them as nutrients for early development after
fertilization (Fig. 1B, 2A). The yolk proteins, which
are lipoproteins consisting of core proteins such as
vitellogenin (VIT)-2 with neutral lipids and choles-
terol, are secreted from intestinal cells into the body
cavity. The secreted yolk proteins are then taken up
by growing oocytes and are stored in yolk granules,
which are lysosome-related organelles.17) By using a
fusion protein of VIT-2 with green fluorescent protein
(VIT-2-GFP) as a monitor protein, Grant et al.
isolated 11 complementation groups of mutants,
which were defective in the uptake of VIT-2-GFP
by oocytes and referred to them as receptor-mediated
endocytosis defective mutants (rme).17) Notably,
many of the identified rme genes encoded novel

genes that are conserved between C. elegans and
mammals (Fig. 2A). The rme-2 gene encodes a
homolog of the human low-density lipoprotein
receptor RME-2, which functions as a yolk receptor
in oocytes.17) The rme-3 gene encodes a clathrin
heavy chain, suggesting that yolk uptake by oocytes
is mediated by clathrin-mediated endocytosis.18) The
rme-6 gene encodes a novel protein with a Vps9
domain that acts as a guanine nucleotide exchange
factor for the small GTPase Rab5, and a Ras
GTPase-activating protein-like domain.19) RME-6
interacts with ,-adaptin and localizes mainly to
clathrin-coated pits, suggesting that it activates
Rab5 on clathrin-coated pits and transports cargo
proteins in primary endocytic vesicles to endosomes.
The rme-1 gene encodes an eps15-homology domain-
containing protein, which localizes to recycling
endosomes and functions during the recycling of the
yolk receptor, RME-2 to the plasma membrane
(PM).20) Recently, it was reported that RME-1
functions with amphiphysin-1 in the formation of
transport intermediates from acidic lipid-rich recy-
cling endosomes.21) The rme-5 and rme-4 genes
encode a small GTPase, RAB-35 and a protein with
a differentially expressed in normal and neoplastic
cells (DENN) domain, a clathrin-binding box, and an
AP-2 binding motif, respectively.22) It has been
revealed that Connecdenn/DENND1, which is a
human RME-4 homolog, acts as a guanine nucleotide
exchange factor for Rab35.23) Both RAB-35 and
RME-4 function in parallel with RAB-11 during
the endocytic recycling of RME-2. Because RME-4
interacts with ,-adaptin and localizes mainly to
clathrin-coated pits, RME-4 activates RAB-35 on
clathrin-coated pits, allowing for rapid recycling of
the yolk receptor from early endosomes to the PM.22)

RME-2 is recycled between the PM and endosomes
for yolk uptake in growing oocytes, but it is delivered
to lysosomes for degradation after fertilization,24),25)

suggesting that switching of the transport pathway
of RME-2 from a recycling route to a degradative
route takes place during oocyte-to-embryo transition
(Fig. 2, see below).

2. Sperm signaling triggers a lysosomal switch
to promote oocyte proteostasis

Recent studies have revealed that proteostasis in
proximal oocytes is regulated by a lysosomal switch-
ing mechanism that converts the pH of lysosomal
lumen from non-acidic to acidic and upregulates
lysosomal functions in response to sperm signaling
(Fig. 1B). In C. elegans, immature germ cells contain
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carbonylated proteins that are generated by oxida-
tive stress.26) However, these proteins are eliminated
from the cytosol of proximal oocytes. Because
carbonylated proteins are not removed in the
proximal oocytes of feminized mutants that lack a
sperm, this process is thought to be signaled by MSPs
secreted from sperm, which trigger the oocyte-to-
embryo transition.26) To study the protein clearance
mechanism in proximal oocytes, Kenyon and col-
leagues generated animals expressing GFP-tagged
aggregation-prone proteins in the germ line.27) They
found that these proteins formed immobile aggre-
gates, which gradually accumulated in the proximal
oocytes of young adult feminized animals, and that
the elimination of these aggregates was triggered by
the input of sperm signaling before fertilization, but
not by fertilization itself. Using a protein-aggregate
detection reagent, they observed that endogenous
protein aggregates accumulated in the oocytes of
feminized animals. They further sought sperm-
responsive components that function in cytosolic
aggregate elimination. They identified lysosomal V-
ATPase as the downstream factor for aggregate
clearance in proximal oocytes. Although the protein
level of V-ATPase was relatively low in immature
growing oocytes, the protein level of V-ATPase
gradually increased and became localized to lyso-
somes as the oocyte moved to the proximal region
and matured. This observation suggested that sperm-
derived signals induce the expression of V-ATPase
and trigger lysosomal acidification in proximal
oocytes. The expression of V-ATPase subunits is
repressed by germline development defective (GLD)-
1 protein, which is a major translational repressor in
the germ line,28) before oocyte maturation. When
sperm-derived MSPs act on the proximal oocytes,
proteasome-dependent degradation of GLD-1 is
triggered to release translational repression of the
mRNAs encoding V-ATPase subunits. The newly
synthesized V-ATPase subunits are then targeted
to lysosomes for acidification. Notably, the loss of
macroautophagy-related genes did not affect aggre-
gate clearance in the proximal oocytes. Instead, it
was observed that cytosolic aggregates are sur-
rounded by arm-like projections, which extend from
lysosomes before their disappearance,27) suggesting
the involvement of microautophagy in this process.29)

Recently, a whole genome RNAi screen for genes
regulating this process has identified many compo-
nents involved in protein synthesis, cytoskeleton-
associated processes, ER functions, lysosomal acid-
ification, and vesicular transport.30) Further analysis

will be required to understand the molecular mech-
anisms regulating the activation of proteostasis in the
germ line during oocyte maturation.

3. Selective degradation of maternal membrane
proteins after fertilization

In fertilized eggs, a subset of maternal PM
proteins derived from oocytes is selectively internal-
ized by endocytosis and degraded in lysosomes
(Fig. 2).9),10),25),31) In the second meiotic phase,
approximately 25min after fertilization, several
maternal membrane proteins such as RME-2, CAV-
1, CHS-1, and EGG-1 are internalized and trans-
ported to endosomes (Fig. 2B).9),10),24),25),32) CAV-1,
which is a caveolin homolog, localizes to cortical
granules as well as the PM in oocytes and is
transported to the PM immediately after fertiliza-
tion.9) CHS-1 mainly localizes to the PM in the
proximal oocytes and functions in the formation of
the chitin layer to prevent polyspermy.33) EGG-1 was
originally identified as a putative sperm receptor.34)

These internalized maternal membrane proteins are
then delivered to lysosomes for degradation and they
disappear in the 2-cell stage (about 65–80 minutes
after fertilization). In contrast, some PM proteins
such as synaptobrevin-1 homolog (SNB-1) and
syntaxin-4 homolog (SYN-4), which are generally
required for membrane trafficking, are not degraded
after fertilization and remain even in late-stage
embryos, suggesting that this degradation is a
substrate-selective process.

It is generally known that lysine 63 (K63)-linked
ubiquitination is involved in selective endocytosis of
membrane proteins.35) Indeed, a strong accumulation
of K63-linked ubiquitin signals was observed on
endosomes during the second meiotic anaphase
(Fig. 1B and Fig. 2).25) In addition, the size of
endosomes also increased significantly compared
with that before fertilization, suggesting that endo-
somal activation takes place during fertilization. The
accumulation of K63-linked ubiquitin signals on
endosomes is transient and disappears at the 2-cell
stage. These observations imply that considerable
amounts of maternal membrane proteins are tran-
siently ubiquitinated and transported to endosomes
during this period.25) The ubiquitinated membrane
proteins are then sorted by the ESCRT complex from
the endosomal membrane into intraluminal vesicles
via the multivesicular body (MVB) pathway36) and
delivered to the lysosomal lumen (Fig. 2B).25)

We screened for factors that control the ubiq-
uitination-mediated selective degradation of mater-
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nal membrane proteins in embryos.25) We found that
ubiquitin-conjugating enzyme E2, UBC-13, and its
variants, and UEV-1 are involved in this process. It
has been reported that UBC-13 and UEV-1 form
a complex that specifically affects the formation of
K63-linked ubiquitin chains.37) In ubc-13 or uev-1-
deficient mutants, the degradation of maternal
membrane proteins such as CAV-1 and RME-2 is
significantly inhibited, and the accumulation of K63-
linked ubiquitin chains on endosomes that occurs
after fertilization is strongly suppressed. In these
mutants, maternal membrane proteins are trans-
ported to endosomes but recycled back to the PM,
suggesting that the sorting of maternal membrane
proteins on endosomes into the MVB pathway is
impaired in the absence of K63-linked ubiquitination.
Because the PM is the place for nutrient uptake, cell-
cell communication, and various signal transduction
pathways, selective degradation of maternal mem-
brane proteins via endocytosis is a mechanism for
converting the protein composition of the PM from
the oocyte-type to the embryo-type.

As described above, maternal membrane pro-
teins play a role in growing oocytes, but they are
readily transported to lysosomes for degradation
after fertilization. Therefore, there may be a signaling
mechanism that triggers the degradation of maternal
membrane proteins after fertilization. One of the
upstream factors driving this mechanism is the
anaphase-promoting complex/cyclosome (APC/
C).10),25) APC/C is an E3 ubiquitin ligase required
for the release of mature oocytes from their arrest at
meiotic prophase I, and its loss drastically inhibits
the endocytosis of GFP-CHS-1 from the PM after
fertilization.25) These observations suggested that the
endocytosis of maternal PM proteins after fertiliza-
tion depends on APC/C-mediated meiotic cell cycle
progression (Fig. 2B). Further elucidation of the
signaling pathway that links developmental events
and intracellular transport is required.

4. Selective degradation of maternal membrane
proteins in mouse embryos

We also studied the fate of maternal PM
proteins during mouse embryogenesis (Fig. 3).38)

During mouse oogenesis, the growth of primary
oocytes, which differentiate from primordial germ
cells, is arrested at the prophase of meiosis I.39)

Subsequently, oocytes resume meiosis I at the germi-
nal vesicle (GV) stage and then undergo maturation.
The matured oocytes arrest their growth at the
metaphase of meiosis II to become metaphase II

oocytes during ovulation. After fertilization, the
fertilized oocytes complete meiosis II, resulting in
the initiation of embryonic development.

Glyt1, encoded by the Slc6a9 gene, is a
membrane protein with 12-transmembrane domains,
which localizes to the PM and functions as a glycine
transporter in oocytes and embryos.40),41) This
protein imports glycine into oocytes and early
embryos in response to osmotic changes in the
extracellular environment.42),43) It has been reported
that mouse early embryos import glycine as an
osmolyte to protect themselves from osmotic
stress.44),45) In fact, it has been shown that the
intracellular concentration of free glycine increases in
metaphase II stage oocytes, its level is maintained
during the 4–8-cell embryonic stage and then
decreases in later stages.42) Notably, endogenous
Glyt1 proteins have been reported to mainly localize
to the PM in oocytes and also in early embryos but
disappear after the late 8-cell stage of embryo-
genesis.42) To study the fate of Glyt1a during early
embryogenesis, we observed the behavior of fluores-
cent protein-tagged Glyt1a in mouse embryos using a
non-invasive live imaging system (Fig. 3).38) Whereas
maternal membrane proteins are endocytosed imme-
diately after fertilization in C. elegans, fluorescent
protein-tagged Glyt1a was internalized from the PM
to early endosomes at the late 2-cell stage and then
transported to late endosomes and lysosomes for
degradation during the 4–8-cell stage. An accumu-
lation of a large amount of ubiquitinated proteins in
endosomes was observed during this process. We also
found that other maternal PM proteins such as
CD151, which belongs to the tetraspanin family, and
synaptophysin-like protein (Sypl), are also endocy-
tosed by the late 2-cell stage for degradation as well
as Glyt1a. Notably, CD9, which is a tetraspanin
family protein that localizes to microvilli on oocytes,
remains on the PM and is partly released into the
perivitelline space between the PM and Zona
pellucida in the 8-cell stage embryos,38),46) suggesting
that maternal membrane protein degradation is a
selective process. Treatment of 2-cell stage embryos
with a clathrin inhibitor, Pitstop2, completely
blocked the internalization of a fluorescent protein-
tagged Glyt1a from the PM, suggesting that this
process is not only mediated by ubiquitination but
also by clathrin-mediated endocytosis. The endocy-
tosis of Glyt1a appears to be mediated by a protein
kinase C (PKC)-dependent mechanism because the
activation and inhibition of PKC triggers the
internalization of Glyt1a even in 1-cell stage embryos
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and strongly blocks Glyt1a endocytosis at the late 2-
cell stage, respectively. Notably, Pitstop2 treatment
also inhibited the cell division of 2-cell stage embryos
and caused cell division defects in later stage
embryos, suggesting the importance of clathrin-
mediated endocytosis during early embryogenesis.
These observations suggest that selective degrada-

tion of maternal membrane proteins is a conserved
mechanism between C. elegans and mice, although
the timing of endocytosis is different.

5. Paternal organelle degradation by
autophagy and maternal inheritance

of mitochondrial DNA

After fertilization, sperm-derived paternal or-
ganelles and cytosolic components enter the cyto-
plasm of the zygote. Among them, sperm-derived
centrioles, which are platforms for centrosome
assembly, persist during embryogenesis in C. elegans
and some other species.47) It has been reported that
approximately 10% of total RNA in early embryos is
of paternal origin, which is derived from the sperm.48)

On the other hand, paternal mitochondria and their
mitochondrial DNA (mtDNA) are known to disap-
pear after fertilization, resulting in maternal inher-
itance of mtDNA in many species,49),50) although the
mechanisms involved remain largely unknown. Thus,
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we and other groups attempted to elucidate the
mechanism of maternal inheritance of mtDNA in
C. elegans (Fig. 4).51),52) We stained sperm-derived
mitochondria (paternal mitochondria) by soaking
males in a mitotracker-containing solution and
observed their dynamics in fertilized eggs. We found
that paternal mitochondria entered fertilized eggs
but gradually disappeared from the 2–8-cell stage
during embryogenesis. Next, we examined whether
autophagy, which delivers cytoplasmic proteins and
organelles to lysosomes for degradation via autopha-
gosome formation, is involved in the degradation of
paternal mitochondria in embryos. We analyzed the
localization of autophagy-related factors such as
LGG-1, which is a C. elegans homolog of the
autophagosome marker Atg8/LC3, during the oo-
cyte-to-embryo transition. Because LGG-1 localizes
to small spherical structures scattered in the cyto-
plasm of growing oocytes, a low level of autophagy
may take place in the process of oocyte maturation.51)

In contrast, LGG-1 strongly accumulates on auto-
phagosomes, which surround sperm-derived paternal
mitochondria and post-Golgi organelles called mem-
branous organelles (MOs) in fertilized eggs, leading
to a local induction of autophagy (Fig. 4). Paternal
mitochondria and MOs are then delivered to lyso-
somes for degradation. As paternal components
derived from sperm are selectively eliminated from
embryos by autophagy, we refer to this autophagy as
allophagy (allogeneic [non-self ] organelle autopha-
gy).53) Loss of autophagy-related factors causes a
defect in the degradation of paternal mitochondria,
leading to the transmission of paternal mtDNA to
the offspring. These findings clearly indicated that
selective degradation of paternal mitochondria by
autophagy ensures maternal inheritance of mtDNA
in C. elegans. In addition to allophagy, autophagy is
induced again in the 64–100-cell stage, and many
LGG-1-positive punctate structures appear through-
out the embryo (Fig. 1B). Although the substrates
have not yet been identified, this suggests that there
are multiple time points when autophagy activity
increases during embryogenesis. In addition, most
lgg-1 deficient animals suffer lethality in the late
embryonic development stage or the L1 larval stage
immediately after hatching, suggesting that auto-
phagic activity is necessary for normal embryonic
development.

We also studied the mechanisms underlying the
recognition of paternal organelles during autophagy
(Fig. 4). In fertilized zygotes, strong K48-linked and
K63-linked ubiquitination occurs on MOs prior to

autophagy, whereas a weak GFP-ubiquitin signal
was observed on paternal mitochondria, suggesting a
ubiquitin-mediated regulation of autophagy.51),54)

However, it is unclear whether a ubiquitin monomer
or a part of K48 or K63-linked ubiquitin chains is
responsible for the weak GFP-ubiquitin signal on
paternal mitochondria. In the ubiquitin-dependent
selective autophagy pathway in mammals, ubiquiti-
nation of the substrates destined for degradation
serves as a signal, which binds to an autophagy
adaptor containing a ubiquitin-interacting motif.
The autophagy adaptors then bind to autophagy-
related factors such as LC3 via the LC3-interacting
region (LIR), thereby promoting a local formation of
autophagosomes around the substrates.55),56) Re-
cently, we identified a novel factor, ALLO-1, which
contains an LIR motif and functions as an autophagy
adaptor in allophagy.54) ALLO-1 localizes to paternal
organelles immediately after fertilization, and its
localization is impaired by the loss of UBA-1, which
is the sole ubiquitin-activating protein in C. elegans.
In addition, ALLO-1 directly binds to LGG-1 via the
LIR motif, and mutations in its LIR domain leads to
defects in autophagosome formation around paternal
organelles. From these observations, we concluded
that ALLO-1 is an autophagy adaptor that promotes
autophagosome formation around paternal organelles
after fertilization. Although ALLO-1 is a nematode-
specific factor based on its amino acid sequence, its
function as an autophagy adaptor appears to be well
conserved across species. We also identified IKKE-1,
which is a homolog of the mammalian TBK1/IKKC

kinase, as an ALLO-1-binding partner essential for
allophagy. TBK1 is known to phosphorylate autoph-
agy adaptors such as optineurin (OPTN), NDP52,
and p62 in mammalian xenophagy and PINK1/
Parkin-dependent mitophagy, thereby enhancing the
binding ability of the adaptors to LC3 or ubiquitin.57)

In fact, the phosphorylation of ALLO-1 is partly
dependent on IKKE-1, and mutations in potential
phosphorylation sites on ALLO-1 reduced the effi-
ciency of allophagy. Thus, the mechanism of the
selective autophagy pathway is conserved across
species and targets. On the other hand, it has also
been suggested that IKKE-1 has phosphorylation
substrates other than ALLO-1, and IKKE-1 can
promote the formation of a local autophagosome
membrane by phosphorylating multiple targets
simultaneously.

What happens to paternal organelles after
fertilization? Recently, detailed electron microscopic
observation of C. elegans sperms and fertilized eggs
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has revealed that the membrane structure of paternal
mitochondria changes drastically after fertiliza-
tion.58) Paternal mitochondria in sperm have normal
internal membrane structures before fertilization. In
contrast, paternal mitochondria contain collapsed
cristae and electron-dense aggregates in fertilized
eggs. In addition, parts of the paternal mitochondria
have a ruptured outer membrane and show a
decrease in their membrane potential. As such
changes occur before paternal mitochondria are
completely engulfed by the autophagosome and not
on maternal mitochondria, these seem to occur
spontaneously only in paternal mitochondria
(Fig. 4). On the other hand, a recent study has
reported that paternal mitochondria remain polar-
ized before they are engulfed by autophagosomes in
fertilized eggs and that they never fuse with maternal
mitochondria.59) The timing of paternal mitochon-
drial degeneration requires further investigation.

One of the candidates involved in the degener-
ation of paternal mitochondria after fertilization is
CPS-6, a mitochondrial endonuclease G homolog,
since it was reported that the loss of CPS-6 delays
the degeneration of paternal mitochondria and the
formation of autophagosomal membranes around
paternal mitochondria.58) Based on these observa-
tions, it has been proposed that the degradation of
mtDNA by CPS-6 leads to the structural breakdown
of paternal mitochondria, and these mitochondria are
specifically eliminated by allophagy. An interesting
topic to be elucidated is how the fertilization signal is
transmitted to the paternal mitochondria leading to
their breakdown. Paternal mitochondrial degenera-
tion may trigger ubiquitination and recognition by
ALLO-1. In mammalian cells, a decrease in mito-
chondrial membrane potential triggers PINK1 and
Parkin-dependent mitophagy. However, allophagy
occurs normally in PINK1 and Parkin-deficient
strains, suggesting the involvement of other ubiquitin
ligases in this process.54) The mechanisms for
regulating paternal mitochondrial degeneration and
their recognition by ALLO-1 remain to be elucidated.

6. Autophagy-dependent degradation of
P granule constituents in C. elegans

The P granule is a C. elegans germ cell-specific
non-membrane bound organelle that is a type of
germ granule widely observed in animal germ cells
(Fig. 5).60) P granules are considered to be involved
in the translational regulation of mRNA and are
essential for the formation of functional germ cells.61)

In addition to germ granules, nucleoli, P-bodies, and

stress granules found in somatic cells are non-
membrane bound organelles, but it remains unclear
how such structures are formed without being
separated by a membrane. However, recent analyses
of P granules in C. elegans have revealed that these
organelles form droplets, in which specific proteins
and RNA are assembled by liquid–liquid phase
separation.62),63) The P granule derived from the
oocyte is transmitted and maintained only in the P
cell lineage, which will differentiate into germ cells in
the embryo (Fig. 5A).61) PGL-1 and its paralog PGL-
3 form a scaffold for the formation of P granules by
liquid–liquid phase separation (Fig. 5B).61),62),64),65)

These proteins have an RGG domain, which is an
intrinsically disordered region, and this region plays
an important role in liquid–liquid phase separation.
Recently, the intrinsically disordered proteins,
MEG-3 and MEG-4, have been shown to be involved
in the asymmetric localization of P granules in
embryos.66),67)

In addition to these mechanisms, when PGL-1
and PGL-3 are distributed to somatic cells, these
proteins are selectively degraded by autophagy
(Fig. 5).68) In the somatic cells of autophagy-deficient
embryos, PGL-1 and PGL-3 exist in granular
structures, which are referred to as PGL granules
(PGL-1-positive granules) because their composition
is different from that of P granules.68) In order to
identify factors involved in autophagy, Zhang et al.
attempted to isolate mutants that suppress PGL
granule formation in autophagy-deficient mutants
and isolated the suppressor of ectopic P granule in
autophagy (sepa)-1 mutants.68) In the sepa-1 mutant,
GFP::PGL-1 was present in somatic cells in embryos,
but PGL granules were no longer formed. SEPA-1 is
a self-associating protein with a helical structure and
a KIX domain, and it functions as an autophagy
adaptor in the degradation of PGL granules by
interacting with both PGL-3 and the autophagy
factor LGG-1.

Zhang et al. also isolated several ectopic PGL
granules (epg) mutants, which showed abnormal
localization of P-granule components in somatic cells,
by performing a genetic screen using GFP-PGL-1
and identified many factors required for the degra-
dation of PGL granules.69) Among these factors,
EPG-1 and EPG-9 are Atg13 and ATG101 homo-
logs, respectively, and form a complex with UNC-51
(Atg1 homolog) and act upstream of autophagy.70)

EPG-2 functions as a scaffold protein that
localizes to PGL granules via SEPA-1 and further
binds to LGG-1.69) EPG-2 also changes the proper-
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ties of PGL granules from a soft liquid phase to a
gel state destined for autophagy (Fig. 5B).71)

The epg-3 and epg-4 genes encode homologs of
human vacuolar membrane protein-1 and etoposide-
induced gene 24/p53-induced gene 8 (EI24/PIG8),
which are membrane proteins localized in the ER.69)

These mutants accumulate isolation membranes of
omegasomes and autophagosomes formed from the
ER, suggesting that EPG-3 and EPG-4 are factors
involved in the formation and closure of isolation
membranes on the ER.69),72) EPG-6 is a WIPI4
homolog, which is involved in omegasome formation
by regulating the localization of ATG-9 vesicles
together with ATG-2.73) In contrast, the epg-5 gene
encodes a novel factor, EPG-5 that is conserved in
mammals, and in epg-5 mutants, PGL granules are
trapped in autophagosomes but not degraded. EPG-
5 is thought to be involved in the formation of
autolysosomes that occur in the late stages of
autophagy.69) Recently, it has been revealed that
human EPG5 functions as an effector of the small
GTPase RAB7 to regulate the fusion specificity of
autophagosomes and late endosomes/lysosomes,74)

and mutations in EPG5 cause Vici syndrome.75)

7. Essential roles of autophagy in
mouse embryogenesis

Autophagy is essential for early mouse develop-
ment because Atg5-deficient oocytes fertilized with
Atg5-deficient sperm arrest at 4- and 8-cell stages
(Fig. 3B).76) Autophagy activity was relatively low
in mouse oocytes prior to fertilization. In contrast,
autophagy activity increased drastically approxi-
mately 4 h after fertilization. Although autophagy
activity then decreases slightly before and after the
2-cell stage, it remains at a high level until the 4–8-
cell stage. In fertilized mouse eggs, oocyte-derived
proteins and mRNAs are rapidly degraded after
fertilization, while embryonic gene transcription is
initiated, and protein synthesis becomes active in the
4–8-cell stage. Because reduction of amino acid levels
and decreased synthesis of new proteins are remark-
able features in Atg5-deficient embryos, fertilization-
triggered autophagy is thought to be essential for
supplying amino acids to new protein synthesis
driven by zygotic gene expression. mTOR is known
to be a negative regulator of autophagy, and the
phosphorylation of one of its substrates, S6 kinase,
was reduced in fertilized eggs.76) However, the treat-
ment of mouse embryos with an mTORC1 inhibitor
did not induce autophagy by itself, suggesting that
fertilization-triggered autophagy occurs independ-

ently of mTORC1.77) Treatment with strontium,
which can artificially induce intracellular calcium
release, induces autophagy even in unfertilized
oocytes; raising the possibility that autophagy is
triggered by calcium oscillation after fertilization.
Further analysis of the signaling pathways that drive
autophagy after fertilization is required.

Recently, Tsukamoto and colleagues revealed
that autophagic activity in fertilized eggs is related to
embryo viability and developmental ability.78) They
found that the autophagic activity in aged eggs
derived from 14–15-month-old mice was significantly
reduced, probably due to a decreased activity of
lysosomal degrading enzymes, compared with those
from young mice. In addition, when they classified
4-cell stage embryos into two groups according to
autophagic activity, the number of pups was
significantly higher in females transplanted with
embryos with high autophagy activity than those
with embryos with low autophagy activity. Auto-
phagic activity in embryos may be a good index for
evaluating the quality of embryos and predicting
their developmental ability.

8. Mechanisms to eliminate paternal
mitochondria in mouse embryos

In mammals, sperm mitochondria are tightly
coiled around an axoneme in a spiral shape at a site
called the midpiece. In humans and mice, it has been
reported that sperm-derived paternal mitochondria
containing mtDNA enter eggs but disappear during
embryogenesis.79) Ubiquitin signals were also de-
tected in the paternal mitochondria of mouse
embryos.79) Based on these observations, it has been
thought that paternal mitochondria are somehow
removed from embryos after fertilization. More
recently, it has been reported that ubiquitinated
paternal mitochondria are degraded by p62-mediated
autophagy.80) In addition, the membrane potential of
paternal mitochondria is reduced after fertilization,
and the simultaneous knockdown of two ubiquitin
ligases, PARKIN and MUL1, delays this degrada-
tion,80) suggesting that ubiquitination-mediated au-
tophagy regulates the degradation of paternal
mitochondria in mouse embryos. On the other hand,
other groups have claimed that autophagy is
dispensable for the elimination of paternal mito-
chondria in mouse embryos.81) They reported that
paternal mitochondria are fragmented around the 4-
cell stage, but they are not actively degraded and
remain at least until the blastocyst stage, although
autophagy factors such as LC3 are transiently
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localized in the vicinity of paternal mitochondria in
1-cell stage embryos. They also reported that
mtDNA is already degraded during differentiation
in approximately 65% of sperm, suggesting that this
degradation is a major mechanism for maternal
inheritance of mtDNA. The fate of paternal mito-
chondria in mouse embryos requires further verifica-
tion.

Perspective

Recent studies have revealed multiple roles of
endocytosis and autophagy during early development
in C. elegans and mice. It has been shown that some
populations of maternal membrane proteins are
selectively degraded after fertilization in C. elegans
and mouse embryos. However, the signaling mecha-
nisms underlying these processes and the ubiquitina-
tion mechanism that determines substrate specificity
have not yet been identified. Notably, the endocy-
tosis of maternal PM proteins occurs immediately
after fertilization (921min after fertilization) and is
quickly delivered to lysosomes for degradation by the
2-cell stage (965min after fertilization) in C. elegans
embryos.9),10),25) In contrast, maternal PM proteins
in mouse embryos start to be internalized by the late-
2-cell stage (40 hours post fertilization) and are
slowly transported to lysosomes by the 8-cell (54
hours post fertilization) and later stages.38) This
difference may be explained by the different timings
of endosome/lysosome maturation in C. elegans and
mouse embryos, as lysosomes in mouse embryos
can be detected from the 2-cell stage by staining
with LysoTracker Green, which labels acidic lyso-
somes.38),82) The physiological significance of the
selective degradation of maternal membrane proteins
after fertilization remains unclear. If the proteins
that regulate this process are identified in the future,
their physiological roles can be studied by analyzing
the functions of the gene products and their deficient
strains.

On the other hand, various roles of autophagy
during oocyte-to-embryo transition have been eluci-
dated. The sperm-derived paternal mitochondria are
selectively degraded by allophagy, which has been
shown to be essential for maternal inheritance of
mtDNA. However, it is still unclear how allophagy is
triggered and why only paternal mitochondria are
selectively surrounded by autophagosomes and deliv-
ered to lysosomes for their degradation in embryos.
In the future, it will be necessary to clarify the
signaling pathways that initiate allophagy, identify
changes occurring in paternal mitochondria before

and after fertilization, and reveal the signals required
to target ALLO-1 and other autophagy-related
factors to paternal mitochondria. It is also unclear
why paternal mitochondria need to be removed.
Several hypotheses have been proposed in this
regard. One model states that the mitochondria of
sperm are exhausted by the flagellar movement and
are dysfunctional at the time of fertilization, and
another model states that mtDNA prefers to be in a
homoplasmic state and mtDNA from other individ-
uals is degraded to maintain this homoplasmic
state. In fact, it has been reported that mice
artificially carrying two types of mtDNA show
metabolic abnormalities.83) If oocytes continue to
accept mtDNA from sperm at each fertilization,
mtDNA will be excessively heteroplasmic with each
successive generation. In such a situation, it may be
difficult to control multiple types of mitochondria
with a different quality. Alternatively, if oocytes
accept defective mitochondria that produce excessive
reactive oxygen species even once, the survival of the
species itself may be threatened. The physiological
significance of paternal mitochondrial degradation
is expected to become clearer through comparative
analysis of development, growth, and effects on
offspring using wild-type strains and mutants that
retain paternal mitochondria, such as allo-1 and
ikke-1 mutants. In mammals, autophagy is induced
twice in early embryos, but the specific substrates for
autophagy remain unclear. In the future, proteomic
analysis of embryos from wild-type and autophagy-
defective mice will enable us to identify the sub-
strates of degradation by autophagy during early
embryogenesis.
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