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ABSTRACT

The mechanism underlying autophagic degradation of a protein aggregate remains largely unknown. A
family of receptor proteins that simultaneously bind to the cargo and the Atg8 family of autophagy
proteins (such as the MAP1LC3/LC3 subfamily) has been shown to confer cargo selectivity. The selectivity
and efficiency of protein aggregate removal is also modulated by scaffold proteins that interact with
receptor proteins and ATG proteins. During C. elegans embryogenesis, autophagic clearance of the
cargoes PGL-1 and PGL-3 requires the receptor protein SEPA-1 and the scaffold protein EPG-2. SEPA-1 and
EPG-2 also form aggregates that are degraded by autophagy. Here we investigated the effect of
composition and organization of PGL granules on their autophagic degradation. We found that depletion
of PGL-1 or PGL-3 facilitates the degradation of SEPA-1 and EPG-2. Removal of EPG-2 is also promoted
when SEPA-1 is absent. Depletion of PGL-1 or PGL-3 renders the degradation of SEPA-1 independent of
EPG-2. We further showed that overexpression of SEPA-1 or EPG-2 as well as SQST-1 or EPG-7 (scaffold
protein), which belong to different classes of aggregate, has no evident effect on the degradation of the
other type. Our results indicate that the composition and organization of protein aggregates provide
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another layer of regulation to modulate degradation efficiency.

Introduction

Autophagy involves the engulfment of a portion of the cytosolic
contents in a double-membrane structure, called the autopha-
gosome, and its subsequent delivery to the lysosome for degra-
dation."” Protein aggregates, formed by misfolded proteins,
disease-related proteins or aggregate-prone proteins, can be
selectively recognized and degraded by autophagy, a process
known as aggrephagy.™ Loss of autophagy activity has been
detected in a variety of human disorders that are associated
with protein aggregate accumulation, including Lewy bodies
(LBs) in Parkinson disease (PD) and polyglutamine-enriched
inclusions in Huntington disease (HD).>” The mechanisms by
which protein aggregates are selectively degraded by autophagy
are not completely understood.

A family of proteins that bind to Atg8-family members has
been shown to function as receptors that simultaneously inter-
act with cargoes and the autophagosomal membrane-associated
Atg8-family proteins, to mediate selective incorporation of car-
goes into autophagosomes.>” Among these receptors, SQSTM1
mediates the autophagic degradation of ubiquitinated protein
aggregates via its C-terminal ubiquitin-associating (UBA)
domain.** SQSTMI also contains a self-oligomerization PB1
domain and an LC3-interacting region.'®'" Post-translational
modifications of cargoes and receptor proteins regulate their

binding affinities with each other and/or with Atg8-family pro-
teins such as the LC3 subfamily, and thus modulate efficiency
of aggrephagy.”'* For example, acetylation of mutant HTT
(huntingtin) protein promotes its interaction with SQSTM1I
and its subsequent targeting into phagophores, the precursors
to autophagosomes.'> Phosphorylation of OPTN by the protein
kinase TBK1 enhances the LC3 binding affinity and autophagic
clearance of cytosolic Salmonella enterica.'* Degradation effi-
ciency of protein aggregates is also regulated by factors linking
the cargo-receptor complexes with the autophagic assembly
machinery. In mammalian cells, the phosphatidylinositol-3-
phosphate-binding protein WDFY3 promotes degradation by
binding simultaneously to SQSTM1-positive ubiquitinated pro-
tein aggregates and also to autophagy proteins such as those in
the ATG12-ATG5-ATG16L1 complex and LC3.">'® Each pro-
tein aggregate has a unique composition and contains distinct
cargo proteins. Aggregates with the same set of cargoes can also
vary in the amount, post-translational modification and organi-
zation of each component.®’ It is largely unknown whether the
distinct composition of a protein aggregate affects its degrada-
tion efficiency, and whether one type of protein aggregate
affects the removal of another type.

A variety of protein aggregates are degraded by autophagy
during C. elegans embryogenesis.* Components of oocyte-derived
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Figure 1. Direct interaction of EPG-2 with SEPA-1 is essential for the degradation of PGL granules. (A) In wild-type embryos, GFP::PGL-1 is absent in somatic cells and is
only observed in germline precursor cells (arrowhead). (B) In sepa-1(bp456) mutant embryos, GFP:PGL-1 is diffusely localized in somatic cells. (C) In sepa-1(bp456) smg-1
mutant embryos, GFP::PGL-1 aggregates are formed in somatic cells (examples are indicated by arrowheads). (D) Depletion of sepa-1 by RNAi in sepa-1(b456) smg-1
mutant embryos results in diffuse localization of GFP::PGL-1 in somatic cells. The phenotypes shown in (B to D) are fully penetrant. (E) MBP-SEPA-1(bp456), the truncated
protein in sepa-1(bp456), fails to interact with His-EPG-2 in an affinity isolation assay. “indicates corresponding fusion proteins. Other bands may result from partial degra-
dation of purified proteins. (F to I) GFP::PGL-1 granules are colocalized with EPG-2 in Igg-1(RNAi) mutant embryos (F), but are separable from EPG-2 aggregates in sepa-1
smg-1 mutant embryos (G) and in sepa-1 smg-1; Igg-1(RNAi) mutant embryos (H). Quantification of the colocalization of GFP::PGL-1 aggregates and EPG-2 puncta in lgg-1
(RNAI), sepa-1 smg-1 and sepa-1 smg-1; lgg-1(RNAi) embryos at the ~100 cell stage is shown in (I), n = 3 focal planes from 3 embryos, data are shown as mean =+ SD,
**P < 0.0, ns, no significant difference. DAPI images of the embryos are show in the left panels. Scale bar: 10 m (A to D, F to H).

P granules, PGL-1 and PGL-3, are degraded by autophagy in
somatic cells in C. elegans embryos.'” The formation and degra-
dation of PGL granules requires the self-oligomerized receptor
protein SEPA-1, which interacts with PGL-3 and LGG-1 (a C. ele-
gans ortholog of yeast Atg8 and the mammalian Atg8 family).'”'®
SEPA-1 also forms aggregates and is degraded by autophagy,
both of which are independent of PGL-1 and PGL-3."” Degrada-
tion of PGL-1, PGL-3 and SEPA-1 requires the scaffold protein
EPG-2, which directly interacts with SEPA-1 and also with LGG-
1."*" Depletion of EPG-2 impairs the association of PGL gran-
ules with LGG-1 puncta.'® EPG-2 itself forms aggregates and is
degraded by autophagy in a manner independent of PGL-1,
PGL-3 and SEPA-1." Therefore, the removal of PGL-1, PGL-3,
SEPA-1 and EPG-2 occurs in a linear hierarchical relationship in
wild-type embryos. By altering the levels of each component of
the PGL-1-PGL-3-SEPA-1-EPG-2 complex, we found that the
degradation efficiency is significantly affected. We also found that
accumulation of PGL granules has very little or no effect on the
removal of SQST-1 and EPG-7 aggregates, and vice versa. Our
results indicate that autophagic degradation efficiency is modu-
lated by the composition of protein aggregates.

Results

Degradation of PGL granules requires the direct
interaction of SEPA-1 with EPG-2

sepa-1(bp456) contains a glutamine to produce a stop-
codon mutation at amino acid 448. In sepa-1(bp456)

mutants, and in autophagy mutants that carry the sepa-1
(bp456) mutation, PGL-1 and PGL-3 are diffusely localized
in the cytoplasm (Fig. 1A and B)."” We performed genetic
screens of sepa-1(bp456) animals to identify mutants with
accumulation of GFP::PGL-1 aggregates. One mutant allele,
bp929, was cloned and found to contain a mutation in smg-
1 (Figs. 1C, S1A and S1B). SMG-1 is an essential compo-
nent of the nonsense mediated decay (NMD) pathway that
surveys and degrades aberrant mRNAs containing a prema-
ture stop codon.?® Loss of function of other components in
the NMD pathway such as smg-2 also caused the formation
of PGL-1-PGL-3 granules in sepa-1(bp456) mutants
(Fig. S1C). This suggests that sepa-1(bp456) mRNA, which
is stabilized in smg mutants, is translated into a truncated
SEPA-1(bp456) protein that mediates aggregation of PGL
granules. The truncated SEPA-1(bp456) cannot be detected
by the available antibody, as the anti-SEPA-1 antibody was
raised against the C-terminal of SEPA-1 that is deleted at
bp456. Our previous study showed that a SEPA-1 fragment
containing amino acids 39 to 160 self-oligomerizes and also
binds to PGL-3."” We thus depleted SEPA-1 by RNAi to
investigate the role of SEPA-1(bp456) in mediating aggre-
gation of PGL-1 and PGL-3. RNAi depletion of sepa-1 abol-
ished the formation of GFP:PGL-1 granules in sepa-1
(bp456) smg-1 mutants (Fig. 1D). EPG-2 directly interacts
with SEPA-1 but not with PGL-1 and PGL-3 in affinity iso-
lation assays.”' However, SEPA-1(bp456) failed to interact
with EPG-2 (Fig. 1E). Consistent with this, PGL-1 granules
were separable from EPG-2 aggregates in sepa-1(bp456)



smg-1 mutants and sepa-1(bp456) smg-1; Igg-1(RNAi)
mutants (Fig. 1F-I). These results indicate that direct inter-
action of SEPA-1 and EPG-2 is required for efficient
removal of PGL granules.

Degradation of PGL-3 is promoted by depleting PGL-1

The development of C. elegans embryos is independent of
external nutrients. Degradation of protein aggregates such as
PGL granules and SEPA-1 aggregates is mediated by basal
autophagy activity.* In wild-type and autophagy mutant
embryos, the number of PGL granules and SEPA-1 aggregates
is constant at a specific developmental stage, which greatly
facilitates our study of the effect of composition and organiza-
tion of PGL-1-PGL-3-SEPA-1-EPG-2 aggregates on the degra-
dation of other components.

Formation of aggregates and autophagic removal of PGL-1
depend on PGL-3."” PGL-1 directly associates with PGL-3.** PGL-
1 fails to be degraded and is diffusely localized in the somatic cells
in pgl-3 mutants."” In pgl-1 mutants, PGL-3, expressed from a GFP
reporter, is degraded and shows no accumulation in somatic cells,
resembling PGL-3 in wild-type animals (Fig. SID and E)."” In
sepa-1; pgl-1 double mutants, PGL-3:GFP is diffusely localized, as
in sepa-1 single mutants (Fig. SIF and G). PGL-3 accumulates into
a large number of aggregates in epg-2 mutants.'”” We found that
PGL-3 aggregates were smaller and less abundant in epg-2; pgl-1
double mutants (Fig. 2A-D). This suggests that in the absence of
PGL-1, the degradation of PGL-3 is enhanced and becomes par-
tially independent of EPG-2.

Degradation of SEPA-1 is independent of EPG-2 when
PGL-1 or PGL-3 is depleted

In wild-type embryos, the number and size of endogenous
SEPA-1 aggregates are different at distinct embryonic stages."”
The number peaks at the ~60 to ~80 cell stage and decreases
from the ~200 cell stage, with no aggregates detectable in
comma stage embryos.'” We determined whether loss of pgl-1
or pgl-3 has an effect on SEPA-1 removal. SEPA-1 aggregates,
detected by anti-SEPA-1, were smaller and less abundant in
pgl-1 and pgl-3 mutants than in wild-type embryos at the same
developmental stage (Figs. 2E, F, G, S1H and S1L). The number
of LGG-1 puncta in wild-type embryos is also dynamic; LGG-1
starts to form puncta at the ~20 cell stage, which peak in num-
ber at the ~80 to ~100 cell stage and then decrease as develop-
ment proceeds, becoming undetectable at the comma stage
(Figs. 2F, H, S1I and S1K). The number of LGG-1 puncta in
pgl-3 mutant is also reduced (Figs. 2G, H, S1J and S1L). Protein
levels of SEPA-1 and LGG-1 were decreased in pgl-3 mutants
compared with wild-type embryos (Fig. 2I). Consistent with
the hypothesis that SEPA-1 is more quickly removed in the
absence of PGL-1 or PGL-3, ~90% of SEPA-1 aggregates colo-
calized with LGG-1 puncta in pgl-1 and pgl-3 mutants at the
~80 to ~100 cell stage, compared with ~60% in wild-type
embryos (Figs. 2F, G, J and S1H). Accumulation of SEPA-1
aggregates in lgg-1 mutants is not affected by loss of pgl-1 and
pgl-32" These results indicate that depletion of PGL-1 or PGL-
3 facilitates the removal of SEPA-1.

AUTOPHAGY 1489

Degradation of PGL-1, PGL-3 and SEPA-1 is impaired and
more PGL granules are detected in epg-2 mutants (Figs. 2B, L,
S$2B, S2D, S2L and S2M)."” Compared to autophagy mutants,
such as atg-3, the number of SEPA-1 aggregates and PGL gran-
ules in epg-2 mutants was similar at the ~100 cell stage
(Figs. 2B, S2A to C and S2G), but was lower from the ~200 cell
and comma stages (Fig. S2D, E, H to J, M), indicating that
PGL-1, PGL-3 and SEPA-1 may also be degraded by autophagy
in the absence of EPG-2, but with reduced efficiency. Com-
pared to epg-2 mutants, more PGL-1 aggregates are present in
sepa-1(bp456) smg-1 mutants (Fig. S2I and K), indicating that
the SEPA-1(bp456) protein also shows defects in mediating
EPG-2-independent degradation of PGL-1 and PGL-3.

Compared to epg-2 single mutants, epg-2; pgl-1 mutants con-
tained considerably fewer SEPA-1 aggregates at the comma stage
and the 4-fold stage, while no SEPA-1 aggregates were detected in
epg-2; pgl-3 (Figs. 2K-O and S20-R). Degradation of SEPA-1 was
not affected by inactivation of the proteasome components.'”
Simultaneous depletion of rpn-1 by RNAI failed to increase the
number of SEPA-1 aggregates in epg-2 mutant embryos (Fig. S2D
and F) or in epg-2; pgl-3 mutant embryos (Fig. 2P). LGG-1 puncta
and SEPA-1 aggregates are largely separable in epg-2 mutants.
However, the colocalization of LGG-1 and SEPA-1 increased in
epg-2; pgl-1 mutants at the ~100 cell stage (Fig. S2N, S, T). These
results indicate that in the absence of PGL-1 or PGL-3, degradation
of SEPA-1 is largely independent of EPG-2, and may possibly occur
by direct interaction with LGG-1.

Degradation of EPG-2 is facilitated in the absence of
PGL-1, PGL-3 or SEPA-1

In wild-type embryos, the number of EPG-2 aggregates
decreases when embryonic development proceeds."” Compared
to SEPA-1, EPG-2 aggregates are more numerous and persist
to a later embryonic stage.”' In pgl-1, pgl-3 or sepa-1 mutants,
EPG-2, detected by anti-EPG-2, still formed spherical aggre-
gates in early stage embryos, but the number of aggregates was
lower than in wild-type embryos (Figs. 3A to C and S3A to F).
The number of EPG-2 aggregates in pgl-3 mutant embryos is
reduced (Figs. 3D, G, H and S3C to F). SEPA-1 colocalized
with EPG-2 aggregates in pgl-3 mutant embryos (Figs. 3G, H,
S3C, and S3D). Protein levels of EPG-2 were decreased in pgl-3
mutants compared with WT embryos in an immunoblotting
assay (Fig. 3E). Consistent with their enhanced autophagic deg-
radation, EPG-2 aggregates colocalized more extensively with
LGG-1 puncta in pgl-1, pgl-3 and sepa-1 mutants than in wild-
type embryos (Figs. 3A, B, F, S3A, S3B). Taken together, these
results indicate that depletion of PGL-1, PGL-3 or SEPA-1 pro-
motes degradation of EPG-2.

Overexpression of SEPA-1 impairs, while overexpression
of EPG-2 facilitates, the removal of PGL granules

In wild-type embryos, PGL-1-PGL-3 granules are not detected
in somatic cells from the ~24 cell stage onwards.'” However, in
embryos overexpressing SEPA-1::GFP, endogenous PGL-3 and
PGL-1 accumulated and colocalized with SEPA-1::GFP aggre-
gates in somatic cells, indicating that overexpression of SEPA-1
impairs the degradation of PGL-1 and PGL-3 (Fig. 3I and
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Figure 2. Depletion of PGL-1 and PGL-3 renders degradation of SEPA-1 independent of EPG-2. (A and B) In wild-type embryos, PGL-3 is not detected in somatic cells (A), but accumu-
lates into a large number of granules in the somatic cells of epg-2 mutant embryos (B). (C) The number of PGL-3 aggregates in somatic cells is lower in epg-2; pgl-1 mutant embryos
than epg-2 single mutants. Images were taken of embryos at the same developmental stage and using the same exposure time. (D) The number of PGL-3 aggregates per focal plane
in wild-type, epg-2 and epg-2; pgl-1 embryos at the ~100 cell stage. n = 3 focal planes from 3 embryos, data are shown as mean =+ SD, **P < 0.01. (E to G) Compared to wild-type
embryos (F), the number of SEPA-1 aggregates, detected by anti-SEPA-1, is decreased in pgl-3 mutants while the colocalization of SEPA-1 aggregates with LGG-1 puncta is increased.
Quantification of the number of SEPA-1 aggregates in wild-type, pgl-1 and pgl-3 embryos at the ~100 cell stage is shown in (E). n = 3 focal planes from 3 embryos, data are shown as
mean = SD, **P < 0.01. (H) The number of LGG-1 puncta per focal plane in wild-type and pgl-3 mutant embryos at the ~20 cell stage, ~80 to ~100 cell stage and ~200 cell stage.
n = 3 focal planes from 3 embryos, data are shown as mean + SD, *P < 0.05, **P < 0.01. (I) Immunoblotting assays revealed that protein levels of SEPA-1 and LGG-1 are decreased
in extracts of pgl-3 mutant embryos compared with those of wild-type embryos. (J) The colocalization of SEPA-1 aggregates with LGG-1 puncta in wild-type, pgl-1 and pgl-3 embryos
at the ~100 cell stage. n = 3 focal planes from 3 embryos, data are shown as mean =+ SD, **P < 0.01. (K to N) In wild-type embryos, no SEPA-1 aggregates are detected at the fold
stage (K). SEPA-1 aggregates accumulate in epg-2 mutant embryos (L). Compared to epg-2 single mutants, the number of SEPA-1 aggregates is reduced in epg-2; pgl-1 mutant
embryos (M) and in epg-2; pgl-3 mutant embryos (N). (O) Quantification of the number of SEPA-1 aggregates per focal plane in wild-type embryos and epg-2, epg-2; pgl-1 and epg-2;
pgl-3 mutant embryos at the comma and the fold stage. n = 3 focal planes from 3 embryos, data are shown as mean =+ SD, **P < 0.01. (P) Compared to epg-2; pgl-3 mutants, the
number of SEPA-1 aggregates is not changed in epg-2; rpn-1(RNAI); pgl-3 mutant embryos. Scale bar: 10 um (Ato C, F, G, Kto N, P).
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aggregates per focal plane in wild-type and pgl-3 embryos at the ~20 cell stage, ~60 to ~80 cell stage and ~200 cell stage. n = 3 focal planes from 3 embryos, data are
shown as mean + SD, “P < 0.05, “*P < 0.01. (E) Inmunoblotting assays reveal that protein levels of EPG-2 are decreased in extracts of pgl-3 mutant embryos compared with
those of wild-type embryos. (F) Quantification of the colocalization of EPG-2 and LGG-1 in wild-type embryos and pgl-1, pgl-3 and sepa-1 mutant embryos at the ~100 cell
stage. n = 3 focal planes from 3 embryos, data are shown as mean + SD, **P < 0.01. (G and H) Compared to wild-type embryos (G), the number of EPG-2 aggregates in pgl-
3 mutant is reduced and the colocalization of SEPA-1 and EPG-2 aggregates is increased in pgl-3 mutant embryos (H). () In embryos expressing sepa-1:gfp, endogenous PGL-1,
detected by anti-PGL-1, accumulates and colocalizes with SEPA-1:GFP aggregates at the ~200 cell stage. (J and K) Compared to wild-type embryos (J), embryos overexpressing
epg-2 display stronger diffuse EPG-2 signals, detected by anti-EPG-2, at the ~200 cell stage, but no SEPA-1 aggregates are detected. Scale bar: 10 um (A, B, G to K).

S3G). We examined whether overexpression of epg-2 affects the
degradation of PGL granules in wild-type worms. Transgenic
lines expressing epg-2 genomic DNA were analyzed. EPG-2,
detected by anti-EPG-2, formed small aggregates at the ~100
cell stage (Fig. S3H and I). From the ~200 cell stage and

onward, diffuse fluorescence was detected in embryos carrying
the transgene (Fig. 3] and K). No ectopic accumulation of
SEPA-1 was observed in embryos expressing high levels of epg-
2 (Fig. 3] and K). In contrast, the number of SEPA-1::GFP
aggregates at the late embryonic stage was decreased in
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is proportional to the degradation efficiency of the complex. Scale bar: 10 .um (A, B, D to F).




embryos carrying a transgene expressing epg-2 (Fig. 4A to C),
indicating that EPG-2 facilitates the removal of SEPA-1.

The relationship between degradation of PGL granules
and SQST-1/EPG-7 aggregates

The C. elegans SQSTM1 ortholog SQST-1 is degraded by auto-
phagy during embryogenesis.'” In wild-type embryos, SQST-1
is weak and diffuse in the cytoplasm. Degradation of SQST-1
requires the scaffold protein EPG-7, which interacts with
SQST-1 and also with multiple ATG proteins.* EPG-7 self-oli-
gomerizes and is itself degraded by autophagy independent of
SQST-1.> PGL granules and SQST-1 aggregates are distinct
types of aggregate, which are separate in various autophagy
mutants.'” epg-2 mutants showed no accumulation of EPG-7
aggregates (Fig. S3] and K). The number of SQST-1 aggregates
in epg-7 mutants was not evidently decreased by simultaneous
depletion of pgl-1, pgl-3, sepa-1 or epg-2 (Fig. S4A-E). No
SQST-1 aggregates were detected in pgl-1 and pgl-3 mutants
(Figs. 4D, S4F and S4G). Loss of function of epg-7 causes no
defect in removal of SEPA-1 and EPG-2 in late-stage
embryos.”” The accumulation of PGL granules observed in epg-
2 mutant embryos is not enhanced or suppressed by depletion
of sgst-1, but it is slightly enhanced by loss of epg-7 function
(Fig. S4H to J).

We determined whether overexpression of PGL granules
or SQST-1/EPG-7 congests autophagic flux and conse-
quently affects degradation of the other type of aggregate.
Overexpression of SQST-1::GFP causes aggregate accumula-
tion (Fig. 4D and E). However, removal of EPG-7, SEPA-1
and EPG-2 is not affected (Figs. 4D, E, S4K and S4L). In
embryos carrying transgenic lines strongly expressing
epg-7:gfp, numerous EPG-7::GFP aggregates were formed
(Fig. 4F).>> The expression level and the number of EPG-7::
GFP aggregates in those transgenic lines was further
increased by loss of autophagy activity (Fig. S4M and N).*
No SQST-1 aggregates were detected in wild-type embryos,
while a large number of SQST-1 aggregates accumulated
and colocalized with EPG-7:GFP in embryos carrying the
epg-7 overexpression (OE) transgene (Fig. 4F). The number
of SQST-1 aggregates in epg-7::gfp (OE) animals, however,
was much less than in Igg-I mutant embryos (Fig. S40 to
Q). The number of LGG-1 puncta is slightly increased in
embryos overexpressing EPG-7 from the ~20 cell stage to
the comma stage; however, the abundance of LGG-1 puncta
is not changed in SQST-1-overexpressing embryos (Fig. S4R
to T). Degradation of PGL granules and EPG-2 aggregates
was not affected in epg-7(OE) animals (Fig. S4U). In
embryos carrying the epg-2(OE) transgene, no obvious
SQST-1 aggregates and EPG-7 aggregates accumulated
(Fig. S4V and W). Therefore, accumulation of PGL granules
has no effect on the removal of SQST-1-EPG-7 aggregates,
and vice versa.

Discussion

Here we demonstrated that autophagic degradation of protein
aggregates is modulated by their composition. In wild-type
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embryos, degradation of SEPA-1 depends on the scaffold pro-
tein EPG-2."”"" The number of SEPA-1 aggregates in epg-2
mutants, however, is lower than in autophagy mutants, indicat-
ing that SEPA-1 degradation also occurs slowly in an EPG-2-
independent manner. In wild-type embryos, a portion of
SEPA-1 aggregates colocalize with LGG-1 puncta. This suggests
that SEPA-1 is in equilibrium between functional complexes
that are degraded by autophagy and aggregates that are resis-
tant to degradation or are slowly targeted for degradation. In
epg-2 mutants, the presence of PGL-1 and PGL-3 in SEPA-1
aggregates may decrease direct interaction of the aggregates
with the autophagic machinery, thus impairing the degradation
of SEPA-1. In contrast, when the PGL-SEPA-1 interaction or
stoichiometry is altered (like when PGL-3 is absent), SEPA-1
aggregates are recognized by the autophagic machinery inde-
pendent of EPG-2. Accordingly, colocalization of SEPA-1
aggregates with LGG-1 puncta in epg-2 mutants is greatly
enhanced by simultaneous depletion of PGL-1 or PGL-3. The
removal of EPG-2 is also promoted in the absence of PGL-1,
PGL-3 or SEPA-1. Therefore, the presence of PGL-1 and PGL-
3 in the aggregates not only slows the removal of SEPA-1 and
EPG-2 but also confers the requirement for EPG-2 on efficient
SEPA-1 degradation.

Proteins degraded by autophagy possess distinct aggregation
properties. Germline P granules that are partitioned into
somatic founder cells are quickly disassembled. PGL-1 and
PGL-3 are degraded during the first few cell divisions and no
aggregates can be detected.'” Formation of PGL-1 and PGL-3
aggregates in autophagy mutants strictly depends on SEPA-1."”
SEPA-1 and EPG-2 form aggregates and gradually colocalize
during embryogenesis.>’ SQST-1 and EPG-7 are weakly
expressed and diffusely localized in the cytoplasm.'®*> The
aggregation of PGL-1 and PGL-3 is modulated by post-transla-
tional arginine methylation,”" which is performed by the argi-
nine methyltransferase PRMT-1/EPG-11. Loss of function of
prmt-1/epg-11 causes the incorporation of PGL-1 and PGL-3
into granules in a SEPA-1-independent manner, and thus alters
the composition or organization of PGL granules.”’ The PGL
granules in prmt-1/epg-11 mutants show reduced association
with EPG-2 and subsequently impaired degradation.”’ When
overexpressed, SEPA-1 and EPG-7 form big aggregates and
trap endogenous PGL-1, PGL-3 and SQST-1, respectively, thus
impairing their degradation (Fig. 4G). Overexpression of EPG-
2, however, increases the diffuse fluorescent signal from the
~200 cell stage and promotes the removal of SEPA-1 aggre-
gates. Therefore, levels of aggregate-prone proteins and their
propensity for aggregation modulate the degradation efficiency
of protein aggregates.

Receptor proteins and scaffold proteins directly interact with
proteins of the Atg8 family, as well as other ATG proteins.'”*’
Overexpression of one type of protein aggregate might seques-
trate essential ATG proteins and consequently congest auto-
phagic flux and affect autophagic degradation of other types of
protein aggregate. However, we found that large protein aggre-
gates resulting from overexpression of SEPA-1, as well as
SQST-1 or EPG-7 cause no evident defect in the removal of the
other type. Moreover, these aggregates are largely separable
from LGG-1 puncta, indicating that additional factors are
required for triggering aggrephagy initiation.
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Efficient clearance of misfolded proteins and toxic aggre-
gate-prone proteins is crucial for maintaining cellular homeo-
stasis. Decreased solubility of specific disease-associated
proteins and, concomitantly, increased aggregate formation is
observed in various human diseases. Protein aggregates associ-
ated with different diseases differ in composition. For example,
SNCA/a-synuclein accumulates in Parkinson disease, while
B-amyloid accumulates in Alzheimer disease.”” SQSTM1I is
generally present in ubiquitin-positive aggregates.”* Post-trans-
lational modification of these disease-related proteins modu-
lates aggregation and thus affects the degradation efficiency.
For example, sumoylated SNCA promotes its solubility and the
sumoylation-defective mutant SNCA exhibits increased pro-
pensity for aggregation and cytotoxicity.”> Our study demon-
strates that the composition and organization of protein
aggregates, which are regulated by levels and post-translational
modification of its components, have a great impact on auto-
phagic degradation efficiency.

Materials and methods
Worm strains

The following strains were used in this work: N2 Bristol (wild-
type), epg-2(bp287), atg-3(bp412), pgl-3(bp438), sepa-1(bp456),
pgl-1(bn101), smg-1(bp929), epg-7(tm2508), sqst-1(0k2892),
bplsi3i(sepa-1:gfp, unc-76), bnlsl(Ppie-1::gfp::pgl-1, unc-119),
bpls241(epg-7::gfp(OE), rol-6), adls2122(Plgg-1::gfp::lge-1, rol-
6), axIs1464(Ppie-1:gfp::pgl-3, unc-119), bpEx270(sqst-1::gfp
(OE), unc-76) and bpEx213(epg-2(OE), unc-76).

Mapping and cloning of smg-1

bp929 was identified in screens for mutations that caused for-
mation of GFP:PGL-1 aggregates in sepa-1(bp456) mutant
embryos. Mapping with SNP markers placed bp929 between
0.04 and 2.8 on linkage group I. The molecular lesion in bp929
was then determined by whole genome sequencing. smg-1
(bp929) failed to complement smg-1(e1228).

Indirect immunofluorescence

Embryos were collected, permeabilized by freeze-cracking, and
fixed with methanol-acetone then blocked with PBS (140 mmol/L
NaCl, 2.7 mmol/L KCl, 10 mmol/L Na,HPO,, 2 mmol/L
KH,PO,, 1% BSA [Amresco, CAS: 9048-46-8]) for 1 h and incu-
bated with primary antibodies for 1 to 2 h at room temperature.
The embryos were then washed 3 times and incubated for 1 h
with secondary antibodies. The following primary antibodies
were generated in the lab: polyclonal rat anti-PGL-3, polyclonal
rat anti-EPG-2, polyclonal rat anti-EPG-7, polyclonal rabbit
anti-PGL-1, polyclonal rat anti-SQST-1, polyclonal rat or rabbit
anti-LGG-1 and polyclonal rabbit anti-SEPA-1.

RNAIi inactivation experiments in C. elegans

For RNAi injection experiments, single-stranded RNA (ssRNA)
was transcribed from T7- and SP6-flanked PCR templates.
ssRNAs were then annealed and injected into young adult

animals carrying various reporters. Injected animals were
placed on fresh plates overnight. The embryos laid during the
next day were analyzed. All animals were cultured at 20°C. The
DNA templates used for RNA synthesis were: lgg-1(C32D5: nt
35232-35666), smg-2(Y48G8AL: nt 45387-45406), sepa-1
(T04D3: nt 66-931), and rpn-1(T22D1: nt 18247-25112).

epg-2 and epg-7::gfp Overexpression

Fosmid (WRMO0614dc06) containing epg-2 genomic DNA or
plasmid containing epg-7::gfp was injected at a concentration of
50 ng/ml with unc-76 expression vector (p76-16B) into unc-76
(e911) animals. At least 3 stable transgenic lines were analyzed.

In vitro affinity isolation assays

cDNAs encoding full-length or truncated EPG-2 and SEPA-1
were cloned into pET-28a (for His tagging; Addgene, 45174) or
pMal-C2X (for MBP fusion; Addgene, 75286). MBP fusion pro-
teins were incubated with His-tagged proteins and amylose
resin (for MBP fusion proteins; NEB, E8021). Bound proteins
were analyzed by western blot using an anti-His antibody
(Sigma, H1029). 20% of the fusion protein used for affinity iso-
lation is shown as input.

Western blot assays

For western blot assays, embryonic extracts were subjected to
SDS-PAGE and signals were detected using corresponding pri-
mary and secondary antibodies. As a gel loading control, anti-
ACTIN monoclonal antibody (Sigma, A3853) was used.

Statistical analysis

All data are shown as mean + SD. Unpaired Student t tests
were performed for statistical analysis. At least 3 independent
repeats were performed for each experiment. A P value less
than 0.05 was considered significant (*); a P value less than 0.01
was considered extremely significant (**). In confocal images, 2
fluorescent markers were counted as colocalized when they
overlapped partially or completely.

Abbreviations

ATG autophagy related

epg ectopic PGL granules

GFP green fluorescent protein

LC3 light chain 3

LGG-1LC3 LC3GABARAP and GATE-16 family

OE overexpression

PGL P granule abnormality protein

PRMT protein arginine methyltransferase

rpn proteasome regulatory particle non-ATPase-like

SEPA-1 suppressor of ectopic P granules in autophagy
mutant

smg suppressor with morphological effect on genitalia

SNCA synuclein o

SQST-1 sequestosome related

WT wild type
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