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ABSTRACT
Genetic screens have identified two sets of genes that act at distinct steps of basal autophagy in higher
eukaryotes: the pan-eukaryotic ATG genes and the metazoan-specific EPG genes. Very little is known
about whether these core macroautophagy/autophagy genes are differentially employed during multi-
cellular organism development. Here we analyzed the function of core autophagy genes in autophagic
removal of SQST-1/SQSTM1 during C. elegans development. We found that loss of function of genes
acting at distinct steps in the autophagy pathway causes different patterns of SQST-1 accumulation in
different tissues and developmental stages. We also identified that the calpain protease clp-2 acts in
a cell context-specific manner in SQST-1 degradation. clp-2 is required for degradation of SQST-1 in the
hypodermis and neurons, but is dispensable in the body wall muscle and intestine. Our results indicate
that autophagy genes are differentially employed in a tissue- and stage-specific manner during the
development of multicellular organisms.

Abbreviations: ATG: autophagy related; CLP: calpain family; EPG: ectopic PGL granules; ER: endoplasmic
reticulum; ESCRT: endosomal sorting complex required for transport; GFP: green fluorescent protein;
LGG-1/LC3: LC3, GABARAP and GATE-16 family; MIT: microtubule interacting and transport; PGL:
P granule abnormality protein; SQST-1: sequestosome-related; UPS: ubiquitin-proteasome system
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Introduction

Macroautophagy/autophagy involves the formation of
a double membrane autophagosome, which engulfs
a portion of cytosol and delivers it to vacuoles/lysosomes for
degradation [1,2]. Autophagosome formation starts with the
initiation and nucleation of a crescent-shaped phagophore
that further expands and closes [1,2]. Our molecular under-
standing of autophagosome formation mainly originates from
the study of autophagy-related (ATG) genes identified from
yeast genetic screens [1,2]. The Atg proteins encoded by these
genes form different complexes that act at distinct steps of
autophagosome biogenesis [1,2]. The Atg1 complex and the
Vps34-containing PtdIns3K complex are required for the
initial formation of phagophores. The ubiquitin-like Atg8
conjugation system mediates phagophore expansion.

The autophagy pathway in higher eukaryotes is more com-
plex than that in yeast [3–5]. In yeast, autophagosomes are
generated at the single phagophore assembly site (PAS), and
nascent autophagosomes directly fuse with the vacuoles [1,2].
In more complex eukaryotes, PtdIns3P-enriched subdomains of
the ER act as cradles for autophagosome formation [6]. The ER
forms extensive contact with the phagophore during its expan-
sion [7–10]. Upon closure, the autophagosome detaches from

the ER and undergoes a maturation process by fusing with
endosomes before fusion with lysosomes to generate functional
autolysosomes [7,11]. A group of EPG genes, whose homologs
are present in mammals but absent in yeast, was identified from
worm genetic screens and found to act at steps unique to the
autophagy pathway in higher eukaryotes [3,12]. EPG-3/VMP1 is
required for disassembly of the phagophore/ER contact during
autophagosome formation by modulating the activity of
ATP2A/SERCA [9]. Depletion of EPG-3 causes stable associa-
tion of phagophores with the ER [9]. EPG-5 functions as a tether
to mediate the specific fusion of autophagosomes with late
endosomes/lysosomes [13]. Recent studies demonstrated that
these core autophagy genes are not equally employed under
different autophagy induction conditions [5]. For example,
ULK1 is dispensable for autophagosome formation induced by
prolonged glucose starvation [14].

Multicellular organisms contain different cell types with
intracellular membrane structures that differ in composition
and organization. Distinct developmental signaling and envir-
onmental cues also impinge on autophagy to maintain cellular
homeostasis. It has been shown that the autophagic machin-
ery is modulated in different cell types [5]. For example, genes
involved in the Atg8 lipidation system function differentially
in different cell types in Drosophila [15]. Atg7 and Atg3,
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which act as E1 and E2 enzymes respectively for conjugation
of PE to Atg8, are required for autophagy in fat and salivary
gland cells. However, in midgut, autophagy does not require
Atg7 and Atg3, but requires the E1 enzyme Uba1 [15].
Similarly, ULK1/2 is dispensable for autophagy in neurons
in mice [16]. It has been shown that in the absence of some
ATG genes, compensatory mechanisms are utilized for autop-
hagosome formation [17]. Mouse cells lacking Atg5 or Atg7
still form autophagosomes in the presence of certain stressors
such as etoposide [17]. The involvement of core autophagy
genes in autophagosome formation in different cell types and
developmental stages has not been thoroughly investigated
during multicellular organism development.

During C. elegans embryogenesis, SQST-1, the SQSTM1/
p62 mammalian homolog, is selectively removed by autop-
hagy [12]. In wild-type embryos, SQST-1::GFP is weakly
expressed and diffusely localized in the cytoplasm. In autop-
hagy mutant embryos, SQST-1 accumulates into large num-
bers of protein aggregates in multiple tissues [12]. This
autophagic degradation of protein aggregates is known as
aggrephagy. Subsequently, both ATG and EPG genes are
required for autophagic degradation of SQST-1 during
embryogenesis [3,12]. C. elegans contains 2 homologs of
ATG4 (atg-4.1 and atg-4.2) and 2 homologs of ATG16 (atg-
16.1 and atg-16.2). atg-4.1 and atg-16.2 act redundantly with
atg-4.2 and atg-16.1, respectively, to play a major role in
autophagy [18,19]. C. elegans also contains two ATG8 homo-
logs, LGG-1 and LGG-2, which act at distinct steps of the
aggrephagy pathway in degradation of SQST-1 [20]. LGG-1 is
required for degradation of SQST-1 at all developmental
stages, while the requirement for LGG-2 is temporal [20].
Loss of function of LGG-2 results in defective degradation
of SQST-1 aggregates at embryonic stages, while SQST-1 is
removed normally at larval stages [20].

Here we characterized the involvement of core autophagy
genes in autophagic removal of SQST-1 and found that dif-
ferent autophagy mutants exhibit different patterns of accu-
mulation of SQST-1 aggregates in different tissues and
developmental stages. We also identified a member of the
C. elegans calpain family, clp-2, that is involved in degradation
of SQST-1 in a tissue- and stage-specific manner. Our results
indicate that autophagy genes are employed in a cell context-
dependent manner in the aggrephagy pathway during multi-
cellular organism development.

Results

The involvement of autophagy genes in removal of
SQST-1 during C. elegans embryogenesis

A variety of protein aggregates, including components of
oocyte-derived P granules (PGL-1 and PGL-3), and SQST-1,
are degraded by the basal level of autophagy during C. elegans
embryogenesis [12,21]. Genetic screens have identified a set of
core autophagy genes that are essential for removal of both
PGL granules and SQST-1 aggregates during embryogenesis
[3,12]. We investigated whether different tissues show differ-
ential accumulation of SQST-1 aggregates in embryos carry-
ing mutations in these genes. For our analysis, we selected

genes acting at different steps in the aggrephagy pathway [22],
including epg-9 (encoding the ATG101 homolog,
a component of the UNC-51/Atg1 complex), epg-8 (encoding
the Atg14 homolog, a component of the Vps34 complex), atg-
18 (in the Atg2-Atg18 complex), lgg-1 and atg-3 (components
of the ubiquitin-like conjugation systems), atg-9, and the
metazoan-specific autophagy genes epg-3, epg-4 and epg-5
(Figure 1A). epg-9(bp320), epg-8(bp251), epg-3(bp933), epg-4
(bp425), atg-9(bp564), epg-5(tm3425) and atg-18(gk378)
mutants are putative genetic nulls. lgg-1(bp500) encodes
a protein that lacks the C terminal 30 amino acids and
appears to be null in autophagy [12]. atg-3(bp412) is
a hypomorphic mutant, as the genetic null is lethal.

The bpIs151 (Psqst-1::SQST-1::GFP) reporter, in which
SQST-1 is driven by its own promoter and expressed in all
tissues, was previously used for conducting genetic screens
[12]. The accumulation of SQST-1::GFP aggregates was similar
in all the mutants examined except for lgg-1(bp500), which had
a slightly stronger defect (Figure S1A-E and data not shown).
The size of the embryo remains the same from the 1-cell stage to
the end of embryogenesis (558 cells). As development proceeds,
cells become smaller and more tightly packed, and their organi-
zation is dynamically changed for morphogenesis. To aid the
analysis of the expression of SQST-1 in specific tissues, we
generated transgenic lines in which expression of SQST-1::GFP
is driven by tissue-specific promoters, including body wall mus-
cle (bpIs193, Phlh-1::SQST-1::GFP), hypodermis (bpIs267,
Phyp7::SQST-1::GFP), intestine (bpIs262, Pges-1::SQST-1::
GFP), and all neurons (bpEx233, Prgef-1::SQST-1::GFP). In wild-
type embryos carrying these transgenes, SQST-1 was weakly
expressed and diffusely localized in the cytoplasm (Figure 1B,
G,L,Q). SQST-1::GFP aggregates accumulated at the embryonic
stage in all the autophagy mutants examined, but there were
clear differences in the different mutants, as measured by the
number and fluorescence intensity of the aggregates. In neurons
(bpEx233) and intestinal cells (bpIs262), the number and inten-
sity of SQST-1::GFP aggregates in epg-5(tm3425), epg-3(bp933)
and epg-4(bp425) mutants were slightly weaker compared to
other mutants (Figures 1C–F,H–K,V,W, S1F and S1G). When
SQST-1::GFP was expressed in hypodermal cells (bpIs267) in
epg-5(tm3425)mutants, it formed fewer, weaker aggregates com-
pared to other mutants (Figures 1M–P,X and S1H). In body wall
muscle cells (bpIs193), the accumulation of SQST-1::GFP aggre-
gates in atg-3(bp412), epg-8(bp251), atg-9(bp564), epg-3(bp933)
and epg-4(bp425) mutants was similar, and slightly weaker than
in atg-18(gk378), epg-9(bp320) and epg-5(tm3425) mutants
(Figures 1R–U,Y and S1I). Among all the autophagy mutants,
lgg-1(bp500) mutants showed the strongest phenotype for all
transgenes examined (Figures 1V–Y and S1F-I). Thus, autop-
hagy genes are differentially involved in degradation of SQST-1
by basal autophagy in different tissues during embryogenesis.

Tissues- and stage-specific functions of epg-3 and epg-4
during post-embryonic development

After hatching, C. elegans development requires external nutri-
ents. We characterized the accumulation of SQST-1::GFP aggre-
gates in L2 larvae, L4 larvae and day one adults. In wild-type
animals, SQST-1::GFP was weakly expressed and diffusely
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localized in the cytoplasm. None or very few aggregates were
formed in the neuron (Figure 2A,U), intestine (Figures 2F,V,
S2A, S2E, S2I, S2M and S2Q), hypodermis (Figures 2K,W, S3A,
S3E, S3I, S3M and S3Q), and muscle (Figure 2P,X).

In animals carrying the transgene bpEx233, SQST-1::GFP
aggregates accumulated in neurons in the nerve-ring and
ventral nerve cord (VNC) in autophagy mutants. epg-8
(bp251) and lgg-1(bp500) mutants contained slightly more
SQST-1::GFP aggregates than other mutants (Figure 2U). In
epg-3(bp933) mutants, SQST-1::GFP aggregates were absent or
scarce at the L2 larval stage, but were evident at the L4 larval

and adult stages (Figure 2C,U). epg-4(bp425) and epg-3
(bp933) mutants accumulated fewer aggregates than other
mutants (Figure 2B–E,U).

In intestinal cells (bpIs262), epg-9(bp320), epg-5(tm3425), epg-
8(bp251), atg-9(bp564), atg-3(bp412), atg-18(gk378) and lgg-1
(bp500) mutants showed dramatic accumulation of SQST-1
aggregates at all stages (Figures 2G,J,V, S2B, S2F, S2J, S2N, S2R
and S2U). Among these mutants, lgg-1(bp500) exhibited the
strongest defect (Figures 2V and S2U). In epg-3(bp933)mutants,
the accumulation of SQST-1::GFP aggregates was strong at the
L1 and L2 larval stages, comparable to epg-9(bp320) mutants

Figure 1. Autophagy genes are differentially involved in degradation of SQST-1::GFP aggregates during C. elegans embryogenesis. (A) Schematic illustration of the
role of autophagy proteins in the aggrephagy pathway in C. elegans. (B), (G), (L) and (Q) In wild-type embryos, SQST-1::GFP is weakly expressed and diffusely localized
in the cytoplasm. SQST-1::GFP was expressed in neuronal cells (B, bpEx233), intestinal cells (G, bpIs262), hypodermal cells (L, bpIs267), and body wall muscle cells (Q,
bpIs193). DIC images of the embryos are shown in the left panels. (B’), (G’), (L’) and (Q’) are the GFP subpanels corresponding to (B), (G), (L) and (Q), respectively. All
embryos analyzed in this study were at the 4-fold stage. (C-F) SQST-1::GFP aggregates accumulate in neurons in atg-18(gk378) (C), epg-3(bp933) (D), epg-4(bp425) (E)
and epg-5(tm3425) (F) embryos carrying the transgene bpEx233, which is expressed specifically in neurons. (H-K) Accumulation of SQST-1::GFP aggregates in intestinal
cells (bpIs262) in atg-18(gk378) (H), epg-3(bp933) (I), epg-4(bp425) (J) and epg-5(tm3425) mutants (K). (M-P) Accumulation of SQST-1::GFP aggregates in hypodermal
cells (bpIs267) in atg-18(gk378) (M), epg-3(bp933) (N), epg-4(bp425) (O) and epg-5(tm3425) (P) mutants. Fewer SQST-1::GFP aggregates accumulate in epg-5(tm3425)
mutants (P). (R-U) Accumulation of SQST-1::GFP aggregates in body wall muscle cells (bpIs193) in various autophagy mutants. The number and intensity of SQST-1::
GFP aggregates in atg-18(gk378) (R) and epg-5(tm3425) (U) embryos is greater than that in epg-3(bp933) (S) and epg-4(bp425) (T) mutants. (V-Y) Quantification of the
number of SQST-1::GFP aggregates per image in neurons (bpEx233) (V), intestinal cells (bpIs262) (W), hypodermal cells (bpIs267) (X) and body wall muscle cells
(bpIs193) (Y) in wild-type and different autophagy-mutant embryos. In all tissues, lgg-1(bp500) mutants show the strongest phenotype. Five independent images of
five embryos (n = 5) for each strain were quantified. Data are shown as mean ± SEM, *P ≤ 0.05; ***P ≤ 0.001. Scale bar: 10 μm. C. elegans embryos remain the same
size during embryogenesis. Thus, bars for embryos are only shown once in each figure.
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(Figures 2V, S2B, S2C, S2F, S2G, and S2U). At the L3 and L4
larval stages, the number of SQST-1::GFP aggregates in epg-3
(bp933) mutants gradually became lower than in other autop-
hagy mutants (Figures 2H,V, S2K, S2O and S2U) and no aggre-
gates formed at the adult stage (Figures 2V, S2S and S2U). SQST-
1::GFP aggregates formed in epg-4(bp425) mutant intestine at
the L1 larval stage, then becameweaker at the L2 larval stage, and

were not detectable at the adult stage (Figures 2I,V, S2D, S2H,
S2L, S2P, S2T and S2U).

In hypodermal cells (bpIs267) at the L2 larval and L4 larval
stages, both the number and fluorescence intensity of SQST-
1::GFP aggregates were higher in epg-8(bp251) and lgg-1
(bp500) mutants than in the other mutants (Figures 2W and
S3Y). At the adult stage, the SQST-1::GFP fluorescence

Figure 2. Loss of function of core autophagy genes causes differential accumulation of SQST-1::GFP aggregates at different larval and adult stages. (A), (F), (K) and (P)
In wild-type animals, SQST-1::GFP is weakly expressed and diffusely localized in the cytoplasm. Only a few aggregates are formed. SQST-1::GFP was expressed in
neurons (A, bpEx233), intestinal cells (F, bpIs262), hypodermal cells (K, bpIs267), and body wall muscle cells (P, bpIs193). L4 larvae are shown. DIC images of the
animals are shown in the left panels. (A’), (F’), (K’) and (P’) are the GFP subpanels corresponding to (A), (F), (K) and (P), respectively. (B-E) A large number of SQST-1::
GFP aggregates accumulate in different autophagy mutants in the nerve-ring (bpEx233) at the L4 larval stage. The number of SQST-1::GFP aggregates in epg-3(bp933)
(C) and epg-4(bp425) (D) mutants is lower than in atg-18(gk378) (B) and epg-5(tm3425) (E). (G-J) In intestinal cells (bpIs262) at the L4 larval stage, atg-18(gk378)
mutants (G) have slightly more SQST-1::GFP aggregates than epg-5(tm3425) mutants (J). The number of SQST-1::GFP aggregates in epg-3(bp933) (H) is lower than in
atg-18(gk378) (G) and epg-5(tm3425) (J) mutants. Only a few aggregates are formed in epg-4(bp425) mutants (I). (L-O) In hypodermal cells (bpIs267) at the L4 larval
stage, SQST-1::GFP aggregates accumulate in atg-18(gk378) (L), epg-3(bp933) (M) and epg-5(tm3425) (O) mutants at a similar level, while far fewer SQST-1::GFP
aggregates are formed in epg-4(bp425) (N) mutants. (Q-T) At the L4 larval stage, SQST-1::GFP aggregates accumulate in the body wall muscle cells (bpIs193) of all
mutants. The number of aggregates in atg-18(gk378) (Q) and epg-5(tm3425) (T) mutants is higher than that in epg-3(bp933) (R) and epg-4(bp425) (S) mutants. (U-X)
Quantification of the number of SQST-1::GFP aggregates per 1000 μm2 in wild-type and autophagy mutants at the L2 larval, L4 larval and day 1 adult stages in
neurons (bpEx233) (U), intestinal cells (bpIs262) (V), hypodermal cells (bpIs267) (W), and body wall muscle cells (bpIs193) (X). Five independent animals (n = 5) for each
strain were quantified. Data are shown as mean ± SEM, ns: not significant, P > .05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. Scale bar: 20 μm (A-T).
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intensity in epg-8(bp251) and lgg-1(bp500) mutants were
stronger than that in epg-3(bp933), epg-5(tm3425) and atg-18
(gk378) mutants, although the number of SQST-1::GFP aggre-
gates was comparable (Figures 2W, S3U-W and S3Y). atg-3
(bp412) mutants contained less SQST-1::GFP aggregates, but
had some big SQST-1::GFP aggregates, and the total fluores-
cence intensity of SQST-1::GFP aggregates in atg-3(bp412)
was similar to that in atg-9(bp564), epg-9(bp320), atg-18
(gk378) and epg-3(bp933) mutants at the L2, L4 larval and
adult stages (Figures 2W, S3U, S3X and S3Y). Noticeably, the
accumulation of SQST-1::GFP aggregates in epg-4(bp425)
mutants was similar to that in epg-9(bp320) and epg-3
(bp933) mutants at the L1 and L2 larval stages, but became
much weaker in later developmental stages (Figures 2L–O,W,
S3A to T and S3Y).

In body wall muscle cells (bpIs193), SQST-1::GFP aggre-
gates accumulated in all mutants from the L1 to adult stages
(Figures 2X and S3Z). The number and GFP intensity of
SQST-1::GFP aggregates were lower in epg-4(bp425) and
epg-3(bp933) mutants than in other mutants (Figures 2Q–T,
X and S3Z). Taken together, these results provide evidence
that the core autophagy genes appear to have differential roles
in aggrephagy in different tissues and developmental stages.

Accumulation of GFP::LGG-1 puncta in epg-3, epg-4 and
epg-5 mutants

The C. elegans homolog LGG-1 is widely used as a marker to
monitor autophagy activity [23]. Mutants with loss of func-
tion of genes that act at distinct steps of autophagy show
characteristic patterns of formation of LGG-1 puncta. In
epg-3, epg-4 and epg-5 mutant embryos, LGG-1 puncta dra-
matically accumulate [12]. We further analyzed the expression
of GFP::LGG-1 in wild-type and epg-3, epg-4, epg-5 and atg-18
mutants in the hypodermis and intestine at the L4 larval
and day 1 adult stages. In wild-type worms, GFP::LGG-1
was diffuse and formed a few small puncta (Figure S4A, F,
K and P). In hypodermal cells at the L4 larval and day 1 adult
stages, GFP::LGG-1 puncta dramatically increased in number
in epg-3(bp933) and epg-5(tm3425) mutants (Figure S4B, D,
G, I, E1 and F1), while they were only slightly increased in
epg-4(bp425) and atg-18(gk378) mutants (Figure S4C, E, H, J,
E1 and F1). In the intestine at the L4 larval stage, GFP::LGG-1
puncta obviously increased in number in epg-3(bp933) and
epg-5(tm3425) mutants, and were slightly increased in epg-4
(bp425) and atg-18(gk378) mutants (Figure S4L-O and G1). In
intestinal cells at the day 1 adult stage, GFP::LGG-1 puncta
evidently accumulated in epg-5(tm3425) mutants, but not in
epg-3(bp933), epg-4(bp425) and atg-18(gk378) mutants (Figure
S4Q-T and H1). We also examined the expression of a GFP::
LGG-1G116A reporter in various autophagy mutants. In wild-
type animals, GFP::LGG-1G116A was diffusely localized, apart
from a few small puncta in the intestine and hypodermis
(Figure S4U and Z). The number of GFP::LGG-1G116A puncta
was slightly increased in hypodermal cells in epg-3(bp933),
epg-5(tm3425) and atg-18(gk378) mutants at the L4 larval
stage, but not in epg-4(bp425) mutants (Figure S4V-Y and
I1). In the intestine, the number of GFP::LGG-1G116A puncta
was slightly increased in epg-3(bp933) and epg-5(tm3425)

mutants, but not in epg-4(bp425) and atg-18(gk378) mutants
(Figure S4A1-D1 and J1). Therefore, we presumed that the
majority of LGG-1 puncta that accumulated in epg-3, epg-4
and epg-5 mutants are autophagic structures, but not LGG-1
aggregates. These results are consistent with the idea that at
late larval and adult stages, epg-3 is not essential for autophagy
in the intestine and epg-4 is dispensable in the intestine and
hypodermis.

Expression pattern of translation reporters for autophagy
genes

We next investigated whether the tissue- and time-dependent
function of autophagy genes is associated with their expres-
sion pattern. The expression patterns of functional translation
reporters for the autophagy genes lgg-1, atg-18, epg-4, epg-5
and epg-9 were analyzed. These reporters were expressed in
almost all cells at the embryonic stages (Figure S5A-E). At the
larval and adult stages, they were also widely distributed,
including in hypodermis, body wall muscles, intestinal cells
and cells in the head and tail regions (Figure S5F-T) [12,24].
The intensity of the GFP signal, however, varied in different
cell types. For example, levels of EPG-9::GFP were stronger in
neurons than in hypodermis, intestine and muscle at the post-
embryonic stages (Figure S5R-T), while EPG-4::GFP was
expressed more in the intestine than in muscle and hypoder-
mal cells at the L4 larval stage (Figure S5U and V). Thus, the
difference in degradation of SQST-1 cannot be attributed to
differential expression of autophagy genes.

Genetic screens to identify tissue-specific autophagy
genes involved in degradation of SQST-1

To identify genes that act in a tissue- or stage-specific
manner in aggrephagy, we performed genetic screens to
isolate mutants that show accumulation of SQST-1::GFP
aggregates. Using bpIs151 (Psqst-1::SQST-1::GFP) as
a reporter, we screened ~5000 genomes and isolated 32
mutations that showed accumulation of SQST-1 aggregates
from embryonic to adult stages (Table S1 and data not
shown). Further mapping and non-complementation
experiments revealed that these mutations were new alleles
of known autophagy genes (Table S1). We also isolated
one mutation, bp852, in which a large number of SQST-1::
GFP aggregates accumulated in mutant larvae and adults,
but not at the embryonic stage (Table S1, Figure S6A,
B and data not shown). We also performed genetic screens
using the hypodermis-specific SQST-1::GFP reporter
(bpIs267). We isolated ~124 mutations from ~12,000 gen-
omes screened that showed accumulation of SQST-1
aggregates. Further characterization revealed that 38 muta-
tions, which caused accumulation of SQST-1::GFP aggre-
gates from embryos to adults, were new alleles of known
autophagy genes (Table S1 and data not shown). We also
identified mutations that resulted in accumulation of
spherical SQST-1 aggregates in larvae and adults, but not
in embryos (Figures 3A,C, and Table S1). Among these
mutations, bp987 and bp1009 failed to complement with
bp852, indicating that they affect the same gene. Other
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mutations caused accumulation of irregularly shaped
SQST-1::GFP aggregates at the larval and adult stages
(Figure 3B,D,M,N and Table S1). These mutations include

new alleles of scav-3, which encodes the C. elegans homo-
log of the human lysosomal integral membrane protein
SCARB2/LIMP-2 [25]. Loss of function of scav-3 disrupts

Figure 3. Loss of function of clp-2 causes tissue- and stage-specific accumulation of SQST-1 aggregates. (A and C) bp987 mutants show accumulation of SQST-1::GFP
aggregates in hypodermal cells (bpIs267) at the larval and adult stages (C, day 1 adult is shown here), but not at the embryonic stage (A). DIC images of the same
animals are shown in the left panels. (A’) and (C’) are the GFP subpanels corresponding to (A) and (C), respectively. Arrows indicate the spherical SQST-1::GFP
aggregates. (B and D) scav-3(bp979) mutants accumulate irregularly shaped SQST-1::GFP aggregates at the larval and adult stages (D), but not at embryonic stage (B).
(E) Mapping and cloning of clp-2. Fosmid WRM0624cD05, containing gene T04A8.16/clp-2, rescued the defective degradation of SQST-1::GFP aggregates in bp852
mutants. LG III: chromosome III. (F) Protein sequence of CLP-2. The mutations in clp-2 alleles are indicated. clp-2(bp852) mutates the glutamine at position 99 to
a premature stop codon. clp-2(bp987) mutates the highly conserved proline at position 229 to serine. clp-2(bp1325), generated through CRISPR-Cas9, has
a 2-nucleotide deletion at exon 3 (AAGAAAGTCACAGAGGTGGA, underlined nucleotides are deleted), which causes a frame shift. (G) Schematic illustration of CLP-
2. CLP-2 possesses one MIT domain at its N terminus, a cysteine protease C2 domain containing two subdomains (IIa and IIb), and a PHB (PalB homology domain
with some domain III homology) domain at its C terminus. C295, H462 and N482 comprise the catalytic center. (H-L) Expression of WT CLP-2 (I) and CLP-2 with
a deletion of the MIT domain (L) rescues the defective degradation of SQST-1::GFP aggregates in clp-2(bp1325) mutants (H). Expression of the catalytically dead form
CLP-2C295S (J) or the Ca2+-binding-defective form CLP-2E374A (K) fails to rescue clp-2(bp1325). DIC image of the same animal is shown in the left panel. (H’) is the GFP
subpanel corresponding to (H). (M and N): Quantification of the number (M) and the fluorescence intensity (N) of SQST-1::GFP aggregates per 1000 μm2 in wild-type,
scav-3(bp979), clp-2(bp1325), and clp-2(bp1325) mutants carrying the following CLP-2 transgenes: WT CLP-2, CLP-2 with a deletion of the MIT domain, CLP-2C295S,
CLP-2E374A, CLP-2D495A,D521A, and CLP-2E374A,D495A,D521A. Three independent animals at the day 1 adult stage (n = 3) for each strain were quantified. Data are shown as
mean ± SEM, ns: not significant, P > .05; **P ≤ 0.01; ***P ≤ 0.001. (O) Summary of the tissue- and developmental stage-specific involvement of autophagy genes in
the aggrephagy pathway in C. elegans. Accumulation of SQST-1 aggregates at different stages (embryonic, L2, L4 and adult) is shown as different colored columns.
The height of each column stands for the degree of SQST-1 aggregate accumulation. At the embryonic stage, all the core autophagy genes are essential for SQST-1
degradation in different cell types, while epg-5 mutants show a milder defect in hypodermis. At post-embryonic stages, epg-3 and epg-4 have stage-dependent
functions in different tissues. clp-2 is involved in SQST-1 degradation in hypodermis and neurons in a stage-dependent manner. Genes are ordered according to the
steps in which they function in the aggrephagy pathway. The metazoan-specific genes, epg-9, epg-3, epg-4 and epg-5, are indicated in red. The step at which clp-2
function is unknown; thus, clp-2 is placed at the end. Scale bar: 10 μm (A and B); 20 μm (C, D and H-L).
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lysosome function [25]. These results indicate that degra-
dation of SQST-1 requires factors that specifically function
at post-embryonic stages.

bp852 contains a mutation in the C. elegans calpain
homolog CLP-2

We cloned bp852 and found that it contained a glutamine-to-
stop codon mutation at position 99 of clp-2 (Figure 3E and F).
bp987 mutated the highly conserved proline at position 229 to
serine (Figure 3F). bp1009 carried a point mutation in intron 2,
which may affect the splicing of clp-2 (data not shown). clp-2
(bp1325, bp1326, bp1327 and bp1328), generated by CRISP-Cas
9, showed similar SQST-1::GFP accumulation phenotypes
(Figures 3A, C, H, S6B, S6C and data not shown). clp-2
(bp1325) contained a 2-nucleotide deletion that introduced
a frame shift at codon 159 and is likely to be a genetic null
(Figure 3F). clp-2 encodes a member of the calpain family of
Ca2+-activated proteases and contains aMIT (microtubule inter-
acting and transport) domain at its N terminus, a cysteine pro-
tease C2 domain containing subdomains (IIa and IIb) and
a PHB (PalB homology domain with some domain III homol-
ogy) domain at its C terminus. C295, H462 and N482 comprise
the catalytic center (Figure 3G) [26].

To determine whether clp-2 regulates degradation of SQST-1
by autophagy or by the ubiquitin-proteasome system (UPS), we
examined the accumulation of SQST-1::GFP aggregates in clp-2
double mutants with other autophagy genes. The number of
SQST-1::GFP aggregates in clp-2(bp1325); atg-18(bp594) and
clp-2(bp1325); bec-1(bp613) double mutants was similar to that
in atg-18(bp594) and bec-1(bp613) single mutants (Figure S6C-
H). clp-2(bp1325) also failed to enhance the autophagy defect in
epg-5(bp450) mutants (data not shown). These results indicate
that clp-2 functions in the same pathway as bec-1, atg-18 and epg-
5 in degradation of SQST-1.

To test the role of clp-2 in UPS, we used a UPS reporter
system based on an inducible subunit of the proteasome,
Paip-1::GFP, whose expression is activated by UPS dysfunc-
tion [27]. We found that expression of Paip-1::GFP was
induced by defective proteasome degradation after rpt-3
(RNAi) but not in clp-2 mutants (Figure S6I-K). We also
determined whether impaired UPS function affects the accu-
mulation of SQST-1::GFP aggregates in clp-2(bp1325)
mutants. rpt-3(RNAi) caused no accumulation of SQST-1::
GFP aggregates in wild-type animals, and did not enhance
the defect in epg-5(tm3425) mutants. However, rpt-3(RNAi)
partially suppressed the accumulation of SQST-1::GFP aggre-
gates in clp-2(bp1325) mutants (Figure S6L-Q), consistent
with the observation that mild disruption of the UPS function
induces autophagy activity [27,28]. These results indicate that
loss of clp-2 has no effect on UPS function.

The transgene Phyp7::CLP-2, in whichWT CLP-2 was specifi-
cally expressed in hypodermal cells, fully rescued the accumulation
of SQST-1::GFP aggregates in hypodermal cells in clp-2(bp1325)
mutants (Figure 3I,M,N), suggesting that clp-2 acts cell-
autonomously in regulating autophagy. Phyp7::CLP-2C295S, in
which the residue critical for the catalytic activity was mutated,

failed to rescue the defect in clp-2(bp1325)mutants (Figure 3J,M,
N), suggesting that protease activity is required for its role in
autophagy. Calpain contains two non-EF-hand Ca2+-binding
sites [29]. We mutated the conserved residues required for Ca2+

binding in CLP-2, E374A in one site and D495A D521A in the
other site. The Ca2+-binding-defective CLP-2 mutants failed to
rescue the autophagy defect in clp-2(bp1325)mutants (Figure 3K,
M,N), which indicates that clp-2 regulates autophagy in a Ca2+-
dependent manner. The MIT domain of CAPN7, the homolog of
CLP-2 inmammals, is essential for the association of CAPN7with
ESCRT-III-related proteins [30]. ESCRT-III is required for autop-
hagosome maturation [4]. Mutant CLP-2 with a deletion of the
MIT domain (4–72 aa) retained the ability to rescue the autophagy
defect in clp-2mutants (Figure 3L,M,N). Expression of a variety of
markers for endosomal vesicles, including early endosomes, late
endosomes and lysosomes, remained unchanged in clp-2mutants
(Figure S6R-W). Thus, CLP-2 regulates autophagy independent of
its MIT domain and its potential interaction with the ESCRT-III
complex.

We constructed a Pclp-2::gfp::clp-2 reporter, containing
a 2-kb promoter, the entire open reading frame of clp-2, and
an in-frame insertion of gfp at the N terminus of clp-2, to
determine its expression pattern. GFP::CLP-2 was widely
expressed from embryonic to adult stages, including in hypo-
dermal cells, cells in the head region and tail region, muscle
cells and intestinal cells (Figure S7A-E). GFP::CLP-2 was
diffusely localized in the cytoplasm and also formed a few
punctate structures (Figure S7F-I).

The C. elegans genome contains 10 calpain genes (clp-1 to −7,
clp-8/F44F1.3, clp-9/T11A5.6 and clp-10/W05G11.4) [26]. Loss
of function of clp-1, -3, −4, −5, −6, −7, −8, −9 and −10 neither
caused accumulation of SQST-1::GFP aggregates (Figure S8B-J),
nor enhanced the defective SQST-1::GFP degradation in clp-2
mutants (Figure S8A and S8L-T). Simultaneous loss of function
of clp-8, clp-9 and clp-10, which encode orthologs of human
CAPN15 [26], caused no defect in SQST-1 degradation (Figure
S8K) and did not enhance the defect in clp-2(bp1325) mutants
(Figure S8U). Therefore, CLP-2 is the only member of the
calpain family involved in degradation of SQST-1.

Loss of clp-2 activity causes tissue- and stage-specific
accumulation of SQST-1 aggregates

We next examined the role of clp-2 in degradation of SQST-1
in different tissues and developmental stages. In clp-2 mutant
embryos, SQST-1::GFP aggregates were not detected in hypo-
dermal cells (bpIs267) and neurons (bpEx233 and bpIs151)
(Figures 3A, S9A, S9B and data not shown). A few aggregates
were formed in L1 mutant larvae. The number of aggregates
increased in L2 to L4 larvae and reached a peak in adults in
neurons (Figure S9C-J and data not shown). No SQST-1::GFP
aggregates accumulated in intestinal cells (bpIs262) and body
wall muscle cells (bpIs193) from the embryonic to adult stages
(Figure S9K-N and data not shown). Thus, loss of function of
clp-2 causes accumulation of SQST-1 aggregates in a stage-
dependent and tissue-specific manner.
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Discussion

Tissue- and developmental stage-specific involvement of
autophagy genes

Multicellular organisms contain different cell types with dis-
tinct morphology and intracellular membrane systems.
Autophagosome formation and maturation exhibit different
spatiotemporal features. For example, autophagosomes in
neurons are preferentially generated at the distal tip of the
axon, and then undergo retrograde trafficking to the soma,
accompanied by stepwise maturation into autolysosomes [31].
Here we systematically examined the accumulation of the
autophagy substrate SQST-1 in different tissues and develop-
mental stages in C. elegans and found that core autophagy
genes are employed in a context-dependent manner in the
aggrephagy pathway (Figure 3O).

The C. elegans embryo is enclosed by a hard eggshell and its
development is completely independent of external nutrients.
Autophagy occurs at a basal level that mediates the degradation
a variety of protein aggregates [12,21]. The core autophagy
genes, including ATG genes and the metazoan-specific epg-3,
−4 and −5 genes, are required for degradation of SQST-1 in all
tissues in embryos. At the larval and adult stages, whenC. elegans
development requires external nutrients, loss of function of the
core autophagy genes causes differences in SQST-1 accumula-
tion. Among all the autophagy mutants analyzed, lgg-1(bp500)
mutants showed the strongest defect. LGG-1 acts at several steps
in the aggrephagy pathway [20,22]. LGG-1 directly interacts with
SQST-1, and with the scaffold protein EPG-7, which promotes
the degradation efficiency of SQST-1 along with multiple ATG
proteins for autophagosome formation [20]. The lgg-1(bp500)
mutation deletes the C terminal 30 amino acids, including the
glycine necessary for phosphatidylethanolamine (PE) conjuga-
tion, and thus appears to be null in autophagy [12]. The lgg-1
(tm3489) mutation, which deletes 175 nucleotides in exon 1 of
lgg-1 (causing a frame shift at codon 38), is lethal, like the null
alleles for other ATG genes involved in LGG-1 conjugation,
including atg-3, atg-7, atg-5 and atg-10. Null mutants for other
autophagy genes, including atg-9, atg-2, atg-18 and epg-1, are
viable. The two conjugation systems may be involved in other
biological processes in addition to autophagy. The ubiquitin-like
conjugation systems may participate in degradation of SQST-1
through processes that are independent of autophagosome for-
mation, such as endosome-mediated degradation.

Different from other core autophagy genes essential for
autophagosome formation, the defect in SQST-1 degradation
in epg-3 and epg-4 mutants is weaker at larval and adult
stages. epg-3 is essential for SQST-1 removal in the hypoder-
mis, while the defect is mild in the body wall muscle, neuron
and intestine. epg-4 mutants show weak defects in all tissues.
Both EPG-3 and EPG-4 are ER-localized transmembrane pro-
teins [9,12]. Autophagosome biogenesis in multicellular
organisms has been shown to occur at the contact sites
between the ER and other organelles, such as the ER-
mitochondrion contact sites (called MAMs), and also the ER-
PM (plasma membrane) contact sites [32–34]. During phago-
phore expansion into autophagosomes, the phagophore dyna-
mically contacts with the ER [7–10]. Multiple membrane

sources, including PM, mitochondria, ERGIC (ER-Golgi
intermediate compartment), COPII vesicles, and ATG9 vesi-
cles have been suggested to contribute to phagophore expan-
sion [32]. Autophagosome biogenesis in different cell types or
developmental stages may involve different ER membrane
contact sites and membranes sources for phagophore expan-
sion. EPG-3/VMP1 regulates the activity of the ER-localized
Ca2+ channel ATP2A/SERCA to modulate the ER-
phagophore contact for phagophore expansion [9]. The
autophagy defect in VMP1/EPG-3-depleted cells is partially
suppressed by depletion of PLN/SLN, which form an inhibi-
tory complex with ATP2A/SERCA [9]. The differential reg-
ulatory mechanism for ATP2A/SERCA activity could result in
a distinct autophagy defect caused by loss of epg-3 function in
different tissues. The molecular mechanism underlying the
role of epg-4 in autophagosome formation remains unknown.
Mice deficient in Ei24, the mammalian epg-4 homolog, also
exhibit a weaker defect in accumulation of SQSTM1- and
ubiquitin-positive aggregates in neuronal cells and hepato-
cytes than Atg5 and Atg7 KO mice [35]. Another explanation
for the differential accumulation of SQST-1 during develop-
ment is that levels of SQST-1 may vary in different tissues and
developmental stages, and the demand for autophagy activity
is therefore different. Autophagy genes involved in controlling
the size of autophagosomes and/or the rate of autophagosome
formation and maturation could result in differential accu-
mulation of SQST-1 in different tissues. lgg-2 mutants, in
which the autophagosome size is small, show defective degra-
dation of SQST-1 during embryonic stages, while SQST-1 is
normally removed at larval stages [20].

epg-5 encodes a RAB7 effector that mediates the fusion of
autophagosomes with late endosomes/lysosomes, and thus is
required for formation of degradative autolysosomes [13]. The
accumulation of SQST-1 aggregates in epg-5 mutants can be
ameliorated by increased formation of the SYX-17-SNAP-29-
VAMP-7 SNARE complex that mediates autophagosome-
lysosome fusion [36]. epg-5 mutants exhibit a weaker autop-
hagy defect in hypodermal cells at the embryonic stage than
other autophagy mutants. In the absence of EPG-5, other
tethering factors such as the HOPS complex [37], or mechan-
isms that facilitate formation of the SNARE complex that
drives autophagosome maturation, such as by reducing
O-GlcNAcylation of SNAP-29, may be involved in autopha-
gosome maturation in hypodermal cells.

Calpains regulate autophagy in a cell context-specific
manner

Proteases have been shown to modulate autophagy activity at
several steps by mediating cleavage of different substrates
[2,38–43]. The cysteine protease ATG4 cleaves the
C terminus of Atg8/LC3/LGG-1 to expose the glycine residue
for lipidation [2]. Proteases in lysosomes degrade autophagy
cargos for recycling, and loss of function of these proteases
leads to accumulation of non-degradative autolysosomes [38].
Calpains, which are calcium-dependent non-lysosomal
cysteine proteases, have also been shown to regulate autop-
hagy by cleaving autophagy proteins. CAPN1 cleaves multiple
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human ATG proteins in an in vitro assay [39]. CAPN1 and
CAPNS1 cleave ATG5 in human cell lines, and consequently
negatively regulate basal autophagy activity by reducing the
levels of ATG12–ATG5 conjugates [40]. CAPNS1 has also
been reported to positively regulate both basal and starvation-
induced autophagy activity in MEF cells [41]. Ras-induced
activation of CAPN1 mediates degradation of BECN1 (beclin
1) [42]. Anoxia/reoxygenation (A/R)-induced CAPN2 activa-
tion degrades ATG7 and BECN1 and impairs mitophagy,
a process involved in selective degradation of damaged mito-
chondria [43]. The activity of calpains is thus tightly con-
trolled. Different calpains are differentially modulated by
levels of intracellular Ca2+. CAPN1 is activated by micromolar
concentrations of Ca2+, while millimolar concentrations of
Ca2+ is required for CAPN2 activation [40]. Therefore, cal-
pains may regulate autophagy in a cell context-specific man-
ner, depending on the Ca2+ level.

During C. elegans development, clp-2 regulates autopha-
gic degradation of protein aggregates in a stage- and tissue-
specific manner. Loss of function of clp-2 causes accumula-
tion of SQST-1 aggregates in hypodermis and neurons at
larval and adult stages, while degradation of SQST-1 is
normal in the body wall muscle and intestine. CLP-2 is
likely to regulate autophagy through cleavage of its sub-
strates, as the protease activity and the Ca2+-binding activity
of CLP-2 are required for its role in autophagy. CAPN1 and
CAPN2 cleave ATG5 at serine residue 35 [44]; however, this
site is not conserved in C. elegans ATG-5. The substrates
involved in autophagy that are cleaved by CLP-2 have yet to
be determined. Other calpains are not involved in removal
of SQST-1 during C. elegans development. It remains pos-
sible that these calpains are involved in autophagy regula-
tion under specific pathological or stress conditions. Our
study reveals the differential function of core autophagy
genes and the presence of tissue-specific factors in autop-
hagy during C. elegans development.

Materials and methods

Worm strains

The following strains were used in this work: N2 Bristol (wild-
type), him-5(e1490), him-8(e1489), epg-3(bp933), atg-3(bp412),
lgg-1(bp500), atg-9(bp564), epg-8(bp251), epg-9(bp320), epg-4
(bp425), clp-2(bp852), clp-2(bp1325), clp-2(bp1326), clp-2
(bp1327), clp-2(bp1009), clp-2(bp987), scav-3(bp979), epg-5
(tm3425), epg-5(bp450), atg-18(gk378), atg-18(bp594), tra-3
(ok2207), clp-7(ok2750), t11a5.6/clp-9(ok1866), w05g11.4/clp-10
(ok2713), bec-1(bp613), clp-1(bp1316), clp-3(bp1477), clp-4
(bp1317), clp-6(bp1318), clp-8(bp1321), bpIs267(Py37a1b.5::
sqst-1::gfp, unc-76), bpIs262(Pges-1::sqst-1::gfp, unc-76), bpIs151
(Psqst-1::sqst-1::gfp, unc-76), bpIs193(Phlh-1::sqst-1::gfp, unc-76),
adIs2122(Plgg-1::gfp::lgg-1, rol-6), zcIs1(Paip::gfp), bpIs163(Pepg-
4::epg-4::gfp, rol-6), bpIs183(Pepg-9::epg-9::gfp, rol-6), bpIs299
(Patg-18::atg-18::gfp, unc-76), bpEx340(Pepg-5::epg-5::gfp, unc-
76), bpEx230(Pclp-2::gfp::clp-2, unc-76), bpEx231(Plgg-1::gfp::
lgg-1(g116a), rol-6), bpEx233(Prgef-1::sqst-1::gfp, odr-1::rfp),
qxIs257(Pced-1::nuc-1::mcherry, unc-76), qxIs456 (Pced-1::
mcherry::rab-5, unc-76) and qxIs66 (Pced-1::gfp::rab-7, unc-76).

Mapping and cloning of clp-2

Genetic and SNP (single nucleotide polymorphism) markers
were used for mapping. bp852 was placed on chromosome III,
between −3.03 cM and −2.41 cM. Fosmids in this region were
used for transformation rescue experiments. Mutations in clp-
2(bp852, bp987 and bp1009) were identified by sequencing
genomic DNA.

Imaging, quantification and statistical analysis

A Zeiss Axio Imager M2 microscope, a Zeiss LSM710 and
a Zeiss LSM880 were used for imaging. Comparable images
were captured with the same exposure time and magnifica-
tion. Similar regions in animals at the same developmental
stage were analyzed. The fluorescence intensity and the num-
ber of SQST-1::GFP aggregates were quantified using ImageJ.
Images captured at 400 x magnification were used for analyz-
ing hypodermis, intestine and body wall muscle cells at the
larval and adult stages and at 1000 x magnification for analyz-
ing expression at the embryonic stage. For analyzing the GFP::
LGG-1 and GFP::LGG-1G116A puncta, images were acquired at
63x by a Zeiss LSM710. Five (n = 5) or three (n = 3) inde-
pendent animals for each strain were collected for quantifica-
tion of the fluorescence intensity and the number of SQST-1::
GFP aggregates. Three independent animals (n = 3) for each
strain were collected for quantification of GFP::LGG-1 and
GFP::LGG-1G116A punctate structures. For quantification of
SQST-1::GFP fluorescence intensity and the number of
SQST-1::GFP aggregates in body wall muscle cells at the larval
and adult stages, worms were co-injected with 60 ng/ul pRF4
(rol-6(su1006)) [45] to generate Rol transgenic lines, which
facilitate image capture. The two-tailed unpaired Student’s
t test was performed for statistical analysis and the results
are shown as mean ± SEM. ns: not significant, P > .05;
*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.

Generation of CRISPR-Cas9 knockout mutants in
C. elegans

CRISPR-Cas9 sgRNAs were designed via http://crispr.mit.edu
and cloned into the CRISPR-Cas9 vector pDD162 (Addgene,
47549). Cas9-sgRNA plasmids (50 ng/µl) were co-injected
with pRF4(rol-6(su1006)) (50 ng/µl) in relevant strains. Rol
F1 progeny were isolated and their progeny were examined.
sgRNA target sequences were as follows:

clp-1: CCTCCAAGGATATCACCAC; clp-2: AAAAAGAAA
GTCACAGAGG, GATACTTCGAAGGCAGATC; clp-3:
GAGAGCTCGAATCACTCGC; clp-4: CAGGGATCACT
GGAGCCAC; clp-6: GATCAGGGCAGTGAGTTGA; clp-8/
F44F1.3: TGCATGGTCTGTATTTCGG.

The mutations in each gene were as follows: clp-1(bp1316): 13-
nucleotide deletion (CCGGTGGTGATAT); clp-3(bp1477):
4-nucleotide deletion at exon 6 (GAGCTCGAATCACTCGC
CGG, underlined nucleotides are deleted); clp-4(bp1317): 19-
nucleotide deletion (CTCCGGTGGCTCCAGTGAT); clp-6
(bp1318): 26-nucleotide deletion (GACGAGCTGCTCCGTCA
ACTCACTGC) and 4-nucleotide insertion (TCGT); clp-2
(bp1325): 2-nucleotide deletion at exon 3 (AAGAA
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AGTCACAGAGGTGGA, underlined nucleotides are deleted).
All mutations resulted in a frame-shift and introduced
a premature stop codon.

RNA interference (RNAi) in C. elegans

RNAi bacterial clones, rpt-3 and the control L4440, were
cultured on NGM agar plates containing 1 mM IPTG
(Amresco, 0487-100G). The L2/L3 larval animals were plated
onto RNAi feeding plates and day 1 adult worms were ana-
lyzed for Paip-1::GFP expression and SQST-1::GFP accumula-
tion phenotype. RNAi clones were confirmed by sequencing.

Plasmid construction

To construction tissue-specific promotors driven SQST-1 repor-
ters, SQST-1 cDNA was amplified from N2 cDNA library and
inserted into pPD49.26 vectors (Addgene, 1686) with tissue-
specific promoters using NheI and KpnI with the 2x Master
Assembly Mix (Taihe Biotechnology, C5891-50), including
body wall muscle cells (Phlh-1::gfp, 2850 bp promoter sequence
amplified from WRM063aH05, nucleotides 20,437 to 23,286),
neuronal cells (Prgef-1::gfp, 3542 bp promoter sequence ampli-
fied from WRM0623bF10, nucleotides 14,183 to 17,725), hypo-
dermal cells (Py37a1b.5::gfp, also known as Phyp7::gfp, a vector
provided by the Xiaochen Wang lab (Institute of Biophysics,
Chinese Academy of Sciences)), containing 2892 bp promoter
sequence), and intestinal cells (Pges-1::gfp, a vector provided by
the Xiaochen Wang lab, containing 3313 bp promoter
sequence).

To generate Py37a1b.5::CLP-2, CLP-2 cDNA was amplified
from N2 cDNA library, and inserted into ppD49.26
Py37a1b.5::gfp vector, which had been digested by KpnI and
SacI to remove the gfp fragment, by 2x Master Assembly Mix.
Mutant CLP-2C295S, CLP-2Δ4–75, CLP-2E374A, CLP-2D495A,
D521A and CLP-2E374A, D495A, D521A were generated by PCR-
based mutagenesis using Py37a1b.5::CLP-2 as a template.

To generate Pclp-2::gfp::clp-2 reporter by 2x Master
Assembly Mix, genomic DNA containing 2-kb promoter and
the entire open reading frame of clp-2 was cloned into the
ppD49.26 vector and gfp was then inserted at the N terminus
of CLP-2. All constructs were confirmed by sequencing.
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