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Functional Genomic Analysis of Apoptotic
DNA Degradation in C. elegans

al., 2001; Zhang et al., 1998). In addition, several other
mammalian proteins, including apoptosis-inducing fac-
tor (AIF), DNase II, Topoisomerase II, and cyclophilins
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have been implicated in mediating apoptotic DNA deg-University of Colorado
radation, mostly based on in vitro studies (Zhang andBoulder, Colorado 80309
Xu, 2002). It is unclear whether these proteins are impor-
tant for apoptosis in vivo. Nevertheless, these studies
suggest that the apoptotic DNA degradation processSummary
is likely more complicated and tightly regulated than
originally anticipated.Chromosomal DNA degradation is critical for cell

In the nematode C. elegans, at least two nucleasesdeath execution and is a hallmark of apoptosis, yet
have been shown to mediate apoptotic DNA degrada-little is known about how this process is executed.
tion: NUC-1, a worm type II DNase (Wu et al., 2000), andUsing an RNAi-based functional genomic approach,
CPS-6, the C. elegans ortholog of EndoG (Parrish etwe have identified seven additional cell death-related
al., 2001). Loss-of-function mutations in either cps-6 ornucleases (crn genes), which along with two known
nuc-1 result in accumulation of TUNEL-positive nucleinucleases (CPS-6 and NUC-1) comprise at least two
in mutant embryos, indicating that both genes functionindependent pathways that contribute to cell killing,
to resolve 3�OH DNA breaks (labeled by TUNEL) gener-and likely signaling for phagocytosis, by degrading
ated during apoptosis (Parrish et al., 2001; Wu et al.,chromosomal DNA. Several crn genes have human
2000). Additionally, in the cps-6 mutant, cell deaths arehomologs that are important for RNA processing, pro-
delayed and sometimes blocked (in sensitized genetictein folding, DNA replication, and DNA damage repair,
backgrounds), suggesting that the DNA degradationsuggesting dual roles for CRN nucleases in cell sur-
process is important for apoptosis (Parrish et al., 2001).vival and cell death. It should now be possible to sys-
Unlike cps-6, nuc-1 appears to be dispensable for apo-tematically decipher the mechanisms of apoptotic
ptosis and likely acts in a different DNA degradationDNA degradation.
pathway since cps-6; nuc-1 double mutants have higher
numbers of TUNEL-positive cells than those of either

Introduction mutant alone (Parrish et al., 2001). Recently, WAH-1, a
worm AIF homolog, was found to associate with and

Programmed cell death (apoptosis) is important for de- cooperate with CPS-6 to promote DNA degradation in
velopment and tissue homeostasis of metazoans C. elegans (Wang et al., 2002), suggesting that additional
(Steller, 1995; Vaux and Korsmeyer, 1999). One critical factors are likely involved in regulating apoptotic DNA
step in apoptosis is the fragmentation of chromosomal degradation in C. elegans. However, neither nuc-1 or
DNA at internucleosomal regions, leading to the genera- cps-6 mutants nor wah-1(RNAi) animals display easily
tion of approximately 180 bp DNA ladders (Wyllie, 1980; detectable phenotypes that would encourage additional
Zhang and Xu, 2002). Several nucleases have been im- genetic screens for mutants with similar cell death de-
plicated in mediating this chromosome fragmentation fects. Thus it becomes imperative to develop a more
process, including DFF40/CAD (40 kDa DNA fragmenta- powerful and systematic method to identify molecular
tion factor/caspase-activated deoxyribonuclease) (En- components that are involved in apoptotic DNA degra-
ari et al., 1998; Liu et al., 1997, 1998) and mitochondrial dation.
endonuclease G (Li et al., 2001; Parrish et al., 2001). RNA-mediated interference (RNAi), which can specifi-
DFF40/CAD normally associates tightly with its cognate cally abolish or reduce target gene expression (Fire et
inhibitor DFF45/ICAD (inhibitor of CAD) but is released al., 1998), when used in combination with information
from DFF45/ICAD and thus activated during apoptosis derived from the completed genome sequence in C.
as a result of caspase cleavage of DFF45/ICAD. On the elegans (The C. elegans Sequencing Consortium, 1998),
other hand, EndoG is released from mitochondria and has greatly facilitated functional genomic analyses,
translocates to nuclei during apoptosis where it induces leading to the assignment of biological functions to
DNA fragmentation through a caspase- and DFF40- many open reading frames (ORFs) on C. elegans Linkage
independent pathway (Li et al., 2001), indicating that Group I and III (Fraser et al., 2000; Gonczy et al., 2000).
multiple DNA degradation pathways exist. Consistent Additionally, candidate-based, genome-wide analyses
with the observation that DFF40 and EndoG act in differ- based on a specific, assayable biological activity or bio-
ent pathways, mice lacking DFF40/CAD activity appear chemical property have helped identify important genes

and construct protein interaction maps for complicatedto develop normally and have normally occurring apo-
biological processes such as C. elegans vulval develop-ptosis, despite a significant reduction in DNA fragmenta-
ment and the DNA damage response (Boulton et al.,tion in apoptotic cells (McIlroy et al., 2000; Samejima et
2002; Walhout et al., 2000). To systematically identify
genes functioning in apoptotic DNA degradation in C. ele-*Correspondence: ding.xue@colorado.edu
gans, we conducted a candidate-based functional geno-2 Present address: Howard Hughes Medical Institute, Department
mic screen using a combination of RNAi and TUNELof Biochemistry and Biophysics, University of California at San Fran-

cisco, San Francisco, California 94143. techniques.
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not shown), which blocks most cell deaths in nematodes
(Ellis and Horvitz, 1986), indicating that these genes are
involved in apoptotic DNA degradation (Table 1). Fur-
thermore, RNAi of crn-2 or crn-3 but not the other crn
genes or cyp-13 significantly enhanced the TUNEL phe-
notype of the cps-6(sm116) mutant, indicating that crn-2
and crn-3 function at least partially independently of
cps-6 (Table 1). However, double RNAi of crn-2 and
crn-3 in N2, cps-6(sm116), or nuc-1(e1392) animals did
not result in stronger TUNEL phenotype than either RNAi
treatment alone, suggesting that crn-2 and crn-3 may
function in the same pathway to mediate apoptotic DNA
degradation (data not shown). Finally, RNAi of each of
the seven new genes enhanced the TUNEL phenotype

Figure 1. Seven Additional Apoptotic Nucleases Were Identified of nuc-1, suggesting that nuc-1 functions in a different
from the C. elegans Genome DNA degradation process from these seven genes (Ta-
The 77 ORFs screened for TUNEL phenotypes following RNAi treat- ble 1).
ment are categorized based on their chromosomal positions (Link-
age Group; x axis) and plotted according to the number of TUNEL-

CRN Nucleases Have Mammalian Homologspositive nuclei (on average) detected in 1.5-fold wild-type embryos
Sequence analysis of the crn genes and cyp-13 revealed(N2) treated with RNAi (y axis). RNAi of 68 ORFs (gray circles) re-

sulted in TUNEL phenotypes that were not significantly different insightful information regarding their functions (see Sup-
from those of N2 animals treated with control(RNAi) (black circle). plemental Figure S1 at http://www.molecule.org/cgi/
RNAi of 9 ORFs resulted in significantly higher numbers of TUNEL- content/full/11/4/987/DC1). crn-1 encodes a homolog
positive nuclei, including two genes (cps-6 and nuc-1) previously of flap endonuclease 1 (FEN-1), a mammalian nuclease
known to be involved in apoptotic DNA degradation (triangles), six

important for DNA replication and damage repair (Har-new crn genes (cell death related nucleases), and cyp-13, which was
rington and Lieber, 1994; Lieber, 1997), which we foundpreviously named (all in squares). The identity of the corresponding

mammalian homolog is indicated in parentheses next to each of may represent a critical switch between DNA replica-
the C. elegans genes. tion/repair and apoptotic DNA degradation during apo-

ptosis (our unpublished data). crn-1(RNAi) causes em-
bryonic lethality in C. elegans (see Supplemental Table
S1 at http://www.molecule.org/cgi/content/full/11/4/Results
987/DC1), suggesting that it is important for cell survival
and may be involved in DNA replication/repair in C. ele-Candidate-Based RNAi Screen Identified Seven

Additional Cell Death Related Nucleases gans like FEN-1. crn-2 encodes a homolog of the TatD
nuclease (see Supplemental Figure S1A at http://We tested C. elegans deoxyribonucleases and ribo-

nucleases as well as cyclophilins and topoisomerases www.molecule.org/cgi/content/full/11/4/987/DC1), a
poorly characterized E. coli magnesium-dependantfor potential roles in apoptotic DNA degradation (Zhang

and Xu, 2002). Using INTERPRO and PFAM motif nuclease (Wexler et al., 2000). Mammalian TatD homo-
logs exist but have no known function (our unpublishedsearches (Apweiler et al., 2001; Sonnhammer et al.,

1997), we identified 77 ORFs that fit into these catego- data); our findings suggest a possible role for TatD-like
nucleases in mammalian apoptosis.ries. We conducted RNAi experiments on these 77 ORFs

in three different genetic backgrounds, wild-type (N2), crn-3 and crn-5 encode homologs of the 100 kDa
polymyositis/scleroderma autoantigen (PM/Scl-100)the cps-6(sm116) mutant, or the nuc-1(e1392) mutant,

and looked for an increase or decrease of TUNEL stain- and Rrp46 (see Supplemental Figures S1B and S1D at
http://www.molecule.org/cgi/content/full/11/4/987/ing in these RNAi-treated animals versus control(RNAi)-

treated animals (see Supplemental Table S1 at http:// DC1) (Brouwer et al., 2001), respectively, both of which
are ribonuclease components of the exosome, a multi-www.molecule.org/cgi/content/full/11/4/987/DC1 and

Experimental Procedures). RNAi of nine of these ORFs exonuclease complex. The exosome functions in pro-
cessing or degradation of several types of RNAs and isgave rise to TUNEL phenotypes that are indicative of

their involvement in apoptotic DNA degradation (Figure crucial for the survival of yeast cells (Perumal and Reddy,
2002). Therefore, crn-3 and crn-5 appear to be shared1, Table 1, and Supplemental Figure S1 at http://www.

molecule.org/cgi/content/full/11/4/987/DC1). Two of components of two different machineries for RNA pro-
cessing and for apoptotic DNA fragmentation. Both crn-the ORFs, C07B5.5 (nuc-1) and C41D11.8 (cps-6), were

previously known to function in DNA degradation, dem- 3(RNAi) and crn-5(RNAi) caused retarded growth of
treated animals; in the case of crn-3(RNAi), a low pene-onstrating the effectiveness of this screen (Parrish et

al., 2001; Sulston, 1976; Wu et al., 2000). The other seven trance of embryonic lethality was observed (see Supple-
mental Table S1 at http://www.molecule.org/cgi/content/ORFs were not noted before for their apoptotic pheno-

types, including six previously uncharacterized genes full/11/4/987/DC1). These observations are consistent
with their potential roles in RNA processing as compo-that we have named crn (cell death related nuclease)

(Table 1) and one cyclophilin homolog (cyp-13). RNAi of nents of the exosome in C. elegans. Interestingly, crn-3
and crn-5 are adjacent ORFs in a polycistronic locus,each of these nine genes led to an accumulation of

TUNEL-positive nuclei that can be suppressed by a and the expression of both genes is likely regulated by
the same promoter (Blumenthal et al., 2002). Thus, crn-3strong loss-of-function ced-3(n2433) mutation (Table 1)

or a strong loss-of-function ced-4(n1162) mutation (data and crn-5 might play a role in coordinating the two differ-
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Table 1. TUNEL Analysis of C. elegans Genes Involved in Apoptotic DNA Degradation

Strain Treated by RNAi

N2 ced-3(n2433) cps-6(sm116) nuc-1(e1392)

ORF Gene TUNEL n TUNEL n TUNEL n TUNEL n

Control 2.3 � 0.5 16 0.3 � 0.2 15 22.1 � 0.5 15 35.2 � 0.5 15
C41D11.8 cps-6 19.9 � 0.5 15 1.7 � 0.3 15 20.8 � 0.7 15 46.7 � 0.7 15
C07B5.5 nuc-1 30.9 � 0.7 25 0.7 � 0.3 15 43.7 � 0.8 15 34.5 � 0.5 15
Y47G6A.8 crn-1 11.3 � 0.7 15 2.1 � 0.6 18 21.5 � 0.9 10 45.9 � 0.9 15
CD4.2 crn-2 13.3 � 0.8 16 1.1 � 0.3 20 27.8 � 0.6 16 48.9 � 0.7 14
C14A4.4 crn-3 11.8 � 0.8 16 0.8 � 0.3 13 28.2 � 0.8 15 47.4 � 0.7 20
AH9.2 crn-4 12.2 � 0.9 16 1.1 � 0.3 12 18.9 � 0.6 16 45.8 � 0.7 15
C14A4.5 crn-5 13.9 � 0.9 13 1.5 � 0.3 13 19.7 � 0.6 16 42.6 � 1.6 18
K04H4.6a crn-6 11.8 � 0.7 17 1.5 � 0.3 18 20.4 � 0.6 15 45.2 � 0.7 20
Y116A8C.34 cyp-13 16.8 � 0.8 15 0.6 � 0.2 16 19.1 � 0.7 16 49.0 � 0.9 15

The TUNEL assays were carried out as previously described (Parrish et al., 2001). TUNEL-reactive nuclei were scored in 1.5-fold stage embryos.
“n” indicates the number of embryos scored. Data represent averages � one standard error of the mean (SEM).

ent DNA degradation pathways that they represent (see rish et al., 2001). We thus examined whether cyp-13
and the six crn genes affect apoptosis in C. elegansbelow).

crn-4 is homologous to a family of 3� to 5� exo- by conducting time course analyses of embryonic cell
corpses (Parrish et al., 2001). We found that RNAi ofnucleases including ribonuclease T and the epsilon sub-

unit of DNA polymerase III (see Supplemental Figure six genes—crn-1, crn-2, crn-3, crn-4, crn-5, and cyp-
13—delayed appearance of embryonic cell corpses dur-S1C at http://www.molecule.org/cgi/content/full/11/4/

987/DC1), which are involved in tRNA processing and ing development, generating profiles of embryonic cell
corpses similar to that of cps-6(RNAi) animals; the peakDNA replication, respectively (Koonin and Deutscher,

1993). Like nuc-1, crn-6 encodes a type II DNase (see of embryonic cell corpses was shifted from the bean/
comma stage in control(RNAi) animals to the 2-foldSupplemental Figure S1E at http://www.molecule.org/

cgi/content/full/11/4/987/DC1). crn-6 and nuc-1 may stage in these RNAi-treated animals (Figure 2). In con-
trast, RNAi of four other ORFs (B0438.2, F09G8.2,function like an acid DNase implicated in degrading DNA

from apoptotic cells engulfed by macrophages (McIlroy M02B7.2, and Y57A10A.4) that did not yield any TUNEL
phenotype in our screen had no effect on the appear-et al., 2000). Finally, cyp-13 is most similar to mammalian

cyclophilin E (see Supplemental Figure S1F at http:// ance of embryonic cell corpses in N2 animals (data not
shown). Interestingly, crn-6(RNAi), like nuc-1(RNAi), didwww.molecule.org/cgi/content/full/11/4/987/DC1),

and both have a putative RNA-recognition motif (RRM) not change the profile of cell corpses (Figures 2B and
2G), suggesting that crn-6 may be dispensable for apo-at the amino terminus and a peptidyl-prolyl cis-trans

isomerase domain at the carboxyl terminus (Andreeva ptosis. Since crn-6 encodes a type II DNase similar to
NUC-1, these two nucleases may play a similar role inet al., 1999; Mi et al., 1996). Cyclophilins have been

implicated in apoptotic DNA degradation in mammalian DNA degradation. We thus tested whether crn-6(RNAi)
could phenocopy or enhance two other DNA degrada-cells (Montague et al., 1997), and like some other

cyclophilins, we found that CYP-13 is a nuclease in vitro, tion defects associated with the nuc-1 mutant: failure
to digest DNA of ingested bacteria in the intestine andsuggesting that CYP-13 may directly mediate DNA deg-

radation (see Supplemental Figure S2 at http://www. inability of engulfing cells to degrade DNA derived from
postembryonic cell deaths, which exists as pycnoticmolecule .org/cgi /content/ fu l l /11/4/987/DC1) .

Although the function of cyclophilin E is not understood, bodies when stained with fluorescent DNA dyes like
Syto-11 (Wu et al., 2000). We found that neither crn-cyclophilins have generally been implicated in facilitat-

ing cellular protein folding (Andreeva et al., 1999). Fur- 6(RNAi) nor RNAi of any other crn gene or cyp-13 in
either N2 or nuc-1(e1392) animals could phenocopy orthermore, recent studies have shown that cyclophilin E

is a component of the human spliceosome (Zhou et enhance these two specific DNA degradation defects
of nuc-1 (data not shown), suggesting that these six crnal., 2002), and therefore, cyp-13 may additionally be

involved in RNA splicing in C. elegans (T. Blumenthal, genes and cyp-13 are likely involved in DNA degradation
specific for cell deaths.personal communication). In summary, the identification

of crn-6 and cyp-13 from our screen confirms previous Since crn-2(RNAi) and crn-3(RNAi) enhanced the TUNEL
phenotype of the cps-6(sm116) mutant, crn-2/crn-3 andobservations that their mammalian counterparts are

likely involved in apoptotic DNA degradation in vivo, and cps-6 appear to function in two independent pathways
(Table 1). Intriguingly, more cell corpses were seen at everythe identification of the other five genes (crn-1 to crn-5)

may reveal novel functions for their mammalian homo- stage in cps-6(sm116); crn-2(RNAi) or cps-6(sm116); crn-
3(RNAi) embryos than in cps-6(sm116); control(RNAi)logs in apoptosis.
embryos (Figure 2I), suggesting that crn-2(RNAi) or crn-
3(RNAi), when combined with cps-6(sm116), may impairCRN Nucleases Affect Progression of Apoptosis

in C. elegans cell corpse engulfment (also see below). RNAi of any
other crn gene or cyp-13 did not affect the profile of cellcps-6 is important for normal progression of apoptosis,

whereas nuc-1 appears dispensable for cell death (Par- corpse appearance in the cps-6(sm116) mutant, consis-
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Figure 2. Time-Course Analysis of Embry-
onic Cell Corpses

L1 larvae from N2 (A–H) or cps-6(sm116) (I
and J) animals were treated with con-
trol(RNAi) or cps-6(RNAi) (A), nuc-1(RNAi) (B),
crn-2(RNAi) (C), crn-3(RNAi) (D), crn-4(RNAi)
(E), crn-5(RNAi) (F), crn-6(RNAi) (G), cyp-
13(RNAi) (H), crn-2(RNAi) or crn-3(RNAi) (I),
or crn-4(RNAi) (J). crn-1(RNAi) resulted in a
delay in cell corpse appearance that was
qualitatively similar to the delay of cell corpse
appearance seen in the cps-6(sm116) mutant
(our unpublished data). Cell corpses were
scored at six embryonic stages (comma/bean
[c/b], 1.5-fold, 2-fold, 2.5-fold, 3-fold, and
4-fold) from progeny of RNAi-treated animals.
The y axis represents the mean of cell
corpses scored at the head region of embryos
(at least 15 animals for each developmental
stage), and error bars represent the standard
deviation (SD). Control(RNAi) indicates that
animals were fed with bacteria containing an
expression vector lacking an insert as a nega-
tive control. Data derived from control(RNAi)
and RNAi treatment of the crn genes, cps-6,
or nuc-1 at the same stage were compared
using an unpaired t test. *p � 0.05, **p �

0.002, and ***p � 0.0005. All other points had
p values � 0.05.

tent with the findings that some of these genes (crn-1, undead cells, compared with a mean of 1.56 extra cells
crn-4, crn-5, and cyp-13) function in the same pathway seen in ced-3(n2438) animals treated with control(RNAi)
as cps-6 and some (crn-6 and nuc-1) act at a later stage (Table 2). A similar enhanced inhibition of cell killing was
of DNA degradation (Figure 2J and data not shown). observed when crn-2(RNAi) or crn-4(RNAi) was com-

bined with a weak ced-3(n2447) mutation (Table 2).
These observations indicate that five of the six crn genesCRN Nucleases Promote Cell Killing
(except crn-6) and cyp-13 can promote cell killing, justBecause cps-6 promotes cell killing when assayed in
like cps-6. We also examined more closely the contribu-sensitized genetic backgrounds (Parrish et al., 2001),
tions of crn-2 and crn-4 (which function in two differentwe determined whether the six crn genes and cyp-13
DNA degradation pathways) to cell killing. We found thatalso contribute to cell killing. Like the cps-6(sm116) mu-
crn-2(RNAi), but not crn-4(RNAi), could further increasetation, RNAi of any of the six crn genes or cyp-13 alone
the number of extra cells observed in cps-6(sm116);has little effect on the deaths of 16 cells that normally
ced-3(n2447) or cps-6(sm116); ced-4(n2273) mutantsoccur in the anterior pharynx of animals, generating no
(Table 2), providing further evidence that crn-2 functionsor few extra “undead” cell in the assayed region (Table
in a different DNA degradation pathway from cps-6 and2; our unpublished data). These results indicate that
that the two DNA degradation pathways in nematodesnone of the six crn genes or cyp-13 alone can signifi-
can independently promote cell killing.cantly contribute to cell killing. However, when com-

Recently, it has been shown that each of the twobined with a weak ced-3(n2438) mutation, RNAi of any
partially redundant cell corpse engulfment pathways inof these genes except crn-6 can significantly protect

against cell deaths, generating a mean of 2.35–2.88 extra C. elegans weakly but independently contributes to cell
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Table 2. Multiple crn Genes and cyp-13 Can Contribute to Cell Killing

Number of Extra Cellsb

Straina No. Scored Mean � SEM Range p Valued

N2; control(RNAi) 16 0 0 n/a
N2; crn-2(RNAi) 17 0.06 � 0.06 0–1 0.17
N2; crn-3(RNAi) 19 0.05 � 0.05 0–1 0.18
N2; crn-4 (RNAi) 28 0.07 � 0.05 0–1 0.14
N2; crn-5(RNAi) 21 0.05 � 0.05 0–1 0.18
N2; crn-6(RNAi) 20 0 0 n/a
N2; cyp-13(RNAi) 15 0.07 � 0.07 0–1 0.15
ced-3(n2438); control(RNAi) 16 1.56 � 0.25 0–3 n/a
ced-3(n2447); control(RNAi) 16 1.63 � 0.25 0–3 n/a
ced-3(n2438); crn-2(RNAi) 17 2.88 � 0.42 1–6 0.006
ced-3(n2447); crn-2(RNAi) 16 2.63 � 0.41 0–5 0.02
ced-3(n2438); crn-3(RNAi) 15 2.47 � 0.32 1–4 0.006
ced-3(n2438); crn-4(RNAi) 16 2.44 � 0.34 0–5 0.02
ced-3(n2447); crn-4(RNAi) 16 2.82 � 0.36 1–5 0.005
ced-3(n2438); crn-5(RNAi) 15 2.35 � 0.26 1–4 0.01
ced-3(n2438); crn-6(RNAi) 15 1.40 � 0.23 0–3 0.41
ced-3(n2438); cyp-13(RNAi) 15 2.53 � 0.23 1–4 0.01
cps-6(sm116); ced-3(n2447); control(RNAi)c 16 2.63 � 0.30 1–5 n/a
cps-6(sm116); ced-3(n2447); crn-2(RNAi)c 23 3.30 � 0.28 1–6 0.05
cps-6(sm116); ced-3(n2447); crn-4(RNAi)c 15 2.67 � 0.35 1–6 0.46
cps-6(sm116); ced-4(n2273); control(RNAi)c 17 3.65 � 0.28 2–6 n/a
cps-6(sm116); ced-4(n2273); crn-2(RNAi)c 18 4.44 � 0.31 3–7 0.04
cps-6(sm116); ced-4(n2273); crn-4(RNAi)c 15 3.80 � 0.35 1–6 0.36

a Control(RNAi) indicates that animals were fed with bacteria containing an expression vector lacking an insert as a negative control.
b Extra cells were counted in the anterior pharynx of L3 hermaphrodites using Nomarski optics. Data shown are averages � SEM.
c These strains contain dpy-5(e61).
d p values were determined using Student’s t tests. Data from RNAi-treated animals were compared to the appropriate RNAi control.

killing (Hoeppner et al., 2001; Reddien et al., 2001). Simi- ways, may independently and additively contribute to
cell killing.larly, we have shown here that each of the two DNA

degradation pathways represented by crn-2 and cps-
6/crn-4 also weakly but independently contributes to Defects in Both DNA Degradation Pathways Affect

Cell Corpse Engulfmentcell killing. We thus wanted to determine whether de-
fects in both cell corpse engulfment pathways and both To verify the intriguing observations that the cps-

6(sm116) mutation and crn-2(RNAi) or crn-3(RNAi)DNA degradation pathways could additively affect cell
killing. Interestingly, when the functions of both en- cause a synthetic defect in cell corpse engulfment, we

performed four-dimensional cell lineage analyses to ex-gulfment pathways and both DNA degradation pathways
were reduced by mutations or RNAi, for example, in cps- amine the average duration of embryonic cell corpses.

In N2 animals treated with control(RNAi), embryonic cell6(sm116); ced-7(n1892); ced-5(n1812); crn-2(RNAi) ani-
mals, a mean of 1.2 extra cells was seen, whereas reduc- corpses persisted 21.9 min on average (Table 4). crn-

2(RNAi) treatment of N2 animals or the cps-6(sm116)tion of activity in any of these pathways alone had little
effect on cell killing (Table 3). These results indicate that mutation alone did not prolong the persistence of em-

bryonic cell corpses (Table 4). In contrast, crn-2(RNAi)the cell corpse engulfment and the DNA degradation
pathways, and possibly other cell death execution path- treatment of the cps-6(sm116) mutant prolonged the

Table 3. DNA Degradation and Cell Corpse Engulfment Pathways Can Additively Contribute to Cell Killing

Number of Extra Cellsb

Straina No. Scored Mean � SEM Range

cps-6(sm116); control(RNAi) 18 0.06 � 0.06 0–1
ced-5(n1812); control(RNAi) 20 0.07 � 0.06 0–1
ced-7(n1892); control(RNAi) 25 0.12 � 0.08 0–1
N2; crn-2(RNAi) 17 0.06 � 0.06 0–1
cps-6(sm116); ced-7(n1892); ced-5(n1812); crn-2(RNAi)c 20 1.20 � 0.15 0–2

a RNAi experiments were carried out as described in Experimental Procedures. Control(RNAi) indicates that animals were fed with bacteria
containing an expression vector lacking an insert as a negative control. cps-6 and crn-2 represent two different DNA degradation pathways.
ced-5 and ced-7 represent two different cell corpse engulfment pathways.
b Extra cells were counted in the anterior pharynx of L3 hermaphrodites using Nomarski optics. Data shown are averages � SEM.
c This strain contains dpy-5(e61).
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Table 4. Inactivation of Both cps-6 and crn-2 Prolongs the Persistence of Cell Corpses

Straina Corpse Durationb (n) Duration of Cell Divisionsb,c

N2; control(RNAi) 21.9 � 1.2 (7) 85.0
N2; crn-2(RNAi) 24.5 � 0.8 (5) 91.5
cps-6(sm116); control(RNAi) 23.4 � 1.3 (7) 93.0
cps-6(sm116); crn-2(RNAi) 34.0 � 1.9 (7) 91.5

a RNAi experiments were carried out as described in Experimental Procedures.
b Corpse duration and duration of cell divisions are in minutes. At least three animals from each strain were examined, and results from one
representative animal are shown. “n” indicates the number of cell corpses examined in one embryo. Data represented are averages � SEM.
c The duration of four cell divisions in the MS cell lineage from the MS cell to the MSpppp cell (Sulston et al., 1983) was followed in embryos
monitored for the duration of cell corpses.

persistence of embryonic cell corpses by 55%, indica- genes involved in C. elegans apoptotic DNA degrada-
tion. RNAi of each of these new genes leads to an accu-tive of a defect in cell corpse engulfment (Table 4). To
mulation of TUNEL-reactive DNA intermediates in apo-rule out the possibility that the observed differences in
ptotic cells and, in most cases (except crn-6), a delay ofcorpse durations resulted from different rates of devel-
cell corpse appearance during embryonic developmentopment in different animals, we simultaneously mea-
and inhibition of cell killing in sensitized genetic back-sured the durations of four cell divisions in the MS cell
grounds, confirming their importance for apoptosis. Thelineage (Sulston et al., 1983) and found them to be similar
identification of seven apoptotic nucleases in additionin all embryos analyzed (Table 4). This unexpected, syn-
to two previously known ones, NUC-1 and CPS-6, indi-thetic engulfment defect displayed by the cps-6(sm116);
cates that the apoptotic DNA degradation process iscrn-2(RNAi) animals may reveal a significant, intrinsic
more complicated than we originally expected. Indeed,connection between the apoptotic DNA degradation
we found that two of these genes, crn-2 and crn-3,process and the cell corpse recognition/engulfment
function in a DNA degradation pathway distinct fromprocess.
the one that includes cps-6 and four other genes (crn-1,
crn-4, crn-5, and cyp-13) and that these two pathwaysMultiple CRN Nucleases and CPS-6 Likely Interact
can independently contribute to apoptotic DNA degra-to Form a DNA Degradation Complex
dation and cell killing in C. elegans. As for crn-6 andTo better understand how these nine nucleases affect
nuc-1, both encode homologs of DNase II and appearapoptotic DNA degradation in nematodes, we examined
to be dispensable for apoptosis. They likely function inpotential protein-protein interactions among these
different DNA degradation pathways or at later stagesnucleases using Glutathione-S transferase (GST) fusion
of the DNA degradation process (our unpublished data).protein pull-down assays. Interestingly, we have identi-

Based on the results of the TUNEL assays, cell corpsefied a number of in vitro interactions among proteins
assays, and extra cell counts, cps-6, crn-1, crn-4, crn-5,functioning in the cps-6 pathway (Figure 3; see Supple-
and cyp-13 appear to function in the same DNA degrada-

mental Figure S3 at http://www.molecule.org/cgi/
tion and cell death pathway, along with wah-1, the C.

content / fu l l /11/4 /987/DC1) , suggesting that five
elegans AIF homolog that we identified recently (Wang

nucleases in this pathway (CPS-6, CRN-1, CRN-4,
et al., 2002). Among them, CPS-6 and CYP-13 are endo-

CRN-5, and CYP-13) may function together, possibly in
nucleases, CRN-1 is a structure-specific endonuclease

a large complex along with nonnuclease components
and a 5�-3� exonuclease (J.Z.P., B.H. Shen, and D.X.,

such as WAH-1 (Wang et al., 2002), to promote apoptotic unpublished data), and CRN-4 and CRN-5 are homolo-
DNA degradation in vivo; we have named this multi- gous to 3�-5� exonucleases. The finding that these five
nuclease complex the “degradeosome.” Only one inter- nucleases can interact with one another in vitro raises
action, CRN-3/CRN-5, was identified between proteins the interesting possibility that they may form a multi-
functioning in two different DNA degradation pathways, nuclease complex in vivo to execute chromosome frag-
and since their corresponding mammalian homologs in- mentation/degradation, utilizing their endo- and exo-
teract in the exosome (Brouwer et al., 2001), this interac- nuclease activities in a cooperative manner. Such a DNA
tion may be important for their shared role in RNA pro- degradation complex, which we named the “degradeo-
cessing. No strong interactions were observed between some,” could be analogous to the exosome, a multiexo-
NUC-1 or CRN-6 and proteins acting in either the cps-6 nuclease complex that specializes in RNA processing
or crn-2 pathways, consistent with NUC-1 and CRN-6 and degradation (Brouwer et al., 2001). Since WAH-1
functioning in later stages of the DNA degradation pro- also binds to CPS-6 and enhances its nuclease activity,
cess or in their own DNA degradation pathways. WAH-1 is likely a nonnuclease component of the deg-

radeosome (Wang et al., 2002). Furthermore, we found
Discussion that several cps genes (CED-3 protease suppressors)

that do not map to any of the crn gene loci also function
Multiple Components and Pathways Participate in the cps-6 pathway (our unpublished data). These cps
in the Execution of Apoptotic DNA Degradation genes could encode additional components of the deg-
in C. elegans radeosome.
Using the TUNEL assay and an RNAi-based functional It is intriguing that RNAi of six crn genes, cps-6, or

cyp-13 did not produce two typical DNA degradationgenomic screen, we have identified seven additional
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Figure 3. Analysis of In Vitro Interactions
among C. elegans Apoptotic Nucleases

(A) Summary of in vitro interactions among
CPS-6, NUC-1, CPY-13, and six CRN proteins.
Interactions between proteins were examined
using GST fusion protein pull-down assays
and were evaluated relative to background
binding of 35S-Methionine-labeled Luciferase
to GST-fusion proteins and 35S-Methionine-
labeled proteins to GST (see Supplemental
Figure S3 at http://www.molecule.org/cgi/
content/full/11/4/987/DC1). “�” indicates no
detectable binding, “�” indicates an interac-
tion consistently observed above back-
ground levels, and “��” indicates a strong
interaction. GST-CRN-2 is not shown be-
cause we have not been able to purify it. The
CRN-1/CPS-6 interaction has been charac-
terized in detail (J.Z.P., B.H. Shen, and D.X.,
unpublished data).
(B) Interaction map for nucleases involved in
apoptotic DNA degradation in C. elegans. An
arrow indicates an interaction between a
GST-fusion protein (pointed by the arrow) and
a 35S-Methionine-labeled protein. For exam-
ple, GST-CPS-6 bound 35S-CYP-13. Only
strong protein interactions are depicted. The
interaction between CPS-6 and WAH-1 was
described previously (Wang et al., 2002).
NUC-1 and CRN-6 likely function at later
stages of apoptosis.

phenotypes seen in the nuc-1 mutant, retention of in- cess may contribute significantly to the DNA fragmenta-
tion process in apoptotic cells (McIlroy et al., 2000; Plattgested bacterial DNA in intestines and the presence of
et al., 1998). For example, a mammalian lysosomal acidcondensed, Syto 11-reactive material (pycnotic bodies)
nuclease in macrophages has been suggested to di-derived from undegraded dying cell DNA in engulfing
rectly mediate degradation of chromosomal DNA of apo-cells (Wu et al., 2000). These observations are consistent
ptotic cells after they are engulfed by macrophageswith our findings that nuc-1 functions in a different DNA
(McIlroy et al., 2000). In addition, mutations in the ced-1degradation process from the other eight apoptotic
or the ced-7 gene, both of which are important for cellnucleases and is not a cell death-specific nuclease (Ta-
corpse engulfment in C. elegans, abolish or significantlyble 1; Parrish et al., 2001). We found that cps-6-mediated
reduce the TUNEL phenotype of the nuc-1(e1392) mu-DNA degradation occurs early during apoptosis and ap-
tant (Wu et al., 2000), suggesting that ced-1 and ced-7pears to precede and be important for chromatin con-
may regulate the generation of TUNEL-positive DNAdensation (our unpublished data). Thus, TUNEL-reactive
breaks resolved by NUC-1. Thus there is likely an intrin-DNA degradation intermediates in cps-6-defective ani-
sic connection between the DNA degradation processmals may not be condensed enough to be stained
and the cell corpse engulfment process. In our studies,strongly by Syto 11. In contrast, nuc-1 appears to act
we found that defects in both the crn-2/crn-3 and cps-6in later stages of DNA degradation after chromatin con-
DNA degradation pathways resulted in persistence ofdensation occurs (our unpublished data), and the pyc-
cell corpses, suggesting that the DNA degradation pro-notic bodies are likely condensed TUNEL-positive DNA
cess may actually affect the cell corpse engulfment pro-degradation intermediates that normally are resolved
cess. At present, we do not know the mechanistic basisby NUC-1. In support of this possibility, we found that
for such an observation. It is possible that chromosomalaccumulation of pycnotic bodies in nuc-1(e1392) mu-
DNA, after being fragmented and degraded, is releasedtants is completely dependant on ced-1 activity just like
or presented as an “eat-me” signal for phagocytosis. Inthe TUNEL phenotype of nuc-1 (our unpublished data).
support of this hypothesis, it has been reported thatFurther investigation of the functional sites and stages
nucleosomes generated by cleavage of chromosomalof these nine apoptotic nucleases will be important to
DNA in apoptotic cells are released from the cells tounderstand how they act to mediate apoptotic DNA deg-
activate immune responses (Bell et al., 1990); suchradation.
nucleosomes could be recognized by phagocytic cells.
Alternatively, given that both cps-6 and crn-2/3 path-

Apoptotic DNA Degradation Affects Cell ways are important for normal progression of apoptosis
Corpse Engulfment and can contribute to cell killing, the DNA degradation
DNA degradation and cell corpse engulfment are two process may need to proceed to a certain stage before
distinct processes during cell death execution and ap- some of the eat-me signals can be made and presented.
pear to proceed simultaneously during apoptosis. Some In either case, our finding further suggests that the DNA

degradation process and the cell corpse engulfmentrecent studies have indicated that the phagocytosis pro-
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process may regulate one another to efficiently promote ment of the nematode (crn-1, crn-3, and crn-5). In the
case of CRN-1, which we have studied in the most detail,the killing, degradation, and removal of apoptotic cells.
we have confirmed that CRN-1 plays a dual role in both
cell survival and cell death in C. elegans (J.Z.P., B.H.Apoptotic DNA Degradation
Shen, and D.X., unpublished data). Thus, these CRNand Autoimmune Disorders
proteins likely behave as double agents, like cytochromeIn addition to its roles in promoting cell killing and cell
c, to mediate normal cellular functions in living cells andcorpse engulfment, apoptotic DNA degradation has
proapoptotic functions in dying cells.been proposed to play an important role in higher organ-

isms to remove highly antigenic DNA or nucleosomes
from apoptotic cells and prevent them from eliciting Functional Genomic Screen Is an Effective,
autoimmune responses (Stollar, 1989; Zhang and Xu, Alternative Approach to Identify New Cell
2002). In fact, a number of human autoimmune disor- Death Components
ders, including lupus, are characterized by high concen- Using this systematic, genome-wide screen, we believe
trations of circulating DNA that may result from failure to that we have identified most of the apoptotic nucleases
properly execute apoptotic DNA degradation (Fournie, in C. elegans, which would not be possible using con-
1988; Suzuki et al., 1997). In addition, mice deficient in ventional genetic screens, given the subtle cell death
DNase I, a nuclease that serves to digest extracellular phenotypes displayed by these RNAi-treated animals
DNA or chromatin released at sites of high cell turnover and other mutants defective in DNA degradation (Parrish
or apoptosis, develop classical symptoms of systemic et al., 2001; Wang et al., 2002; Wu et al., 2000). Even
lupus erythematosus (Napirei et al., 2000; Walport, sensitized genetic screens, such as the one used to
2000), further supporting the possible connection be- identify cps-6 (Parrish et al., 2001), will miss genes like
tween apoptotic DNA degradation and autoimmune dis- crn-1, whose loss-of-function phenotype is embryonic
orders. Interestingly, autoantibodies against PM-Scl100 lethal, or identify genes whose genetic characterization
and Rrp46, mammalian homologs of CRN-3 and CRN-5, turns out to be laborious (J.Z.P., X.C. Wang, and D.X.,
respectively, are often found in patients with sclero- unpublished data). Given the nature of this candidate-
derma, polymyosistis/scleroderma overlap syndrome, based functional genomic approach, the effectiveness
and idiopathic inflammatory myopathy (Brouwer et al., of the screen is limited by the incomplete annotation of
2002). However, the etiopathogenesis of these syn- the C. elegans genome and the possibility that a
dromes is poorly understood. Given our finding that nuclease may lack a canonical nuclease motif, as in the
CRN-3 and CRN-5 are important for apoptotic DNA deg- case of DFF40/CAD (Enari et al., 1998; Halenbeck et al.,
radation, we suggest that inactivation of PM-Scl100 or 1998; Liu et al., 1998, 1997). Furthermore, our screen
Rrp46 by autoantibodies or genetic mutations could may miss genes that function redundantly to mediate
compromise apoptotic DNA degradation, providing a DNA degradation and genes that are insensitive to RNAi.
source of undegraded DNA that either elicits or aug- These may account for why we have not identified the
ments autoimmune responses. Similarly, inactivation by nuclease(s) responsible for creating TUNEL-positive
genetic mutations (or other means) of the other apo- DNA breaks during apoptosis. Nevertheless, the identifi-
ptotic nucleases, including human homologs of the cation of seven new genes involved in multiple apoptotic
other crn genes, cyp-13, and cps-6, may also contribute DNA degradation pathways indicates that the process
to the progression of autoimmune disorders. Gene tar- is far more complex than expected, and our studies
geting of corresponding mouse CRN homologs will help will provide an important starting point for systematic
answer these questions. analysis of the underlying mechanisms of apoptotic DNA

degradation as well as the mechanisms by which impor-
tant “housekeeping” components are recruited to par-Multiple Nucleases Likely Play Dual Roles in Cell
ticipate in the execution of cell death.Survival and Cell Death

One emerging theme in cell death regulation is that some
Experimental Procedurescomponents important for cell growth and survival are

“transformed” into proapoptotic molecules during apo-
C. elegans Strains and Culture Conditions

ptosis. The best example is cytochrome c, which nor- C. elegans strains were maintained using standard procedures
mally plays an important role in oxidative phosphoryla- (Brenner, 1974). All strains used in this study have been described
tion in mitochondria and participates in production of previously (Parrish et al., 2001; Riddle et al., 1997).
ATP (Liu et al., 1996; Reed, 1997). However when it is

RNAi Screenreleased from mitochondria, it binds to and activates
For each ORF, we cloned a partial cDNA (�200 bp) into a bacterialApaf-1 to catalyze the activation of pro-caspase-9 (Zou
dsRNA (double-stranded RNA) expression vector (pPD129.36,et al., 1997, 1999). Recently, AIF, a mitochondrial oxido-
kindly provided by A. Fire), introduced the expression vector into a

reductase, has been implicated in preventing oxidative bacterial host, TH115, and carried out RNAi experiments using a
stress in normal cells but becomes a proapopotic pro- bacterial feeding protocol (Parrish et al., 2001). Briefly, L1 larval

animals were fed with bacteria expressing a specific dsRNA. Thetein when it is released from mitochondria during apo-
progeny of the treated animals were then scored for TUNEL andptosis (Klein et al., 2002; Susin et al., 1999). In our stud-
other cell death phenotypes. RNAi results for approximately 20%ies, we found that several CRN proteins are homologous
of the ORFs were verified using dsRNAs corresponding to the full-to components of important cellular processes such as
length cDNAs, and no differences in phenotypes were noted. Effects

RNA processing (crn-3, crn-4, and crn-5), protein folding of RNAi of each ORF were tested in three genetic backgrounds, N2
(cyp-13), and DNA replication and repair (crn-1) and ap- (wild-type), cps-6(sm116), and nuc-1(e1392), to identify genes that

generate or resolve TUNEL-positive ends and to eliminate falsepear to be important for the survival and proper develop-
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positives. To further rule out false positives, ORFs that gave rise Nuclease Assays
An appropriate amount of purified protein was incubated with 1 �gto TUNEL-phenotypes following RNAi treatment were retested in

triplicate. of plasmid DNA in 20 mM HEPES (pH7.5), 10 mM NaCl, 3 mM MgCl2,
1 mM DTT, 1 mM CaCl2 and 2% glycerol at 37�C for 2 hr. The
reactions were then resolved on a 1.5% agarose gel and visualizedQuantification of Cell Corpses and Extra Cells
with ethidium bromide.The number of cell corpses in the head region of living C. elegans

embryos and the number of extra cells in the anterior pharynx of
AcknowledgmentsL4-stage hermaphrodites were counted using Nomarski optics as

previously described (Parrish et al., 2001).
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