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Figure 6. Formation of ATG-9 puncta in various autophagy mutants. (A and B) In wild4ype embryos, ATG-9::GFP is diffusely localized in the cytoplasm.
(A) DIC image of the embryo shown in B. Insets show a magnified view. (C) ATG-9::GFP forms a large number of small, intense puncta in epg-1 mutants.
(D and E) Accumulation of ATG-9::GFP puncta in unc-51(D) and epg-1 (E) mutants is independent of Igg-1. (F) The ATG-9::GFP puncta largely disappear
in epg-1,epg-7 mutants. (G) ATG-9::GFP accumulates into large punctate structures in epg-6 mutants. (H) Loss of function of Igg-T suppresses the accu-
mulation of ATG-9::GFP puncta in epg-6 mutants. (I) Loss of function of epg-7 has no effect on the formation of ATG-9::GFP puncta in epg-6 mutants. The
ATG-9::GFP puncta are smaller in epg-6,epg-7 mutants than those in epg-6 single mutants. (-1} ATG-9::GFP accumulates into large punctate structures in
epg-4 mutants (J) and the accumulation is suppressed by simultaneously depleting the activity of Igg-T (K) or epg-7 (L). (M and N) In epg-8 mutants, ATG-9
accumulates into aggregates (M) that are suppressed by loss of Igg-T activity (N). (O) epg-7 mutants exhibit the same distribution pattern of ATG-9::GFP
as wildtype embryos. (P) Percentage of ATG-9::GFP puncta colocalized with EPG-7 and SQST-1 aggregates in indicated autophagy mutants. (Q-T) The
ATG-9::GFP puncta in epg-6 (Q), epg-8 (R), unc-51 (S), and atg-18 (T) mutants colocalize with EPG-7 aggregates. (U and V) ATG-9::GFP puncta in epg-6
(U) and epg-8 (V) mutants colocalize with SQST-1 aggregates. (W and X) In unc-51 (W) and atg-18 (X) mutants, ATG-9::GFP partially colocalizes with
SQST-1 aggregates. Bars: (A-O and Q-X) 10 pm; (insets in B-O and Q-X) 5 pm.
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Table 2. Formation of ATG-9::GFP puncta and their colocalization with EPG-7 and SQST-1 aggregates

Genotype Number of ATG-9::GFP Percentage of ATG-9::GFP Percentage of ATG-9 puncta Percentage of ATG-9 puncta
puncta per focal plane® puncta forming clusters (n)° colocalizing with EPG-7 colocalizing with SQST-1

aggregates (n)°* aggregates (n)°°

wild type 10.7 0.0 (32) NA NA

epg-7 317 5.2 (95) NA ND

epg-6 129.3 28.1 (388) 90.5 (284 89.7 (388)

lgg-1,epg-6 16.3 1.8 (49) ND ND

epg-b;epg7 126.7 9.7 (380) NA 81.2 (380)

epg-4 129.3 26.4 (388) 91.4(318) 90.2 (388)

lgg-1,epg-4 24.3 2.6 (73) ND ND

epg-4;epg-7 23.3 4.4 (70) NA ND

epg-1 117.3 2.6 (352) 75.5 (240) 11.0 (352)

log-1;epg-1 118.0 2.8 (354) 76.6 (354) ND

alg-18 118.0 14.1 (354) 60.8 (751) 34.3 (354)

lgg-1;atg-18 227 1.3 (68) ND ND

epg-8 87.0 13.0 (261) 88.5 (261) 88.3 (241)

epg-8;lgg-1 19.0 1.7 (57) ND ND

epgBiepg7 92.3 9.0 (283) NA 88.0 (283)

“Confocal images of embryos at the ~200-cell stage to comma stage were determined. A cluster is defined as two or more punctate structures interconnected.
bColocalization is defined as two aggregates showing >70% overlapped fluorescence signals.

°NA: EPG-7 and SQST-1 aggregates are absent in wild-type embryos.
4EPG-7 aggregates are absent in epg-7 and epg-7 double-mutant embryos.
ND, not determined.

autophagy mutant larvae (Fig. 7, M and O). Starvation treatment
or RNAI inactivation of let-363 and rheb-1 caused SQST-1 ag-
gregates to largely disappear in epg-7 mutants (Fig. 7 N), but
not in atg-3 mutants (Fig. 7 P). In wild-type animals, W07G4.5
formed aggregates in the larval intestine and the number of ag-
gregates dramatically increased in epg-7 and atg-3 mutants
(Fig. 7, Q, R, U, V, and Y). Upon starvation treatment or inacti-
vation of Tor signaling, W07G4.5::GFP aggregates disappeared
in wild type and epg-7 mutants, but remained abundant in azg-3
mutants (Fig. 7, S, T, W, X, and Z). Consistent with this, an im-
munoblotting assay showed that levels of W07G4.5::GFP in wild
type and epg-7 mutants dramatically decreased after starvation
but remained unchanged in arg-3 mutants (Fig. 7 A2). Similarly,
starvation treatment resulted in the disappearance of C17E4.2::
GFP and C33D9.6::GFP aggregates in epg-7 mutants, but had
no effect in arg-3 mutants (Fig. S5, D2-K2; and unpublished
data). In summary, EPG-7 is dispensable for starvation-induced
autophagic degradation of protein substrates.

Discussion

Here we demonstrated that EPG-7 mediates the autophagic
degradation of a set of protein aggregates during C. elegans
embryogenesis. Compared with autophagy mutants, the num-
ber of SQST-1 aggregates is less in epg-7 mutants at the early
embryonic stages, which could because early stage embryos
contain a high level of autophagy contributed by the oocyte
(Fig. S1, C and D) and SQST-1 is removed by autophagy in an
EPG-7-independent manner. epg-7 is dispensable for starva-
tion-induced autophagic degradation of protein substrates,
which could be degraded nonselectively or via receptor—Atg8
binding. We propose that EPG-7 functions as a scaffold pro-
tein that augments degradation efficiency by the basal level of
autophagy activity.

EPG-7 forms a complex with the cargo—receptor to pro-
vide a platform for recruiting Atg proteins for the formation of
surrounding autophagosomal membranes, resembling the PAS in
yeast and omegasomes in mammalian cells (Fig. 7, B2 and C2).
In yeast, Atgl1 and Atgl7 function as scaffold proteins that di-
rectly interact with Atgl and Atg9 to organize the PAS in the
Cvt pathway and under autophagy-inducing conditions, respec-
tively (Suzuki et al., 2007; Kawamata et al., 2008). Yeast Atg9
concentrates in vesicles and tubules, which move to the PAS
and trigger the hierarchical recruitment of other Atg proteins
that mediate the fusion of Atg9 compartments, leading to the
formation of isolation membranes (Mari et al., 2010). The
Atgl7-dependent PAS localization of Atg9 and interaction be-
tween Atgl7 and Atg9 requires Atgl (Sekito et al., 2009). Atgl
kinase activity also affects the dynamics of Atg9 recruitment to
the PAS (Cheong et al., 2008; Sekito et al., 2009). EPG-7 inter-
acts with multiple Atg proteins, including ULK1 and ATG-9.
During C. elegans embryogenesis, the early fusion of ATG-9-
positive structures during autophagosome formation may be
mediated by lipidated LGG-1 associated with the SQST-1-
EPG-7 aggregate. Loss of function of the LGG-1 conjugation
system abolishes the accumulation of ATG-9 puncta in epg-4,
epg-0, atg-18, and epg-8 mutants. In the SQST-1 degradation
pathway, the UNC-51-EPG-1 complex regulates association of
EPG-7 with SQST-1 aggregates and ATG-9::GFP.

Scaffold proteins are used for selective transport of car-
goes into autophagosome-like vesicles in other systems under
growth conditions. Atgl1 mediates the delivery of precursors of
aminopeptidase I (Apel) into the autophagosome-like Cvt vesicle
(Nair and Klionsky, 2005). Atgll is incorporated into the
prApel-Atgl9 (receptor) complex (the Cvt complex) by inter-
acting with Atg19 (Shintani et al., 2002). Atgl1 transports both
the Cvt complex and Atg9 to the PAS, where they recruit Atg
proteins (Shintani et al., 2002; Yorimitsu and Klionsky, 2005;
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Figure 7. EPG-7 is not required for starvation-induced autophagic degradation of protein substrates. (A and B) C17E4.2::GFP is weakly expressed and
diffusely localized in a wild-type embryo. (A) DIC image of the embryo shown in B. (C and D) C17E4.2::GFP is expressed at dramatically elevated levels
and accumulates info many aggregates in Igg-1 (C) and epg-7 (D) mutant embryos. (E and F) W07GA4.5::GFP is expressed in the intestine and a few
aggregates are formed in a wildtype embryo at the fourfold stage. (E) DIC image of the embryo shown in F. (G and H) W07G4.5::GFP is expressed at
dramatically elevated levels and accumulates into a large number of aggregates in atg-3 (G) and epg-7 (H) mutants. Images in B-D or F-H were taken
using the same exposure time. (I) Levels of C33D9.6::GFP and W07G4.5::GFP are dramatically elevated in atg-3 and epg-7 mutant embryos. (J and K)
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He et al., 2006). Loss of Azgl1] function disrupts the associa-
tion of Atg9 tubulo-vesicular clusters with the Cvt complex
(Mari et al., 2010). Unlike EPG-7, Atgl1 itself does not form
aggregates and is released from the Cvt complex before it is
transported to the vacuole (Kim et al., 2001; Yorimitsu and
Klionsky, 2005). Similar to the role of EPG-7 in degradation
of SQST-1 aggregates, Atgl1 is dispensable for Cvt complex
delivery under starvation conditions (Kim et al., 2001). In mam-
malian cells, p62 and NBR1 function as receptors for aggrega-
tion and degradation of polyubiquitinated proteins (Johansen
and Lamark, 2011). The phosphatidylinositol 3-phosphate
(PI(3)P)-binding protein Alfy has been suggested to act as a
specific adaptor that creates a scaffold between p62-positive
ubiquitinated protein aggregates and the autophagy proteins
Atg5/Atg12/Atgl6L and LC3 (Filimonenko et al., 2010). Loss
of Alfy activity impairs autophagic clearance of ubiquitin-
containing aggregates (Filimonenko et al., 2010; Clausen et al.,
2010). Alfy differs from EPG-7 in several aspects. First, au-
tophagic degradation of p62 itself is not dependent on Alfy
(Clausen et al., 2010). Second, EPG-7 is degraded by autoph-
agy in a manner independent of SQST-1, whereas Alfy is not
a selective autophagy substrate and is only degraded by autoph-
agy when associated with p62 bodies (Clausen et al., 2010).
Third, EPG-7 is ubiquitously and diffusely localized in the cy-
toplasm, whereas Alfy forms aggregates, which in response to
cellular stress, redistribute from the nucleus to cytoplasmic
ubiquitin-containing protein aggregates in a p62-dependent
manner (Simonsen et al., 2004; Clausen et al., 2010; Filimonenko
et al., 2010). The physiological function of Alfy remains un-
known. Our study indicates that under normal physiological
conditions, a scaffold protein linking the cargo—receptor com-
plex with the autophagic machinery endows target selectivity
and also promotes autophagic degradation efficiency.

Materials and methods

Strains

The following strains were used in this work: epg-7(tm2508), atg-2
(bp576), atg-3(bp412), epg-1(bp414), unc-51(e1189), atg-18(gk378),
atg-9(bp564), atg-5(bp546), epg-8(bp251), epg-3(bp405), epg-4(bp425),
epg-5(tm3425), epg-6(bp242), sqst-1(0k2892), mec-4(u231), bpls151(sqst-1::
gfp, unc-76), bpls236(epg-7::gfp, rol-6), bpls126(f44f1.6::gfp, rol-6),
bpls120(zk1053.3::gfp,rok6),bpls238(epg-7::gfp,unc-76),bpls239(w07g4.5::
gfp, unc-76), bpls242(c33d9.6::gfp, unc-76), bpls244(c17e4.2::gfp,
unc-76), bpls129(t04d3.1::gfp, rol-6), bpls128(zk1053.4::gfp, rol-6),
bpls132(c35e7.6::gfp, rol-6), bzls8(Pmec-4::gfp), and bpls211(Pnfya-1::
atg-9::gfp, unc-76). All experiments were performed at 20°C unless
otherwise noted.

Isolation, mapping, and cloning of epg-7
Animals carrying the sqst-1::gfp (bpls151) reporter were mutagenized with
ethyl methanesulfonate. Embryos derived from F2 animals were examined.
From ~10,000 genomes screened, six epg-” mutant alleles were isolated,
in which SQST-1::GFP accumulated into a large number of aggregates from
the ~100-ell stage and the aggregates persisted throughout embryogenesis.
The genetic position of epg-7 was determined by three-factor map-
ping. From the cross between epg-7 and unc-6 (—2.08) dpy-6 (—0.00)
(carrying the sqgst-1::gfp reporter) animals, 23 out of 38 Dpy non-Unc and
17 out of 52 Unc non-Dpy animals carried the epg-7 mutation. A transgene
containing fosmid WRM0640bA04, subsequently delineated to the single
gene 108a9.1 (TOBA9, nt 20964-28120, including 2110 bp promoter),
rescued the defective degradation of SQST-1 aggregates in epg-7(tm2508)
mutants. The molecular lesions in epg-7(bp694, bp586, bp562, bpé25,
bp547, or bp676) were determined by genomic sequencing. bp586,
bp562, bp625, and bpé76 mutants have a glutamine to stop codon muta-
tion at residues 809, 852, 1006, and 1213, respectively. bp547 contains
a tryptophan to stop codon mutation at amino acid 1076. The alanine at
amino acid 614 is mutated to threonine in bp694 mutants.

Indirect immunofluorescence
Embryos were collected by cutting 30-40 gravid hermaphrodites, permea-
bilized by freezecracking, and fixed with methanol/acetone (—20°C
methanol for 15 min, —20°C acetone for 15 min). For immunostaining, the
slides were blocked with PBS (containing 1% BSA + 1% bovine serum) for
1 h and then incubated with primary antibodies for 1-2 h at room tempera-
ture (RT), followed by 1 h incubation with FITC or rhodamine-conjugated
secondary antibodies (Jackson ImmunoResearch Laboratories, Inc.). After
final wash, samples were mounted with Vectashield (Vector Laboratories).
The following primary antibodies were used: polyclonal rat anti-SQST-1,
polyclonal rat or rabbit anti~-EPG-7, polyclonal rat or rabbit anti-LGG-1,
and polyclonal rabbit anti-SEPA-1. Slides were viewed using a confocal
microscope (LSM 510 Meta; Carl Zeiss) with a 63x/1.40 oilimmersion
objective lens (Plan-Apochromat; Carl Zeiss) and a camera (AxioCam
HRm; Carl Zeiss) at RT. Images were processed and viewed using LSM Image
Browser software (Carl Zeiss).

Live embryos and worms were examined by light microscopy (Imager
A1; Carl Zeiss) a with 40x/0.75 objective lens (Plan-NeoFluar; Carl Zeiss),
a 100x/1.40 oilimmersion objective lens (Plan-Apochromat; Carl Zeiss),
and a camera (AxioCam MRm; Carl Zeiss) at RT. Images were processed
and viewed using AxioVision v4.6.3.0 software (Carl Zeiss).

Reporter construction
Reporters for epg-7, sqst-1, c17e4.2, c33d9.6, and w07g4.5 with gfo
inserted at the Cterminal end were constructed by a PCR fusion-based
approach or by subcloning. The promoter region of epg-7 (TO8A9, nt
20975-23073) was inserted between the Sphl and Xbal sites of the
pPD95.79 vector, then the fulllength epg-7 cDNA was inserted between the
BamHI and Kpnl sites to construct the translational fusion reporter with gfp
inserted at the C terminus. A translational fusion reporter for sqst-T was con-
structed by cloning the promoter region of sgst-1 (T12G3, nt 5195-7043)
between the Sall and BamH| sites of pPD95.79. The fulllength sgst-1 cDNA
was further inserted into this vector between the Ascl and Xmal sites. The
constructs were co-injected with pRF4(rol-6[su1006]) into wild-type animals.
epg-7/(del 531-631)::gfp, epg-7(del 762-851)::gfp, epg-7|(del
852-1003)::gfp, epg-7(del 1004-1142)::gfp, sqst-1(del 26-181)::gfp,
sqst-1(del 418-499)::gfp, sqst-1(del 604-630)::gfp, and sqst-1(del 418-
499+604-630)::gfp were made using a PCR-based method to introduce
truncations into the epg-7 or sqst-1 reporter. These constructs were injected
into wildtype, epg-7, or sqst-1 animals at the concentration of 5 ng/ul.

C17E4.2 aggregates in atg-3 mutants overlap with EPG-7 aggregates (J), but are separable from SQST-1 aggregates (K). Insets show a magnified view.
(L) Colocalization frequency of C17E4.2, C33D9.6, and W07G4.5 aggregates with EPG-7 and SQST-1 aggregates in atg-3 mutants. (M) SQST-1::
GFP accumulates in hypodermal cells in epg-7 mutants at the larval stage. (N) SQST-1::GFP aggregates disappear in rheb-1(RNAI);epg-7 mutant larvae.
(O) Dramatic accumulation of SQST-1::GFP aggregates in hypodermal cells in atg-3 mutant larvae. (P) SQST-1::GFP aggregates persist in rheb-1(RNAi);atg-3
mutant larvae. (Q-T) At larval stages, W07G4.5::GFP forms aggregates in infestinal cells (Q and R). These aggregates disappear upon RNAi knockdown
of 1et+363 (S and T). (U-X) WO07G4.5::GFP aggregates accumulate in intestinal cells in epg-7 mutant larvae (U and V). These aggregates disappear when
let-363 is simultaneously depleted (W and X). (Y and Z) In atg-3 mutants, WO07G4.5::GFP aggregates accumulate in intestinal cells (Y) and persist after
RNAI knockdown of let363 (Z). (A2) Levels of WO7G4.5::GFP in wild type, epg-7 mutants, and atg-3 L1 larvae before and after 6 h starvation treatment.
(B2) Model for the role of epg-7 in degradation of SQST-1 aggregates. SQST-1 directly interacts with EPG-7 and is recruited into EPG-7 aggregates.
EPG-7 also associates with multiple Atg proteins, which may be recruited to the SQST-1-EPG-7 complex in a hierarchical order. IM, isolation membrane.
(C2) Hierarchical relationship of the scaffold proteins EPG-2 and EPG-7 and other essential ATG and EPG proteins in the aggrephagy pathway. Bars: (A-H,

J, and K) 10 pm; (J and K, insets) 5 pm; (M=Z) 10 pm.
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The DNA sequences for constructing reporters for c17e4.2, c33d9.6,
and w07g4.5 were: c17e4.2 (C17E4, nt 3696-11510, including 1923 bp
promoter), c33d9.6 (C33D9, nt 7602-3305, including 1886 bp promoter),
and w07g4.5 (WO07G4, nt 25540-29151, including 1919 bp promoter).
The PCR fusion products with gfp inserted at the C terminus were co-injected
with unc-76 expression vector into unc-76(e911) animals.

At least two stable transgenic lines were analyzed for each reporter.

RNAi experiments
The DNA template used for RNA synthesis was Igg-1 (C32D5: nt
35232-35666).

Yeast two-hybrid assay

Coding cDNA fragments of EPG-7 (amino acids 1-634 or 596-1330)
were fused to the GAL4-binding domain in the vector pPC97 between Sall
and Notl sites and then transformed into the yeast host strain Mav20 before
screening a C. elegans cDNA library cloned in pPC86. From 800,000
clones screened, 36 clones interacting with EPG-7 were identified. Among
them, 5 clones corresponded to C17E4.2, 5 clones corresponded to

C33D9.6, and 18 clones corresponded to W07G4.5.

In vitro pull-down assay

cDNAs encoding full-length or truncated EPG-7, SQST-1, LGG-1, LGG-3,
ATG-9, ATG-18, and UNC-51 were cloned into pET-28a (for His tagging),
pGEX-6p-1 (for GST fusion), or pMal-C2X (for MBP fusion). GST fusion pro-
teins or MBP fusion proteins were incubated with Histagged proteins and
glutathione Sepharose beads (for GST fusion proteins) or Amylose resin
(for MBP fusion proteins). Bound proteins were analyzed by Western blot
using an anti-His antibody. 10% of the fusion protein used for pull-down
was shown as input.

In vivo coimmunoprecipitation assay

Exiracts of embryos or embryos carrying an atg-2::HA transgene were immu-
noprecipitated with anti-EPG-7 polyclonal antibody or antilGG-1 antibody,
then incubated with 30 pl protein G-Sepharose beads. After extensive washes,
the immunoprecipitates were analyzed by Western blotting using an appropri-
ate antibody. Anti-SEA-2 antibody was used as control IgG. Levels of actin
show that equal amounts of extracts were used for immunoprecipitation.

Antibody preparation

To generate antibodies, cDNA encoding a fragment of EPG-7 (amino acids
705-1003) was cloned into the pET-28a vector, expressed as a Histagged
fusion protein in E. coli BL21 and purified for use as an immunogen in rats.
In epg-1,epg-7(tm2508) or atg-3;epg-7(bp694) double mutants no EPG-7
aggregates were detected, confirming the specificity of the antibody.

Starvation assay

Embryos were collected by bleaching old adult hermaphrodites and were
then incubated in 3 ml of sterilized water at 20°C. At the indicated time
point, an aliquot from each sample tube was placed on a plate seeded
with E. coli OP50. After 3 d, the number of L4 larvae or adults was counted.
The number of animals on day O of starvation was used as the denominator
to calculate the percentage of animals that survived starvation.

Brood size

The total number of embryos produced by one hermaphrodite was scored
as brood size. A single L4 animal was transferred to a fresh plate twice a
day during the reproductive period. Three animals were examined for
each genotype.

Hatch rate

Adult animals were transferred to a new plate to produce embryos for 1 h
and then removed. The number of embryos was used as the denominator
to calculate the percentage of animals that hatched to L1 larvae.

Developmental time

Adult animals were transferred to a new plate to produce embryos for 1 h
and then removed. Time for embryos developing into L1 larvae or growing
info adults was determined as 90% of worms growing into the firstlarval
stage (L1) and the young adult stage, respectively. The experiment was
performed at least three times.

Life span

Adult animals were transferred to a new plate to produce embryos for 1 h
and then removed. Lifespan of the progeny was examined. Day O was de-
fined as the day when the adults were removed. Animals were transferred to
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fresh plates every day during the reproductive period and every 4-5 d there-
after. Animals were scored as dead if they failed to respond to a gentle tap
on the head and fail with a platinum wire. Worms with exploded vulva, or
that had bagged (died from internal hatching) or crawled off the plate were
excluded. Three independent assays were tested for each experiment.

Oxidative stress assay

1-d-old adults were immersed in M9 buffer containing 5 mM hydrogen
peroxide and incubated at 20°C. Worms that did not move in 10 s in M9
solution were scored as dead. The number of dead worms was scored every
hour until all worms were dead. 50 worms from each strain were treated,
and the experiment was performed three times.

Heat stress assay

2-d-old adults were shifted to 35°C for 4, 5, 6, or 7 h. At the indicated time,
plates were returned to 20°C to allow recovery for 1 h and animals were ex-
amined for touch-provoked movement and pharyngeal pumping. Worms not
displaying these fraits were scored as dead. 50 worms from each strain
were examined, and the experiment was performed three fimes.

Daver formation assay

Adult animals were transferred to a new plate to produce embryos for 1 h
and then removed. The plate was kept at 20°C until embryos hatched to L1
larvae. The L1 population was then reared at 21°C. The plates were scored
after 72 h. The number of total animals was used as the denominator to
calculate the percentage of animals that entered the dauer stage.

Statistical analysis

Student's t fest was performed for statistical analysis of mec-4::gfplabeled
touch neurons, brood size, hatch rate, daver formation, heat stress, and
developmental time. The difference in L1 survival, life span, and oxidative
stress was compared using the Kaplan-Meier method and log-rank tests. All
statistical tests are two-sided and are performed using SPSS version 16.0.

Online supplemental material

Fig. S1 shows defective degradation of SQST-1-containing aggregates
in epg-Z mutants. Fig. S2 shows colocalization of EPG-7 with SQST-1
aggregates in autophagy mutants. Fig. S3 shows localization of SQST-1
aggregates and LGG-1 puncta in various autophagy mutants. Fig. S4
shows the relationship of ATG-9::GFP with EPG-7 aggregates and SQST-1
aggregates in various autophagy mutants. Fig. S5 shows that EPG-7 is
dispensable for starvation-induced autophagic degradation of protein
substrates. Table S1 shows autophagy genes in yeast, C. elegans, and
mammals. Online supplemental material is available at http://www.jcb
.org/cgi/content/full/jcb.201209098/DC1. Additional data are available
in the JCB DataViewer at http://dx.doi.org/10.10831/cb.201209098.dv.
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