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ABSTRACT During programmed cell death, the clearance of apoptotic cells is achieved by
their phagocytosis and delivery to lysosomes for destruction in engulfing cells. However, the
role of lysosomal proteases in cell corpse destruction is not understood. Here we report the
identification of the lysosomal cathepsin CPL-1 as an indispensable protease for apoptotic
cell removal in Caenorhabditis elegans. We find that loss of cpl-1 function leads to strong ac-
cumulation of germ cell corpses, which results from a failure in degradation rather than en-
gulfment. CPL-1 is expressed in a variety of cell types, including engulfment cells, and its
mutation does not affect the maturation of cell corpse-containing phagosomes, including
phagosomal recruitment of maturation effectors and phagosome acidification. Of impor-
tance, we find that phagosomal recruitment and incorporation of CPL-1 occurs before diges-
tion of cell corpses, which depends on factors required for phagolysosome formation. Using
RNA interference, we further examine the role of other candidate lysosomal proteases in cell
corpse clearance but find that they do not obviously affect this process. Collectively, these
findings establish CPL-1 as the leading lysosomal protease required for elimination of apop-
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totic cells in C. elegans.

INTRODUCTION

Appropriate clearance of cell corpses generated by apoptosis is
critical to animal development and tissue homeostasis, defects in
which contribute to many human diseases, including autoimmune
diseases and neuronal disorders (Elliott and Ravichandran, 2010).
The elimination of cell corpses requires that they be recognized and
internalized by engulfing cells followed by fusion with lysosomes for
degradation. The regulatory mechanisms underlying these cellular
processes are essentially conserved among diverse species ranging
from the nematode Caenorhabditis elegans to mammals. In the
lifetime of a C. elegans hermaphrodite, apoptotic cells generated
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during embryogenesis are engulfed and digested by neighboring
cells, whereas cell corpses derived from oogenesis in the germ line
are removed by germline sheath cells. The exposure of the eat-me
signal phosphatidylserine (PtdSer) on the surface of cell corpses is
coordinately regulated by the Xk-related protein CED-8, the scram-
blase SCRM-1, and the P-type adenosine triphosphatase TAT-1
(Wang et al., 2007; Darland-Ransom et al., 2008; Chen et al., 2013b;
Suzuki et al., 2013). For corpse engulfment, two major signaling
pathways have been identified that mediate engulfment signals re-
dundantly to induce cytoskeletal rearrangement of engulfing cells
(Reddien and Horvitz, 2004). In one pathway, the evolutionarily con-
served phagocytic receptor CED-1 recognizes PtdSer with the help
of CED-7, an ABC transporter, and two PtdSer-binding proteins,
TTR-52 and NRF-5 (Wu and Horvitz, 1998a; Zhou et al., 2001b;
Wang et al., 2010; Mapes et al., 2012; Zhang et al., 2012). By further
interacting with the CED-6 adaptor protein clathrin and its adaptors,
CED-1 mediates engulfment signals to induce the rearrangement of
the actin cytoskeleton of engulfing cells for cell corpse internaliza-
tion (Chen et al.,, 2013a; Shen et al., 2013). After formation of
phagosomes, CED-1 is released and recycled back to the plasma
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FIGURE 1: Loss-of-function mutation of cpl-1 caused accumulation of apoptotic cells in C. elegans germ lines.

(A-D) Representative DIC images of germ cell corpses in N2 (wild type) and yq89, qx304, and ok360 mutants. Cell
corpses are indicated by arrows. Bars, 5 pm. (E) Quantification of germ cell corpses in N2, yg89, and qx304 animals. Cell
corpses in one gonad arm of each animal were scored in 215 animals at every time point as indicated. Error bars
represent SEM. (F) Quantification of germ cell corpses in N2 and qx304, ced-3(n717), and ced-3(n717);qx304 double-
mutant animals. Cell corpse analyses were performed as in E. (G) Quantification of germ cell corpses in 0k360 deletion
mutants as in E. For cell corpse analysis, N2 and cpl-1(ok360) animals were cultured at 20°C, and yq89, gx304, and
ced-3(n717) single and double mutants were grown at 25°C. In E-G, comparisons were performed between N2 and
cpl-1 mutants using an unpaired t test. *p < 0.05, **p < 0.01, ***p < 0.001. (H) Schematic representation of the cpl-1
gene. Solid boxes represent exons, and wavy lines indicate introns. yg89 and gqx304 point mutations and the ok360
deletion are indicated. (I) Schematic representation of C. elegans CPL-1 (C.e. CPL-1) and human cathepsin L (H.S.
cathepsin L). Protein domains were predicted by using the SMART program (http://smart.embl-heidelberg.de/). Amino

acid changes caused by qx304 and yq89 mutations are indicated.

membrane by the retromer complex (Chen et al., 2010b). In the other
pathway, the interaction among several intracellular proteins, includ-
ing CED-2/CrKll, CED-5/DOCK180, and CED-12/ELMO, activates
the CED-10/Rac1 GTPase, which in turn triggers the cytoskeleton
rearrangement required for engulfment (Wu and Horvitz, 1998b; Wu
etal., 2001; Reddien and Horvitz, 2000; Gumienny et al., 2001; Zhou
et al., 2001a). Other molecules, including the PtdSer receptor PSR-1,
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INA-1/integrin, UNC-73/Trio, and MOM-5, are also reported to act
through this pathway to promote cell corpse engulfment (Wang
et al., 2003; deBakker et al., 2004; Cabello et al., 2010; Hsu and Wu,
2012). In addition, the ABL-1 protein kinase, the phosphatidylinositol
3-phosphatase MTM-1, and the Rho GTPase activating protein
SRGP-1 negatively regulate engulfment of cell corpses in embryos
(Hurwitz et al., 2009; Zou et al., 2009; Neukomm et al., 2011a,b).
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After entry into the engulfing cell, cell corpses contained in pha-
gosomes are destined to fuse with lysosomes for destruction. This
process, termed phagosome maturation, involves multiple factors
that are shared by endocytic trafficking. Recent findings suggest that
clathrin and its adaptor AP2 complex are required for initiation of
phagosome maturation in addition to a role in cell corpse engulf-
ment. This is achieved by interacting with the large GTPase DYN-1/
dynamin and the sorting nexin LST-4/Snx9/18/33 (Chen et al., 2013a).
DYN-1 also forms a complex with the phosphatidylinositol-3 kinase
VPS-34 and the RAB-5 small GTPase to promote the generation of
phosphatidylinositol-3 phosphate (PI3P) required for phagosome
maturation (Kinchen et al., 2008). Other Rab and ARL small GTPases
and their regulators or effectors, including TBC-2, RAB-14, RAB-2,
RAB-7, ARL-8, and the HOPS complex, act sequentially and coopera-
tively to regulate phagosome maturation (Lu et al., 2008; Mangahas
et al., 2008; Yu et al., 2008; Li et al., 2009; Xiao et al., 2009; Guo
et al., 2010; Sasaki et al., 2013). In turn, phagosome maturation is
accompanied by progressive acidification of phagosomal lumen,
which is critical for activation of lysosomal enzymes needed for di-
gesting phagosomal contents (Kinchen and Ravichandran, 2008).

In contrast to the in-depth mechanisms governing cell corpse
engulfment and phagosome maturation that are being uncovered,
little is known regarding how lysosomal factors such as lysosomal
enzymes contribute to degradation of cell corpses in phagolyso-
somes. As the major degradation sites in the cell, lysosomes contain
many acidic hydrolases, including proteases, nucleases, glycosi-
dases, sulfatases, and lipases. However, it is not known whether in-
dividual lysosome enzymes play a major role in clearance of cell
corpses. In this study, we perform a genetic screen to look for
mutants defective in cell corpse clearance and find that CPL-1, a
C. elegans homologue of mammalian cathepsin L, is an essential
lysosomal protease for cell corpse degradation. Using live-cell im-
aging analysis, we find that phagosomal incorporation of CPL-1 oc-
curs at the terminal step of phagolysosome formation, failure in
which causes defective cell corpse clearance. We also find that
CPL-1 is important for degradation of autophagic and endocytic
cargoes. Furthermore, our findings show that inactivation of other
lysosomal proteases individually does not obviously impair cell
corpse clearance. These findings establish CPL-1 as the major lyso-
somal protease required for at least initiating phagosomal degrada-
tion of apoptotic cells.

RESULTS

Loss of cpl-1 function leads to accumulation of apoptotic
cells in the germ line

In C. elegans hermaphrodites, germ cell corpses generated by
apoptosis are swiftly removed by sheath cells. Thus only a few cell
corpses can be observed in germ lines of adult animals. To iden-
tify factors affecting the cell death program, we performed ethyl
methanesulfonate (EMS) mutagenesis to search for mutants that
displayed a significant increase in apoptotic cells in germ lines.
Two mutants, yg8% and gx304, were found to accumulate germ
cell corpses in a temperature-sensitive manner. When cultured at
20°C, yq89 and gx304 mutants developed normally and did not
show an obvious cell corpse phenotype in germ lines compared
with wild type. However, these animals exhibited an age-depen-
dent accumulation of germ cell corpses when grown at 25°C
(Figure 1, A—C and E). yg89 and gx304 mutants failed to comple-
ment one another, indicating that they affected the same gene
(unpublished data). Cell corpses were rarely observed in the dou-
ble mutants of gx304 with n717, a strong loss-of-function mutant
of the CED-3 caspase required for the majority of apoptosis
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in C. elegans (Figure 1F), indicating that cell corpses seen in
gx304 and yq89 animals indeed resulted from programmed cell
death.

We mapped yg89 and gx304 to the linkage group V and found
that they affected the cpl-1 gene that encodes the lysosomal pro-
tease cathepsin L (Figure 1H). C. elegans CPL-1 is highly homolo-
gous to human and Drosophila cathepsin L (Hashmi et al., 2002;
Britton and Murray, 2004). Using the SMART program, we found that
CPL-1 contains a cathepsin propeptide inhibitor domain (Inhibitor_
129, amino acids 32-91), which functions to prevent access of
substrate to the active site, and a pept_C1 domain (amino acids
120-336), which is shared by papain-family cysteine proteases
(http:://smart.embl-heidelberg.de/; Figure 11). In gx304 mutants, the
start codon ATG of the cpl-T gene was mutated to ATA, leading to a
predicated translation initiation at methionine 52 relative to the wild-
type protein; this results in a CPL-1 protein lacking the first 51 amino
acids (Figure 1, H and I). In yg89 mutants, a change of GGA to AGA
was identified in the cpl-1 gene, causing a G230R mutation in the
pept_C1 domain of the encoded protein (Figure 1, H and I). The
cpl-1 mutations in yg89 and qx304 mutants were further confirmed
by sequencing cpl-T cDNAs obtained from these mutants.

The cpl-1(0k360) deletion mutant contains a deletion of 858
base pairs in the cpl-1 genomic DNA, representing a null mutation
of the cpl-1 gene (Figure TH; Britton and Murray, 2004). cpl-1(ok360)
mutants are embryonically lethal, which is rescued by maternally
provided CPL-1. Homozygous cpl-1(o0k360) animals generated by
heterozygous mothers developed normally to adults due to mater-
nal contribution of wild-type CPL-1, but their embryos were lethal;
these cpl-1(ok360) animals also exhibited an obvious accumulation
of cell corpses in the germ line in an age-dependent manner at
20°C (Figure 1, D and G), confirming that loss of cpl-1 function
caused defects in the cell death program.

Cell corpse degradation is defective in cpl-1 mutants

To understand how the cell death program is affected by loss of
cpl-1 function, we measured the duration of germ cell corpse persis-
tence in cpl-1 mutants using four-dimensional microscopy. In wild-
type animals, the majority of germ cell corpses normally disappear
within 30 min based on their appearance as disk-like structures, with
an average of 27.4 + 2.8 (mean + SEM) min. In cpl-1(yg89) mutants,
the duration of germ cell corpse persistence was much longer than
in wild type, with >90% of cell corpses persisting >120 min (Figure
2A). These findings indicate that loss of cpl-1 function affected the
clearance of cell corpses.

We next asked whether the persistence of cell corpses in cpl-1
mutants resulted from a failure in acidification of phagosomes con-
taining cell corpses. In wild-type germ lines, cell corpses are quickly
engulfed by sheath cells, and the resulting phagosomes are
progressively acidified during phagosome maturation. Thus most
germ cell corpses were stained by the acidophilic dye LysoSensor
Green DND-189. In vps-18(tm1125) mutants deficient in the HOPS
subunit VPS-18 that is required for phagosome-lysosome fusion
(Xiao et al., 2009), germ cell corpse—containing phagosomes were
also acidified as in wild type. We found that cpl-1(yg8%) mutants
exhibited normal LysoSensor Green staining of germ cell corpses
compared with wild-type and vps-18(tm1125) animals (Figure 2, B
and C). Thus loss of cpl-T did not impair the acidification of cell
corpse—containing phagosomes. We further used Hoechst 33342
dye to examine the existence of apoptotic DNA in the persisting cell
corpses. In wild type, ~50% of germ cell corpses did not show obvi-
ous DNA staining by Hoechst 33342, indicative of efficient degrada-
tion of apoptotic DNA. In cpl-1(gx304) and cpl-1(0k360) mutants,
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FIGURE 2: cpl-1 mutations caused defective cell corpse clearance. (A) Four-dimensional analysis of germ cell corpse
persistence in N2 and cpl-1(yq89) animals. Thirty germ cell corpses from >5 animals were analyzed for each genotype. The
numbers in parentheses indicate the average duration of cell corpses (mean SEM). (B) LysoSensor Green staining of
compartments containing germ cell corpses in N2, vps-18(tm1125), and cpl-1(yg89) animals. Arrows indicate some of the cell
corpses stained by LysoSensor Green. Bars, 5 pm. (C) Quantification of germ cell corpses positive for LysoSensor Green
staining as shown in B. We scored >100 germ cell corpses from >15 animals for each genotype; data were derived from three
repeats. (D, E) Representative images of germ cell corpses stained by LysoSensor Green and Hoechst 33342 in cpl-1 mutants
(D) and quantification of cell corpses stained by Hoechst 33342 (E). Arrows and arrowheads indicate cell corpses positive and
negative for Hoechst 33342 staining, respectively. Bars, 5 ym. We analyzed >100 germ cell corpses from >20 animals for each
genotype; data were derived from three repeats. ***p < 0.001. For cell corpse analysis, N2, vps-18(tm1125), and cpl-1(ck360)
animals were cultured at 20°C, and cpl-1(yq89) and cpl-1(qx304) mutants were grown at 25°C.
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FIGURE 3: Characterization of phagosome maturation in cpl-1 mutants. Representative images of cell corpse labeling
by CED-1::GFP (A), GFP::moesin (B), GFP::RAB-5 (C), YFP::2xFYVE (D), GFP::RAB-7 (E), and LST-4::GFP (F). Cell corpses
are indicated by arrows. Bars, 5 pm. (G) Quantification of the labeling of cell corpses by different phagosomal markers
shown in A-F. We analyzed >100 cell corpses from >20 animals for each marker, and data were derived from three
repeats. Comparisons were performed between N2 and cpl-1(yq89) mutants for each marker using an unpaired t test.
All points have p > 0.05.
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FIGURE 4: Expression and subcellular localization of CPL-1:mChOQint and its rescuing activity. (A) Schematic
representation of the fosmid reporter of the cpl-1 gene fused in frame with mChOint. Solid boxes indicate exons, and
wavy lines indicate introns. The red box indicates the mChQOint ORF. (B) Representative images showing the rescue of
embryonic lethality of cpl-1(0k360) mutants by the transgenic array yqEx620 expressing the cpl-1 fosmid reporter.

(a—c) DIC images showing cpl-1(0k360) embryos that arrested at early embryonic stages. (d—f) DIC and fluorescence
images of cpl-1(ok360) mutants carrying yqgEx620, which developed normally. Bars, 5 pm. (C) Quantification of

the rescuing effect of ygEx620 on the embryonic lethality of cpl-1(0k360) mutants grown at 20°C. We analyzed
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however, only ~10% of cell corpses showed no staining by Hoechst
33342 (Figure 2, D and E). Taken together, these findings suggest
that loss of cpl-1 function caused defective degradation of cell
corpses.

CPL-1 is not required for phagosomal recruitment

of phagosome maturation effectors

To further understand the defects of cell corpse clearance caused
by cpl-1 mutation, we examined phagosomal recruitment of fac-
tors required for phagosome maturation.

First we confirmed that cell corpses persisting in cpl-1(yg89) mu-
tants were phagocytosed by engulfing cells because they were well
surrounded by green fluorescent protein (GFP)-fused CED-1 (CED-
1:GFP), the engulfment receptor, and GFP-tagged moesin
(GFP::moesin), a Drosophila actin-binding protein (Figure 3, A, B,
and G; Chen et al., 2013a). Next we introduced integrated arrays
expressing GFP- or yellow fluorescent protein (YFP)-tagged phago-
some markersinto cpl-1(yg8%)mutants, including RAB-5 (GFP::RAB-5),
a small GTPase specific for early endosomes and phagosomes;
2xFYVE (YFP::2xFYVE), an indicator of PI3P; LST-4 (LST-4::GFP), a fac-
tor required for initiation of phagosome maturation; and RAB-7
(GFP::RAB-7), a small GTPase required for late endosome-phago-
some fusion (Kinchen et al., 2008; Guo et al., 2010; Chen et al.,
2013a). We found that phagosomes in cpl-1(yg8%) germ lines are
positive for these phagosome maturation factors at a similar level to
that in wild type (Figure 3, C-G), indicating that loss of cpl-1 did not
affect the phagosome maturation process. Thus CPL-1 should func-
tion at the stage of cell corpse digestion in phagolysosomes.

Expression and localization of CPL-1

The foregoing findings show that CPL-1 plays an essential role in
degradation of cell corpses generated by programmed cell death.
To understand how CPL-1 acts in this process, we sought to deter-
mine the expression and localization of CPL-1 in a developmental
context. First we generated a cpl-1 fosmid reporter by tagging a
fluorescence protein, mChOQint, at the C-terminus of CPL-1 (Figure
4A; Tursun et al., 2009). We then introduced the extrachromosomal
arrays (e.g., ygEx620) expressing the cpl-1 fosmid reporter into
cpl-1(ok360) deletion mutants. ygEx620 rescued the embryonic le-
thality of cpl-1(ok360) mutants. Whereas cpl-1(ok360) embryos lain
by homozygous animals arrested at early stages and could rarely
hatch, ~70% of embryos generated by cpl-1(0k360);yqEx620 animals
hatched and developed normally (Figure 4, Band C). CPL-1::mChQint
is expressed ubiquitously from embryos to adults, including in germ
line sheath cells and hypodermal cells, which function as engulfing
cells for removing cell corpses (Figure 4D). The punctate localization
of CPL-1::mChOQint overlapped very well with the GFP-tagged lyso-
somal arginine and lysine transporter LAAT-1 (LAAT-1::GFP) driven
by the promoter of the engulfing cell-specific ced-1 gene (Liu et al.,
2012), indicating that CPL-1 is delivered to lysosomes (Figure 4, D
and E). Of importance, transgenic arrays expressing CPL-1 also

rescued the cell corpse phenotype in cpl-T mutants. For example,
cpl-1(yg89) mutants containing ygEx620 showed a similar level of
germ cell corpses to that of wild-type animals. Similarly, another
transgenic array, yqEx688 expressing CPL-1 under the control of its
own promoter, also rescued the cell corpse phenotype of cpl-1(yq89)
mutants (Figure 4F). In contrast, transgenic animals (ygEx690) ex-
pressing CPL-1 containing a point mutation similar to that in the
gx304 mutants, in which the N-terminal 51 amino acid residues were
deleted, failed to rescue the cell corpse phenotype in yg8% mutants
(Figure 4F). Similarly, no rescuing effect was observed in cpl-1(yq89)
mutants either expressing CPL-1 with a G230R mutation (ygEx746)
as caused by the yg89 mutation or expressing CPL-1 with a C144A
mutation (Hashmi et al., 2002) affecting the amino acid residue es-
sential for CPL-1 activity (yqEx743) (Figure 4F), although the expres-
sion and localization patterns of these mutant proteins were similar
to those of wild-type CPL-1 (Supplemental Figure S1).These findings
indicate that the CPL-1 mutations in gx304 and yg89 mutants
indeed damaged the normal function of CPL-1.

CPL-1 acts in phagolysosomes for cell corpse digestion

The capacity of CPL-1::mChOint to rescue the defective cell corpse
clearance in cpl-1 mutants enabled us to monitor the dynamic re-
cruitment of CPL-| to phagosomes during cell corpse removal. First,
we compared the dynamic association of CPL-1 with LST-4, the
C. elegans homologue of mammalian Snx9/18/33, which acts in a
very early stage to initiate the phagosome maturation process
(Almendinger et al., 2011; Chen et al., 2013a). No obvious overlap-
ping of GFP-tagged LST-4 (LST-4::GFP) with CPL-1:mChQint was
observed on phagosomes. Instead, CPL-1::mChQint was found to
be recruited to phagosomes after LST-4 dissociation, indicating that
CPL-1 acts at a late stage in the process of cell corpse clearance
(Figure 5A). Next we examined whether CPL-1 and the lysosomal
membrane protein LAAT-1 were corecruited to cell corpse—contain-
ing phagosomes. We found that LAAT-1 and CPL-1 were simultane-
ously docking on phagosomes (Figure 5B, —10 min). Surprisingly,
CPL-1 remained mostly enriched at the same docking site, whereas
LAAT-1 progressively encircled the phagosome (Figure 5B, —10 to
4 min). A few minutes after LAAT-1 fully encircled the phagosome,
CPL-1 was incorporated into the phagosome (Figure 5B, 4-8 min).
These findings suggest that the incorporation of CPL-1 into phago-
somes appears to lag behind that of lysosomal membrane proteins
during phagosome-lysosome fusion.

We also examined the requirement of phagosome maturation
effectors for incorporation of CPL-1 to phagosomes. In [st-4(tm2423)
deletion mutants, in which phagosome maturation arrests at early
stage, lysosomes labeled by both CPL-1::mChOint and LAAT-1::GFP
were found to dock on the periphery of phagosomes but did
not fuse with phagosomes (Figure 5C). RNA interference (RNAI)
depletion of vps-18 also led to a failure of CPL-1:mChQint-
and LAAT-1::GFP—positive lysosomes to fuse with phagosomes, al-
though these lysosomes were also found to dock on phagosomes

and subcellular localization of CPL-1::mChOQint driven by the cpl-1 promoter. Images of DIC, CPL-1::mChOQint, and
LAAT-1::GFP (driven by the ced-1 promoter) and merged images of CPL-1::mChQint with LAAT-1::GFP are shown for a
1.5-fold embryo, an L1 larvae, the germ line, and the hypodermis. Bars, 5 pm. Arrowheads indicate some of the foci with
colocalization of CPL-1::mChQint and LAAT-1::GFP. (E) Quantification of the colocalization of LAAT-1::GFP driven by the
ced-1 promoter and CPL-1::mChOQint driven by the cpl-1 promoter. (F) Rescuing effect of CPL-1:mChOint transgenic
arrays yqEx620 (cpl-1 fosmid reporter), yqEx688 (P p.1cpl-1::mChOint), yqEx690 (P p.1cpl-1(del51)::mChQint), yqEx743
(PCP,,1cpI-1(C144A)::mChOint), and yqEx746 (PcpHcpI-1(G230R)::mChOint) on cell corpse phenotype in cpl-1(yq89)
mutants. cpl-1 mutants carrying transgenic arrays were grown at 25°C, and cell corpses were scored in animals at 24 h
post L4 (n > 15 for each genotype). Comparisons were performed between N2 and cpl-1(yq89) mutants with or without

transgenic arrays as indicated using an unpaired t test. ***p < 0.001.
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analysis.

(Figure 5C). These findings indicate that phagosome maturation fac-
tors are required for phagolysosome formation, defects of which
lead to the failure of phagosomal incorporation of CPL-1 and likely
other lysosomal proteases.

Role of other cathepsin proteases in cell corpse clearance

To determine whether CPL-1 is the major cathepsin required for cell
corpse clearance in C. elegans, we evaluated the role of other lyso-
somal cathepsins in cell corpse removal by performing RNAi to de-
plete homologues of mammalian cathepsins. The effect of RNAi
was confirmed by measuring the reduction of mRNA levels of sev-
eral cathepsins selected randomly using real-time reverse-transcrip-
tion PCR (Supplemental Figure S2). RNAI of individual genes in the
families of cathepsin A, B, D, E, H, F, S, and Z did not result in an
obvious accumulation of cell corpses in the germ line (Table 1). Simi-
larly, RNAI of the other three members in addition to CPL-1(TO3E6.7)
of the cathepsin L family did not induce any discernible increase in
germ cell corpses, except for RNAi of cpl-1, which gave similar cell
corpse accumulation as the germ line null allele (Table 1). These
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results indicate that inactivation of single member of these cathep-
sin proteases was not sufficient to perturb cell corpse degradation.
To determine whether these enzymes act synergistically with CPL-1
to promote cell corpse degradation, we inactivated each of these
genes in cpl-1(yg89) mutants. Compared with control RNAI treat-
ment, RNAIi of individual cathepsins did not further enhance the
cell corpse phenotype of cpl-1(yg89) mutants (Table 1). In addition,
we also examined deletion mutants of asp-4(ok2693),
Y40H7A.10(0k1968), and cpz-1(ok409) but observed no obvious cell
corpse phenotype . Furthermore, in double mutants of cpl-1(yq89)
with these deletion mutants, the numbers of cell corpses remained
the same as for cpl-1(yg89) single mutants (Figure 6). Together these
findings suggest that CPL-1 plays a leading role among lysosomal
cathepsins in degradation of apoptotic cells.

CPL-1 is required for degradation of endocytic

and autophagic cargoes

Embryos of cpl-1(0k360) deletion mutants are lethal, indicating that
CPL-1 is required for embryonic development. To understand the
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Number of Number of
Number of germ cell Number of germ cell
cell corpsesin  corpses in cell corpsesin  corpses in
C. elegans rrf-3(pk1426)  cpl-1(yq89) C. elegans rrf-3(pk1426)  cpl-1(yq89)
Human cathepsin genes mutants mutants Human cathepsin genes mutants mutants
cathepsin (RNAI) (mean £ SEM) (mean £ SEM) cathepsin (RNAI) (mean £ SEM) (mean £ SEM)
Control RNAI 1.4+0.3 Y65B4A.2 1.9£0.2 27.9+£1.9
Control RNAI 28.9+15 Cathepsin E asp-5(F21F8.3) 26+0.5 29.1+£2.3
Cathepsin A F13D12.6 1.7+£05 264+£1.7 asp-6(F21F8.7) 2.1+0.3 30.1+£1.7
F32A5.3 1.9+£0.5 254+22 asp-9(C11D2.2) 1.7+05 31.0+£1.9
F41C3.5 2.2£03 27.4+£1.5 asp-10(C15C8.3) 2.1+04 272419
K1082.2 1.8+£04  30.1£17 asp-12(F21F8.4) 22404  324%26
Y1684A.2 1.9£05 293416 asp-19(ZK384.6) 1.6+03 334217
Y32F6A5 17402 30.1£1.9 Cathepsin F RO7E3.1 17403 31123
K10C2.1 1.7£04 33.9+1.7 ROSF10.1 3.0+ 06 207+ 1.6
+ +
Y40D12A.2 26403 29.6+2.2 F41E6.6 1.7+£0.3 29.2+1.6
Cathepsin D -1(Y39B6A.20, 29+04 325+1.8
athepsin D asp-1(Y. 4 Cathepsin H K02E7.10 23406  29.8+2.1
asp-3(H22K11.1) 1.8+£04 28.7+t24
tag-329(C50F4.3) 25+£0.3 31.2+£1.9
asp-4(R12H7.2) 1.5+0.5 32.9+2.1
) Cathepsin L  Y51A2D.1 23106 304+1.5
Cathepsin B cpr-1(C52E4.1) 1.1£0.3 291 +1.7
Y51A2D.8 23+£04 269+1.4
cpr-2(F36D3.9) 1.4+0.2 27.8+23
Y71H2AR.2 A4 +0. 4+2.
cpr-3(T10H4.12) 1.8£04 323+22 2404 304£20
cpr-4(F44C4.3) 17404 32416 cpl-1(TOSES.7) 20x16 291x2d
cpr-5(W07B8.5) 23404 301415 Cathepsin S C32B5.7 1.4+£0.2 29.4+£22
cpr-6(C25B8.3) 22£03  303%22 F15D4.4 28+06  268%25
F32H5.1 234104 329420 Y40H7A.10 19402 33116
F57F5.1 25+0.3 30.7+2.0 Y71H2AM.25 1.4+0.3 298+1.3
WO07B8.1 20+02 27.6+2.4 Cathepsin Z cpz-1(F32B5.8) 1.3+0.3 32.0+£1.9
WO07B8.4 20+03 29.0+25 cpz-2(M04G12.2) 1.7£0.3 28.8+1.5

Germ cell corpses were analyzed in rrf-3(pk1462) adult animals (24 h post L4) grown on RNAI plates at 20°C and in cpl-1(yg89) animals that were grown to L4 molt
on RNAI plates at 20°C and then transferred to 25°C for further culture of 24 h. The identity of each RNAi clone was confirmed by sequencing.

TABLE 1: Analysis of germ cell corpses in animals treated with RNAi of candidate lysosomal cathepsins in C. elegans.

role of CPL-1 in this process, we examined whether yolk proteins
are properly degraded in cpl-1T mutant embryos, because yolk is
the major source of nutrition required for embryogenesis. In wild
type, yolk is present at a high level in early-stage embryos but is
progressively reduced in later-stage embryos, as indicated by im-
munostaining (Figure 7A). In cpl-1(yq89) and cpl-1(gx304) mutants,
however, yolk was found to be abundant at all embryonic stages
examined (Figure 7A), consistent with previous observations in
cpl-1(0k360) mutants (Britton and Murray, 2004). Together these
findings indicate that CPL-1 is required for yolk degradation during
embryogenesis.

To determine whether CPL-1 is also essential for degrading car-
goes resulting from autophagy, we examined the accumulation of
autophagosomes marked by GFP-fused LGG-1, a mammalian LC3
homologue, and GFP-fused SEPA-1, a receptor of selective
autophagy (Zhang et al., 2009), in cpl-1 mutant embryos. As shown
in Figure 7, B and C, GFP::LGG-1 and SEPA-1::GFP puncta accumu-
lated in cpl-1(gx304) embryos, which overlapped with lysosomes
positive for LAAT-1::mCherry. This is in contrast to the finding that
few GFP::LGG-1 and SEPA-1::GFP foci existed and that they did not
overlap with LAAT-1:mCherry-positive lysosomes in wild type.
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These observations indicate that CPL-1 is indispensable for lyso-
somal degradation of autophagic cargoes during embryogenesis.

DISCUSSION

The fusion of phagosomes with lysosomes is required for degrada-
tion of cell corpses in engulfing cells. However, it has not been docu-
mented whether a single lysosomal protease plays a major role in
cell corpse degradation after phagolysosome formation. Here we
identify the cysteine protease CPL-1 as the major protease required
for cell corpse degradation in the phagolysosome. Our genetic
screen identified two hypomorphic alleles of cpl-1, yg89 and gx304,
both of which exhibited temperature-sensitive accumulation of cell
corpses in germ lines. yg89 caused a G230R mutation in the
pept_C1 domain, and gx304 resulted in deletion of the N-terminal
51 amino acids in the CPL-1 protein, respectively. Our data suggest
that these mutations reduced but did not abolish CPL-1 activity. It is
likely that the rate of germ cell corpse clearance is lower at 20 than
at 25°C. Thus the activity of these mutant CPL-1 proteins is sufficient
for cell corpse clearance at lower temperature. At 25°C, however,
the activity of these CPL-1 mutant proteins is not strong enough for
a higher rate of cell corpse digestion, leading to accumulation of
2079
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Figure 1. Comparisons were performed between N2 and mutants
and between cpl-1(yq89) and its double mutants with asp-4(0k2693),
Y407A.10(ok1968), and cpz-1(0k409) using an unpaired t test.

***p < 0.001. All other points have p > 0.05.

germ cell corpses in mutant animals. Consistently, cpl-1(0k360) dele-
tion mutants exhibited a strong accumulation of germ cell corpses at
all temperatures. By generating transgenes expressing mChQint-
fused CPL-1 under the control of the cpl-T gene promoter, we found
that CPL-1 is expressed in multiple tissues and cell types, including
the engulfing cells. The cell corpse phenotype in cpl-1 mutants was
rescued by transgenes expressing wild-type but not mutant CPL-1,
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further confirming that cpl-1 is required for clearance of cell
corpses.

In cpl-T mutants, germ cell corpses are labeled by the phago-
cytic receptor CED-1, similar to wild type. The rearrangement of the
actin cytoskeleton around cell corpses also appears normal, indicat-
ing that loss of cpl-1 does not impair the engulfment of cell corpses.
Furthermore, phagosomes containing cell corpses normally recruit
factors required for phagosome maturation in cpl-1 mutants. For
example, LST-4 and RAB-5, two factors acting on early phagosomes,
and RAB-7, a small GTPase specific for late phagosomes, are simi-
larly observed on phagosomes in germ lines in both wild-type and
cpl-1 mutant animals. These facts indicate that CPL-1 plays a role in
phagolysosomes rather than phagosome maturation. In support of
this, our time-course chase of the dynamic recruitment of CPL-1 re-
vealed that CPL-1 was recruited and incorporated into phagosomes
after the dissociation of LST-4, an essential factor for initiation of
phagosome maturation. It is very interesting to observe that the in-
corporation of CPL-1 into phagosomes occurs slightly later than that
of the lysosomal membrane protein LAAT-1, which suggests that
lysosomal components likely fuse with the phagosome in a sequen-
tial manner during phagolysosome formation. Moreover, we found
that CPL-1 failed to be incorporated in phagosomes in loss-of-func-
tion mutants of factors essential for phagosome maturation, includ-
ing LST-4 and the HOPS complex. Together our findings demon-
strate that CPL-1 acts in phagolysosomes for cell corpse degradation.
Mutations in CPL-1 or failure to incorporate CPL-1 in phagosomes
lead to defective cell corpse degradation.

In mammalian cells, the lysosome contains three major groups of
proteases based on the catalytic residues in the active sites, includ-
ing aspartic (cathepsin D and E), serine (cathepsin A and G), and
cysteine (cathepsin B, C, F, H, K, L, O, S, V, W, and Z) cathepsins
(Reiser et al., 2010). Our data indicated that RNAi depletion of indi-
vidual homologues of these cathepsins, except CPL-1, did not result
in a discernible increase in germ cell corpses in C. elegans, suggest-
ing that these cathepsins on their own do not affect cell corpse deg-
radation; instead, they may need to act coordinately during cell
corpse degradation. In addition, RNAi depletion of other cathepsins
did not enhance cell corpse phenotype in cpl-1 weak loss-of-func-
tion mutants, suggesting that these cathepsins do not play a similar
role to CPL-1 in cell corpse digestion. These findings further suggest
that CPL-1 is the major lysosomal protease required for degrading
cell corpses after formation of phagolysosome. It is possible that
CPL-1 is required for breaking down cell corpses, whereas other
cathepsins are needed for further digestion of cell corpse debris,
depending on their enzymatic specificities.

Previous studies revealed that CPL-1 is required for yolk process-
ing during embryogenesis in C. elegans (Britton and Murray, 2004).
In our study, we also observed defective yolk processing in the cpl-1
weak loss-of-function mutants yg89 and gx304. In addition, we
found that degradation of autophagosomes/autophagic cargoes
was also impaired in cpl-1 mutants. For example, foci of GFP::LGG-1,
an autophagosome marker, and SEPA-1::GFP, an autophagic sub-
strate, accumulated in cpl-1(gqx304) embryos. The GFP::LGG-1 and
SEPA-1::GFP foci colocalized with lysosomes, indicating that they
resulted from defective lysosomal degradation. The requirement
of CPL-1 in clearance of autophagic cargoes in C. elegans may
resemble the role of cathepsin L in autophagy in mammalian cells.
For example, in Hela and Huh-7 cells, specific inhibition of cathep-
sin L by a chemical inhibitor prevented degradation of LC3-II and
GABARAP, mammalian homologues of C. elegans LGG-1 (Ueno
and Takahashi, 2009). In comparison, inhibition of cathepsin B did
not have an obvious effect on these two proteins. Thus mammalian
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cathepsin L appears to have certain substrate specificity during au-
tophagosome degradation (Ueno and Takahashi, 2009). It remains
to be determined whether CPL-1 has similar substrate specificity to
human cathepsin L for the degradation of both phagocytic and au-
tophagic cargoes in C. elegans.

MATERIALS AND METHODS

C. elegans strains and genetics

The Bristol strain N2 was used as wild type. cpl-1(o0k360) deletion
mutants were obtained from the C. elegans Genetics Center
(University of Minnesota, Minneapolis, MN). Other mutant alleles
used in this study are listed by linkage groups: LG I: ced-1(e1735)
and cpz-1(0k409). LG Il: vps-18(tm1125) and rrf-3(pk1426). LG IV:
Y40H7A.10 (ok1968) and Ist-4(tm2423). LG V: unc-76(e911). LG X:
asp-4 (0k2693). All mutants were outcrossed at least four times
with N2. Integrated arrays used in this study are as follows:
adls2122 (Pigq.19fp::lgg-1) and bpls131 (Psep,.1sepa-1:gfp; pro-
vided by Hong Zhong, Institute of Biophysics, Chinese Academy
of Sciences, Beijing, China), opls334 (P.eq.1yfp::2xfyve; provided
by K. S. Ravichandran, University of Virginia, Charlottesville,
VA), gxls66 (Peeq.19fp:irab-7), qxIs352 (P eq.1laat-1::mCherry),
qxIs354  (Peg-1laat-1::gfp), qgxIs408 (P eq.19fp:irab-5), smls34
(Peeg-1ced-1::9fp), yqls114 (Pjs4lst-4(cDNA)::gfp), and yqls121
(Pced-19fp::Moesin). Animals carrying stably integrated array were
outcrossed with the N2 strain four times. C. elegans cultures and
genetic crosses were performed essentially according to standard
procedures (Brenner, 1974).

Mutant screen and gene mapping

To screen for mutants with germ cell corpse accumulation, synchro-
nized L4-stage animals were treated with EMS (50 mM) for 4 h. The F2
progeny of EMS-treated animals were grown to the age of 24-48 h
after the L4 molt at 25°C and observed under differential interference
contrast (DIC) microscopes. This allowed us to obtain hypomorphic
mutants showing temperature-sensitive accumulation of germ cell
corpses. Mapping of mutations was performed by using single-nucle-
otide polymorphism mapping as described by Davis et al. (2005).

Expression constructs

To make the cpl-1 fosmid reporter construct, mChOint was inserted
into the fosmid WRM0629aGO05 containing the cpl-1 gene using
the assay as described by Tursun et al. (2009). To make the
Pepr1cpl-1::mChOint construct, a DNA fragment of 5762 base pairs
containing the promoter region (1761 base pairs), open reading
frame (ORF), and 3’-untranslated region (UTR; 505 base pairs) of the
cpl-1 gene and the ORF of mChQint was amplified from the cpl-1
fosmid reporter construct by PCR and cloned into the pEASY-T1
Simple vector (TransGen, Beijing, China). The Pcp,_1cpl-
1(del51)::mChQint construct was generated by changing the first
ATG of the cpl-1 ORF to ATA with a PCR-based mutagenesis assay,
using the P,p.1cpl-1::mChQint vector as the template and a pair of
oligos as follows (mutation site is underlined): sense, 5-ATAAAA-
TTCCAGAATAAACCGATTCATTCTTCTGGCACTG-3";  antisense,
5-CAGTGCCAGAAGAATGAATCGGTTTATTCTGGAATTTTAT-3".
Pepr1cpl-1(G230R)::mChQint  and  Ppp.1cpl-1(C144A)::mChOint
constructs were generated by PCR-based mutagenesis using
Ppr1cpl-1::mChQint as template and confirmed by sequencing.

cpl-1 transgenic arrays

The extrachromosomal array yqEx620 is one transgenic line from
three lines generated by injecting the cpl-1 fosmid reporter into
unc-76(e911) animals. ygEx688 is a representative extrachromo-
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somal array of several similar transgenic lines expressing
Pepi-1cpl-1::mChOint construct in which CPL-1 expression was con-
trolled by its own promoter and 3"-UTR. ygEx690 is a representa-
tive transgenic array expressing the Pc,icpl-1(del51)::mChQint
construct with the first 51 amino acids of CPL-1 deleted. ygEx743
and yqgEx746 are independent transgenic arrays expressing
Pepr-1cpl-1(C144A)::mChOint  and  Pepqcpl-1(G230R)::mChOint,
respectively.

RNAIi experiments

RNAIi experiments were performed by using bacterial feeding as-
says as described previously (Chen et al., 2013a). In most cases, L4-
stage animals of rrf-3(pk1426) or cpl-1(yq89) were transferred to
plates seeded with bacteria expressing either control double-
stranded RNA (dsRNA; L4440 empty vector; Control RNAI) or dsRNA
corresponding to the ORFs of genes of interest. Germ cell corpses
were observed in adults of the progeny at different time points.

Germ cell corpse analysis

Animals synchronized to different adult stages were scored for germ
cell corpses under Nomarski optics. Animals were grown at 20°C
unless otherwise indicated. For cell corpse analysis in yq89 and
gx304 mutants or their double mutants with other genes, animals
were shifted to 25°C after growing to the L4 molt at 20°C and
scored for germ cell corpses 12, 24, and 36 h later. At each time
point, germ cell corpses in the meiotic region of one gonad arm
were counted for every animal, and =15 animals were analyzed.
Germ cell corpses in cpl-1(o0k360) animals were scored and ana-
lyzed at 20°C.

LysoSensor Green and Hoechst 33342 staining

Adult animals at 36 h after the L4 molt were dissected in gonad dis-
section buffer (60 mM NaCl, 32 mM KCI, 3 mM NayHPO,4, 2 mM
MgCly, 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid,
50 pg/ml penicillin, 50 pg/ml streptomycin, 100 pg/ml neomycin,
10 mM glucose, 33% fetal calf serum, and 2 mM CaCl,) containing
1 uM LysoSensor Green DND-189 (Invitrogen, Carlsbad, CA) or
1 M Hoechst33342 (Invitrogen). The staining of cell corpses was
examined with fluorescence microscopy.

Time-lapse imaging

Time-lapse imaging was performed under 100x objectives at
20°C by using the DeltaVision imaging system (GE Healthcare, Little
Chalfont, United Kindom). Animals were anesthetized with 1 mM
levamisole in M9 buffer (1 | contains 3 g of KHyPOy, 6 g of NayHPOy,
5 g of NaCl, and 1 mM MgSOy,) and mounted on 2% agar pads.
Time-lapse images of CPL-1:mChOQint, LAAT-1::GFP, and LST-4::GFP
were captured every 30 s for 120 min with a Z-series of 1 pm/section
for a total of 20 sections for each time point. The excitation filters
used for GFP and mChOQint are 488 and 559 nm, respectively.

Immunostaining

Embryos with mixed stages were fixed with methanol for 5 min and
blocked in phosphate-buffered saline (PBS) containing 0.3% Triton
X-100 and 5% normal goat serum for 1 h at room temperature. The
samples were then incubated with VIT-2 antibody (Chen et al., 2010a)
in blocking buffer at 4°C overnight. After extensive washing with
PBS containing 0.3% Triton X-100, the samples were incubated with
Cy3-conjugated secondary antibody for 2 h at room temperature.
The samples were washed again as described and mounted on slides
for visualizing using an inverted confocal microscope (100x objec-
tives; Olympus, Tokyo, Japan).
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