NUC-1, a Caenorhabditis elegans DNase
IT homolog, tfunctions in an intermediate
step of DNA degradation during apoptosis
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One hallmark of apoptosis is the degradation of chromosomal DNA. We cloned the Caenorhabditis elegans
gene nuc-1, which is involved in the degradation of the DNA of apoptotic cells, and found that nuc-1 encodes
a homolog of mammalian DNase II. We used the TUNEL technique to assay DNA degradation in nuc-1 and
other mutants defective in programmed cell death and discovered that TUNEL labels apoptotic cells only
during a transient intermediate stage. Mutations in nuc-1 allowed the generation of TUNEL-reactive DNA but
blocked the conversion of TUNEL-reactive DNA to a subsequent TUNEL-unreactive state. Completion of
DNA degradation did not occur in the absence of cell-corpse engulfment. Our data suggest that the process of
degradation of the DNA of a cell corpse occurs in at least three distinct steps and requires activities provided
by both the dying and the engulfing cell.
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Apoptosis is important for the development of and ho-
meostasis in metazoans, and both the morphological
changes occurring in dying cells and the molecular
mechanisms by which cells die are widely conserved (for
review, see Ellis et al. 1991Db; Steller 1995; Jacobson et al.
1997). One characteristic feature of apoptosis is the in-
ternucleosomal fragmentation of DNA into [180-bp re-
peats, often referred to as DNA laddering (Wyllie 1980).
A number of candidate cell-death endonuclease activi-
ties have been characterized. CPAN/CAD (caspase-acti-
vated nuclease/caspase-activated DNase) and DFF45/
ICAD (DNA fragmentation factor 45 kD/inhibitor of
CAD) together constitute a DNase regulated by caspase
cleavage (Liu et al. 1997; Enari et al. 1998; Halenbeck et
al. 1998; Sakahira et al. 1998). Mutant mice that lack
DFF45/ICAD are defective in chromatin condensation
and DNA degradation during the cell-death process, but
immune system development appears to be otherwise
normal, suggesting that cells undergo programmed cell
death even though cell-corpse DNA is not degraded nor-
mally (Zhang et al. 1998). Other candidate cell-death en-
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donucleases include DNase I (Peitsch et al. 1992, 1993),
DNase II (Barry and Eastman 1992, 1993; Odaka and Mi-
zuochi 1999), inducible-lymphocyte Ca**/Mg>*-depen-
dent endonuclease (ILCME) (Khodarev and Ashwell
1996), and cyclophilins (Montague et al. 1997).

The TUNEL technique (Gavrieli et al. 1992) has been
applied to studies of apoptosis in many organisms. Ter-
minal deoxynucleotidyl transferase (TdT) is used to label
DNA 3’-hydroxyl ends in situ with modified nucleotides
detectable by fluorescence or immunohistochemistry.
TUNEL specifically labels dying cells, because DNA
degradation causes these cells to have more free DNA
ends than do viable cells (Wyllie 1980; Oberhammer et
al. 1993).

Fundamental questions about TUNEL remain to be
answered. For instance, are all intermediates during
DNA degradation TUNEL reactive, or does TUNEL label
dying cells only during a specific stage of the death pro-
cess? Time-course studies of DNA degradation in apop-
totic mammalian epithelial cells by gel electrophoresis
suggest that DNA degradation involves multiple steps
(Oberhammer et al. 1993). Specifically, the chromosomal
DNA of some apoptotic cells is cleaved at the chromatin
loop domains, generating 50-kb fragments. The subse-
quent cleavage of DNA at the internucleosomal linker
region produces the characteristic 180-bp DNA ladder.

Two findings suggest that the DNA fragments gener-
ated by DNA laddering may be those detected by
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TUNEL staining. First, in apoptotic lymphocytes, the
DNA fragments generated by DNA laddering contain 3'-
hydroxyl ends (Alnemri and Litwack 1990), which
should be substrates for TdT. Second, the appearance of
TUNEL-positive signals correlates temporally with the
appearance of DNA laddering in dexamethasone-treated
apoptotic thymocytes in culture (Gavrieli et al. 1992).

Programmed cell death in the nematode Caenorhab-
ditis elegans is morphologically and molecularly similar
to mammalian apoptosis (for review, see Metzstein et al.
1998). In C. elegans, cells undergoing programmed cell
death adopt a refractile, raised button-like appearance as
observed by Nomarski differential interference contrast
optics (Sulston and Horvitz 1977). The time and place of
death are known for each cell programmed to die and are
essentially invariant from animal to animal. During the
development of the hermaphrodite, 131 of the 1090 so-
matic cells generated undergo programmed cell death
(Sulston and Horvitz 1977; Sulston et al. 1983). Most
deaths (113/131) occur during embryogenesis, many
(111) during a short period between 220 and 470 min
after fertilization (Sulston et al. 1983).

The killing step of programmed cell deaths in C. el-
egans is controlled by the genes egl-1, ced-9, ced-4, and
ced-3 [(egl) egg-laying defective; (ced) cell death abnor-
mal]. Loss-of-function (If) mutations in egl-1, ced-4, ced-
3, or a gain-of-function (gf) mutation in ced-9 cause cells
that normally die to survive. Each of these worm cell-
death proteins has one or more mammalian counterparts
that also have been implicated in cell death: EGL-1, BH3-
only Bcl-2-family proteins; CED-9, Bcl-2 family; CED-4,
Apaf-1; and CED-3, caspases (for review, see Metzstein et
al. 1998).

Dying cells in C. elegans are swiftly engulfed by neigh-
boring cells (for review, see Ellis et al. 1991b). Six genes,
ced-1, ced-2, ced-5, ced-6, ced-7, and ced-10, important
for cell-corpse engulfment have been characterized
(Hedgecock et al. 1983; Ellis et al. 1991a). Mutations in
any of these genes result in the persistence of many
unengulfed cell corpses. In ced-1 and ced-2 mutants,
Feulgen-reactive material is visible in the persistent cell
corpses (Hedgecock et al. 1983), indicating that DNA
degradation does not proceed to completion. Thus, deg-
radation of the DNA in cell corpses requires the ced-1
and ced-2 genes and most likely the process of engulf-
ment.

One C. elegans gene, nuc-1 (nuclease abnormal), is im-
portant for DNA degradation but does not appear to be
involved in either the killing step of cell death or the
engulfment of cell corpses (Sulston 1976). In nuc-1 mu-
tants, both cell death and engulfment occur, but the pyc-
notic DNA of dead cells is not degraded and persists as a
compact mass of Feulgen-reactive material (Sulston
1976; Hedgecock et al. 1983). The nuc-1 gene is also re-
quired to digest the DNA of the bacteria on which the
animals feed: Persistent bacterial DNA can be detected
in the intestinal lumina of nuc-1 mutants, but not in
those of wild-type animals (Sulston 1976). An endo-
nuclease activity present in protein extracts from wild-
type animals is greatly reduced in nuc-1 mutants, sug-
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gesting that nuc-1 controls this activity (Hevelone and
Hartman 1988).

To analyze the control of DNA degradation during pro-
grammed cell death, we developed a TUNEL protocol for
C. elegans, used this protocol to assay DNA degradation
in the wild-type embryo and in mutants defective in dif-
ferent aspects of the cell-death process, and cloned the
nuc-1 gene.

Results

TUNEL labels a subset of dying cells in C. elegans

We developed a TUNEL protocol for C. elegans (see Ma-
terials and Methods) and used this protocol to stain wild-
type embryos and count the number of TUNEL-positive
nuclei. We chose to count nuclei in 1.5-fold stage em-
bryos (420 min after fertilization) for two reasons. First,
embryos progress through this easily recognizable stage
in <20 min. Such a short time window should give highly
reproducible TUNEL-staining patterns from embryo to
embryo. Second, embryos at this stage contain an aver-
age of 14 refractile, dying cells (Table 1); prior to this
stage, 68 cells have already died and been engulfed (Sul-
ston et al. 1983). Therefore, at this developmental stage
we could monitor DNA degradation both in cells that are
dying and cells that died earlier and have been engulfed.

We found that in labeled wild-type 1.5-fold embryos an
average of 1.7 nuclei were TUNEL-positive (Table 1; Fig.
1A). TUNEL-positive signals colocalized with DNA as
assayed by DAPI staining (Fig.1C,D; data not shown).
The refractile appearance of dying cells by Nomarski op-
tics was not retained during fixation, so we could not
identify cell corpses by their morphology in these fixed
embryos. To confirm that TUNEL staining was specific
to dying cells, we examined TUNEL-staining patterns in
embryos of ced-9(n1950gf) (Hengartner et al. 1992), ced-
4(n1162), and ced-3(n717) (Ellis and Horvitz 1986) mu-
tants, in which nearly all programmed cell deaths are
blocked. We detected almost no TUNEL-reactive nuclei
in these mutants (Table 1), confirming that the TUNEL-
reactive nuclei in wild-type animals were those of dying
cells.

Table 1. TUNEL specifically labels dying cells

No. of Range of No. of
TUNEL-positive TUNEL-positive cell
Genotype cells? cells corpses®
Wild type 1.7+1.3 0-4 14+ 1
ced-3(n717) 0.1+0.2 0-1 0.0+0.0
ced-4(n1162) 0.0+0.0 0-1 0.0+0.2
ced-9(n1950) 0.1+0.4 0-1 0.1+0.3

*TUNEL-positive nuclei in at least 60 embryos of each genotype
were counted.
bCell corpses in 15 wild-type embryos and in >50 embryos of
each mutant genotype were counted using Nomarski optics.
Embryos were scored at the 1.5-fold stage. The data shown are
means + S.E.M.
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TUNEL also labels polar bodies

The mature C. elegans oocyte is arrested at diakinesis of
meiotic prophase I. Meiosis is completed after fertiliza-
tion, and two polar bodies are generated (Hirsh et al.
1976). In wild-type embryos prior to the 1.5-fold stage,
we occasionally observed TUNEL staining of polar bod-
ies (Fig. 1C,D). Because the polar-body DNA stains with
TUNEL in ced-3(n717), ced-4(n1162), and ced-9(n1950)
embryos, these mutations do not prevent all TUNEL
staining, but rather, that specifically resulting from pro-
grammed cell death.

nuc-1 embryos have more TUNEL-reactive nuclei than
do wild-type embryos

In nuc-1 mutants, programmed cell death and cell-corpse
engulfment still occur, but the DNA of dead cells is not
completely degraded (Sulston 1976; Hedgecock et al.
1983). We observed many more TUNEL-reactive nuclei
in nuc-1 embryos than in wild-type embryos (Table 2;
Fig. 1B). Similar results were obtained with each of the
three alleles of nuc-1, 1392, n334, and n887. All of these
mutants contained the normal number of refractile
corpses as compared with the wild type when observed
by Nomarski microscopy (Table 2), suggesting that the
killing step of programmed cell death is not affected in
these mutants.

To address whether the increase in TUNEL-reactive
nuclei in nuc-1 embryos is specific to programmed cell
death, we examined TUNEL-staining patterns of ced-
9(n1950gf); nuc-1(e1392), ced-4(n1162); nuc-1(e1392),
and ced-3(n717); nuc-1(e1392) embryos. These stained
embryos had almost no TUNEL-positive signals (Table
2), showing that the presence of TUNEL-reactive DNA
in nuc-1 embryos, just as in wild-type embryos, was de-
pendent on the occurrence of programmed cell death.
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Figure 1. TUNEL-staining patterns of wild-
type and nuc-1 embryos. (A) Wild-type 1.5-
fold embryo stained with TUNEL. (B) nuc-
1(e1392) 1.5-fold embryo stained with
TUNEL. (C,D) Wild-type 16-cell embryo
showing TUNEL (C) and DAPI staining (D).
For A and B, each picture is a projection of
eight serial confocal images. The white sig-
nals (some are indicated with white arrow-
heads) are TUNEL-positive nuclei. For C and
D, arrows indicate the polar bodies.

DNA degradation is normally rapid and is slowed
in nuc-1 mutants

Because we observed only an average of 1.7 TUNEL-posi-
tive cells in wild-type embryos, it was possible that our
TUNEL technique was not sensitive enough to detect all
dying cells. An alternative possibility was that DNA deg-
radation occurs rapidly and that only certain transient
intermediates are TUNEL reactive during the process of
cell death. The latter hypothesis is supported by our find-
ing that labeled nuc-1 embryos had many more TUNEL-
positive signals than wild-type embryos. Time-course
studies of the TUNEL-staining patterns in nuc-1 mu-
tants (Fig. 2; data not shown) indicate that at least the
majority of cell corpses become TUNEL reactive with
wild-type kinetics in nuc-1 mutants (i.e., TUNEL-
reactive cells appear with the same timing as cell corpses
appear as visualized by Nomarski microscopy; Sulston et
al. 1983), suggesting that the step of DNA degradation by

Table 2. TUNEL labels persistent DNA in nuc-1 animals

No. of
TUNEL- Range of
positive TUNEL- No. of cell
cells positive corpses
Genotype (n = 45) cells (n = 15)
nuc-1(e1392) 47.8 +4.8 38-64 14 +2
nuc-1(n334) 453 6.2 36-60 14 +2
nuc-1(n887) 47.5+53 35-59 14 £ 1
ced-3(n717);
nuc-1(e1392) 0.4 +0.7 0-2 0.0+0.0
ced-4(n1162);
nuc-1(e1392) 0.2+0.6 0-2 0.1+0.2
ced-9(n1950);
nuc-1(e1392) 42+1.8 0-9 0.1+04

“Embryos were scored at the 1.5-fold stage. The data shown are
means * S.E.M.
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Figure 2. 13335 TUNEL staining is like that of nuc-1(e1392).
Kinetics of TUNEL-reactive nuclei in wild-type (A), nuc-
1(€1392) (B), and nuc-1(n3335) (C) mutant embryos. The y-axis
indicates the number of TUNEL-positive nuclei in stained em-
bryos at the bean and comma (B/C), 1.5-fold, or 3-fold stages.
Error bars, s.D.

which cell-corpse DNA becomes TUNEL reactive is not
slowed in nuc-1I mutants. We hypothesize that nuc-1
mediates a subsequent step of the DNA degradation pro-
cess involving either the masking or elimination of
TUNEL-reactive DNA ends.

How long does DNA persist in the TUNEL-reactive
state in nuc-1 mutants? To address this question, we
examined animals fixed and stained at later stages of
embryogenesis. We observed many TUNEL-reactive nu-
clei in all nuc-1 3.5-fold elongated embryos (Fig. 2; data
not shown). For example, in stained nuc-1(e1392) 3.5-
fold embryos, we observed an average of 46 and a mini-
mum of 30 TUNEL-positive cells. The 3.5-fold stage of
embryogenesis corresponds to the period between [520
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min after fertilization and hatching at (800 min; during
this period, only two cells die (Sulston et al. 1983). Our
data for early embryonic stages suggest that mutations in
nuc-1 do not delay significantly the onset of TUNEL
reactivity. Therefore, many nuclei apparently remain
TUNEL reactive for at least several hours in nuc-1 ani-
mals.

nuc-1 encodes a DNase II homolog

To understand the nature of the nuc-1 activity, we
cloned the nuc-1 gene. We mapped nuc-1 to the interval
between the cloned genes ced-8 and egl-15 and near or to
the left of unc-115 (Fig. 3A; see Materials and Methods).
We observed that a predicted gene, C07B5.5, encoding a
protein with strong similarity to DNase II (Baker et al.
1998; Krieser and Eastman 1998; Yasuda et al. 1998) lies
within this region. The sequence of C07B5.5 is [B0%
identical to that of human DNase II and (6% identical
to that of mouse DLAD (DNase II-like acid DNase; Shio-
kawa and Tanuma 1999). Structural features are con-
served between C07B5.5 and the mammalian endonucle-
ase proteins: each has a signal sequence, and the active
site histidine is conserved (Baker et al. 1998; Krieser and
Eastman 1998; Yasuda et al. 1998). Because the bio-
chemical characteristics of DNase II (e.g., Baker et al.
1998) are similar to those of the putative nuc-1 activity
(Hevelone and Hartman 1988), we sought to determine
whether nuc-1 corresponds to CO7B5.5.

We first confirmed that the splicing pattern predicted
for C07B5.5 by the C. elegans Genome Sequencing Con-
sortium is correct by determining the sequences of cD-
NAs (generously provided by Yuji Kohara). We found
that the cDNA yk434c9 contains the entire coding se-
quences of C07B5.5. We then determined the sequence
of the CO7B5.5 coding region and intron-exon junctions
from the wild-type and the three nuc-1 alleles, ¢1392,
n334, and n887. We found that all three mutants contain
an identical change relative to the wild-type sequence, a
G-to-A transition that is predicted to convert Trp59 to a
TAG (amber) stop codon (Fig. 3B). The nature of this
lesion is consistent with genetic data that indicate that
€1392 is amber suppressible (Waterston and Brenner
1978). That all three mutants contain the same base
change is consistent with biochemical assays (Hevelone
and Hartman 1988) and our TUNEL assays (Table 2; data
not shown), which revealed no phenotypic differences
among these alleles.

That all three existing nuc-1 alleles contain the same
base change in the C07B5.5 gene raised the possibility
that this lesion represents a commonly occurring back-
ground mutation unrelated to the Nuc-1 phenotype.
Therefore, we sought additional alleles of CO7B5.5 using
PCR to screen a library of mutagenized worms (Jansen et
al. 1997) for animals carrying a deletion at the C07B5.5
locus. We identified the mutation n3335, a deletion of
2034 bp that extends from 363 bp before the predicted
translation start of CO7B5.5 to 166 bp before the start of
exon 5 (Fig. 3C). n3335 also is associated with a 2-bp
insertion (sequence TA) at the deletion site. Because
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Figure 3. nuc-1 cloning. (A) Genetic map location of the nuc-1 region of the X chromosome (see Materials and Methods). (B) A
composite nuc-1 transcript derived from genomic, cDNA, and 5" RACE analysis. Intron positions are indicated by vertical bars. The
deduced NUC-1 protein sequence is shown beneath. (Arrowhead) The base change in the three nuc-1 alleles. An in-frame stop codon
upstream of the predicted ATG and the termination codon are underlined. (Asterisks) Locations of polyadenylation sites. (C) Deletion
of CO7B5.5 identified by PCR screening. The bracketed area indicates the extent of the deletion in n3335. (D) Alignment of NUC-1,
human DNase II (Krieser and Eastman 1998), and mouse DLAD (Shiokawa and Tanuma 1999). Amino acids identical to NUC-1 are
shaded. (Arrowhead) The site of cleavage in human DNase II. We have aligned the most similar nearby sequences in NUC-1 with the
human DNase II cleavage site to indicate a possible cleavage site; it is not known whether the worm protein is processed analogously.
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most of the CO7B5.5 coding region was eliminated in
n3335, we expected that no functional protein should be
produced.

We examined n3335 animals to determine whether
they are phenotypically Nuc. In nuc-1 mutant animals,
pycnotic DNA of dying cells persists (Sulston 1976;
Hedgecock et al. 1983). We stained animals using the
vital DNA-binding dye Syto 11 (see Materials and Meth-
ods) and scored for DNA persisting from the P-lineage
cell deaths, which occur during the L1 and L2 stages in
an approximately linear array along the ventral cord (Sul-
ston and Horvitz 1977). As compared with wild-type ani-
mals, n3335 larvae contained extra Syto 11-positive
DNA that appeared similar to that present in nuc-
1(e1392) and nuc-1(n887) mutants (data not shown). Ap-
proximately one-fourth of the progeny of n3335/+ ani-
mals contained extra Syto 11-positive nuclei, indicating
that this effect of n3335 is recessive. We also observed
bright staining within the intestinal lumina of n3335
animals (data not shown). We then used TUNEL to stain
n3335 embryos and found that the pattern of positive
nuclei in n3335 embryos was indistinguishable from
that caused by the nuc-1 allele 1392 (Fig. 2). Therefore,
n3335 causes a Nuc phenotype like that of the known
mutations in nuc-1.

We tested whether the n3335 mutation genetically
complements the nuc-1 allele e1392, which is recessive
(data not shown). We used Syto 11 to stain animals trans-
heterozygous for the two alleles and found that, like ei-
ther single mutant, these animals contained extra Syto
11-positive nuclei in the ventral cord (data not shown;
see Materials and Methods). These data establish that
n3335 is an allele of nuc-1 and confirm that nuc-1 cor-
responds to the DNase II-like gene CO7B5.5.

Cell-corpse engulfment is not required
for nuc-1 activity

The observation that unengulfed cell corpses in ced-1
and ced-2 mutants contain Feulgen-reactive DNA that is
not pycnotic (Hedgecock et al. 1983) suggests that the
engulfment process is necessary for complete DNA deg-
radation during programmed cell death in C. elegans. To
determine whether nuc-I-mediated conversion of
TUNEL-positive to TUNEL-negative cell-corpse DNA is
dependent on engulfment by neighboring cells, we ex-
amined TUNEL-staining patterns in mutants in which
the engulfment of many cell corpses is delayed or
blocked.

We found that ced-2, ced-5, ced-6, and ced-10 mutant
embryos, although they contained many unengulfed cell
corpses at the 1.5-fold stage, had no more TUNEL-reac-
tive nuclei than did wild-type embryos (Table 3). ced-2;
nuc-1, ced-5; nuc-1, ced-6; nuc-1, and ced-10; nuc-1 em-
bryos had the same number of TUNEL-reactive nuclei as
did nuc-1 embryos (Table 3). We obtained equivalent re-
sults for multiple alleles of ced-2, ced-5, and ced-6 and
for the single described allele of ced-10. In addition, ced-
2; nuc-1, ced-5; nuc-1, ced-6; nuc-1, and ced-10; nuc-1
embryos frequently displayed TUNEL staining in unen-
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Table 3. Mutations in ced-2, ced-5, ced-6 and ced-10 do not
alter TUNEL staining

No. of
TUNEL- Range of
positive TUNEL- No. of cell
cells positive corpses

Genotype (n = 45) cells (n = 15)
wild type 1.7+1.3 0-4 14+1
ced-2(e1752) 1.5+1.1 0-3 21+3
ced-2(n1994) 1.7+1.4 0-3 20+3
ced-5(n1812) 1.5+1.0 0-4 39+5
ced-5(n2691) 1.4+1.2 0-3 34 +4
ced-6(n2095) 1.4+£0.9 0-3 29 + 4
ced-6(n1813) 16+1.4 0-3 33+5
ced-10(n1993) 14+1.3 0-3 3l+4
nuc-1(e1392) 47.8 +4.8 38-64 14 £2
ced-2(e1752);

nuc-1(e1392) 44.6 + 4.6 37-51 23 +3
ced-2(n1994);

nuc-1(e1392) 47.6 +4.9 41-56 21+3
ced-5(n1812);

nuc-1(e1392) 45.1+5.8 39-59 38+5
ced-5(n2691);

nuc-1(e1392) 44.6 £ 4.6 35-56 35+4
ced-6(n2095);

nuc-1(e1392) 46.2 + 4.5 33-54 305
ced-6(n1813);

nuc-1(e1392) 43.6 +4.6 35-52 32+5
ced-10(n1993);

nuc-1(e1392) 42.6 +4.3 37-51 33+4

Embryos were scored at the 1.5-fold stage. The data shown are
means = S.E.M.

gulfed cell corpses that had detached from embryos and
had been shed into egg fluid (Fig. 4). These results indi-
cate that the engulfment genes ced-2, ced-5, ced-6, and
ced-10 are not required for the initial step of DNA deg-
radation during which TUNEL-reactive DNA ends are
generated or for the nuc-1-mediated step of DNA degra-
dation during which TUNEL-reactive DNA ends are
eliminated. Furthermore, engulfment per se is not re-
quired for these steps of DNA degradation; that is, en-

Figure 4. Unengulfed cell corpses in engulfment-defective mu-
tants are TUNEL positive. (A) A ced-6(n1813); nuc-1(e1392) em-
bryo stained with TUNEL. (B) The same embryo observed using
Nomarski microscopy. A TUNEL-positive unengulfed cell
corpse, which is excluded from the embryo, is indicated by an

arrow.
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gulfment blocks aspects of DNA degradation not be-
cause NUC-1 activity is blocked but, rather, because a
DNase downstream of NUC-1 is blocked.

Completion of DNA degradation during programmed
cell death requires engulfing cells

We stained ced-2, ced-5, ced-6, and ced-10 engulfment
mutants using Syto 11. We found that Syto 11 labeled
the DNA of both living and dying cells and that pycnotic
nuclei of unengulfed cell corpses in all of these mutants
were Syto 11-positive (Fig. 5; data not shown). Feulgen
staining of persistent cell corpses of ced-2 mutants had
indicated previously that DNA degradation is incom-
plete in ced-2 animals (Hedgecock et al. 1983). That
DNA is present in unengulfed cell corpses suggests that
some step(s) of DNA degradation must either require ac-
tivities provided by engulfing cells or be activated by the
engulfment process.

The engulfment genes ced-1 and ced-7 are involved
in the initiation of DNA degradation

Mutations in the genes ced-1 and ced-7—]like mutations
in ced-2, ced-5, ced-6, and ced-10—block or delay the
engulfment of many cell corpses (Hedgecock et al. 1983;
Ellis et al. 1991a). However, when we stained ced-1 and
ced-7 embryos, we found a reduction in TUNEL-reactive
nuclei in both of these mutants as compared with the
wild type. ced-1 embryos had very few TUNEL-staining
nuclei in either a wild-type or nuc-1 background (Table
4). Mutations in ced-7 also reduced the number of
TUNEL-reactive nuclei but to a lesser degree. For ex-
ample, ced-7; nuc-1 embryos had fewer than half the
TUNEL-reactive nuclei of nuc-1 embryos (Table 4). We

Figure 5. Unengulfed cell corpses stain with Syto 11. (A) A
ced-6(n1813) L2 larva with unengulfed cell corpses (black ar-
rowheads) in the ventral cord observed by Nomarski micros-
copy. (B) Syto 11 staining of the same larva; staining is visible
within both live nuclei and those of the unengulfed corpses
(white arrowheads).
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Table 4. Mutations in ced-1 and ced-7 reduce
TUNEL staining

No. of
TUNEL- Range of
positive TUNEL- No. of cell
cells positive corpses
Genotype (n = 45) cells (n =15)
wild type 1.7+13 0-4 141
ced-1(e1735) 0.5+0.7 0-3 24 +3
ced-1(n1995) 03+02 0-2 25+ 4
ced-7(n2094) 0.7 £ 0.8 0-3 34+3
ced-7(n1892) 0.5+0.4 0-2 35+5
nuc-1(e1392) 47.8 + 4.8 38-64 14 +2
ced-1(e1735);
nuc-1(e1392) 1.0+1.0 0-3 26+3
ced-1(n1995);
nuc-1(e1392) 1.2+1.0 0-5 27 £5
ced-7(n2094);
nuc-1(e1392) 21.1+1.3 15-28 38=+3
ced-7(n1892);
nuc-1(e1392) 22.3+32 14-29 37 +5
ced-7(n1996);
nuc-1(e1392) 19.0+1.7 16-26 38+4

Embryos were scored at the 1.5-fold stage. The data shown are
means = S.E.M.

observed similar staining patterns using multiple alleles
of ced-1 and ced-7. The reduction in TUNEL staining did
not correlate with the strength of the engulfment defect
(ced-1 mutants had a greater effect on TUNEL staining
but a smaller effect on engulfment than did ced-7 mu-
tants), suggesting that the DNA-degradation functions of
ced-1 and ced-7 are not identical to their functions in
cell-corpse engulfment.

The reduction of TUNEL signals in ced-1 and ced-7
mutants was not caused by the disappearance of DNA in
cell corpses, because unengulfed cell corpses in these
mutants stain with Syto 11 (data not shown). Also, cell
corpses in ced-1 mutants were shown previously to con-
tain Feulgen-reactive DNA (Hedgecock et al. 1983).
Therefore, TUNEL staining may be reduced in ced-1 and
ced-7 mutants because the degradation of cell-corpse
DNA is blocked prior to the generation of TUNEL-
reactive ends. These data suggest that ced-1 and ced-7
are involved in the generation of TUNEL-reactive DNA
ends, which our previous data indicate is likely to occur
prior to engulfment of the dying cell.

Discussion

We have shown that the gene nuc-1, which is important
for the process of DNA degradation during programmed
cell death in C. elegans, encodes a protein similar to
mammalian DNase II and the related DLAD protein.
Previous results had indicated that an endonuclease ac-
tivity detectable in wild-type C. elegans protein extracts
is greatly reduced in or absent from protein extracts from
nuc-1 mutants (Sulston 1976; Hedgecock et al. 1983;
Hevelone and Hartman 1988). This endonuclease activ-



ity resembles that of mammalian DNase II in that nei-
ther requires Ca>* or Mg>* and they have a similar acidic
pH optimum (Hevelone and Hartman 1988; Barry and
Eastman 1992). DNase II has been suggested previously
to act in DNA degradation during programmed cell death
(Barry and Eastman 1992, 1993; Torriglia et al. 1995;
Krieser and Eastman 1998). For instance, DNase II can
induce DNA laddering in isolated nuclei (Barry and East-
man 1993) and has been localized to the nuclei of lens
fibers undergoing an apoptosis-like death (Torriglia et al.
1995). However, many endonucleases have been sug-
gested to function in apoptotic cells (Hughes and Cid-
lowski 1994). Our finding that nuc-1 encodes a DNase
II-like protein provides in vivo evidence that such an
endonuclease is important during programmed cell
death. In addition, Mcllroy et al. (2000) have obtained
evidence suggesting that DNase II acts during the apop-
totic death of mammalian cells.

We adapted the TUNEL technique, which labels dying
cells, for use in C. elegans. We identified 47 TUNEL-
reactive nuclei in 1.5-fold nuc-1 embryos, in which 68
cells have died and been engulfed and an additional 14
display the characteristic refractility of dying cells. In
contrast, fewer than two nuclei were TUNEL reactive in
1.5-fold wild-type embryos. These data suggest that
DNA degradation occurs more quickly in the wild-type
than in nuc-1 mutants and that only certain normally
transient intermediates are TUNEL reactive. Specifi-
cally, cell-corpse DNA appeared to become TUNEL re-
active at the appropriate time in nuc-1 embryos, but was
blocked or at least delayed in progressing to a subsequent
TUNEL-unreactive state.

The enzymatic activity of DNase II is consistent with
our suggestion that nuc-1 generates DNA fragments that
are not TUNEL reactive. Under the reaction conditions
used for TUNEL assays, the TdT polymerase extends
3’-hydroxyl ends of single-stranded or double-stranded
DNA molecules with blunt, recessed, or overhanging
ends (Roychoudhury et al. 1976). The cleavage of DNA
by mammalian DNase II generates 5'-hydroxyl and 3’-
phosphate ends, neither of which is a substrate for TdT.

How might a DNase II-like activity function to elimi-
nate or mask TUNEL-reactive DNA ends? Perhaps
NUC-1 cleaves TUNEL-reactive DNA to generate sub-
strates that are rapidly further degraded by other en-
zymes. It is also possible that NUC-1 has an activity
distinct from its presumptive DNase II-like activity.

Regulation of NUC-1 activity

How might the activity of nuc-1 be regulated? The nuc-
1-dependent enzyme has an acidic pH optimum (Hev-
elone and Hartman 1988), so it is not expected to be
active at the physiological pH of living cells. Some apop-
totic mammalian cells undergo intracellular acidifica-
tion (Barry and Eastman 1992). Such acidification, if it
occurs during programmed cell death in C. elegans,
could activate NUC-1.

NUC-1 activity also might be regulated at the level of
either protein processing or subcellular localization. The
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maturation of human DNase II involves cleavage of the
proprotein to produce fragments of [B0 and 10 kD (Baker
et al. 1998; Krieser and Eastman 1998; Yasuda et al.
1998). Although the larger subunit appears to have en-
donuclease activity on its own (Krieser and Eastman
1998), a biochemically purified form of DNase II has
been found to be a heterodimer of 35 and 10 kD peptides
(Liao 1985; Barry and Eastman 1993), which might cor-
respond to the two cleavage products of pro-DNase II.
The cleavage site of human DNase II lies after an aspar-
tate residue (Baker et al. 1998; Krieser and Eastman 1998;
Yasuda et al. 1998), raising the possibility that a caspase
(Thornberry and Lazebnik 1998) might directly cleave
and thereby activate DNase II in dying cells. However,
the cleavage site (KAQDS in DNase II, which aligns with
HEDDS in NUC-1) is not obviously conserved and the C.
elegans site does not conform to the consensus cleavage
site for caspases in general or the CED-3 caspase in par-
ticular (Xue et al. 1996; Talanian et al. 1997; Thornberry
et al. 1997). Also, if cleavage by CED-3 were required for
NUC-1 activation, then ced-3 mutants, like nuc-1 mu-
tants (Sulston 1976), would have persistent bacterial
DNA in the intestinal lumen, but they do not (Ellis and
Horvitz 1986; Y.C. Wu, G.M. Stanfield, and H.R. Hor-
vitz, unpubl.). Additional caspase genes in C. elegans
have been identified recently and shown to encode func-
tional proteases (Shaham 1998), so it is possible that one
or more of these caspases, rather than CED-3, cleaves
NUC-1. Alternatively, another protease might process
NUC-1, at least in the intestine and possibly in dying
cells as well. Once activated, NUC-1 must enter the
nucleus to gain access to DNA; disassembly of the
nuclear envelope, which is a feature of apoptosis (Rao et
al. 1996), may be important for this process.

As noted above, nuc-1 is important not only for the
degradation of the DNA of dying cells but also for the
degradation of the DNA of bacteria ingested by the worm
as food in the intestine (Sulston 1976). NUC-1 is presum-
ably secreted into the intestinal lumen to act on bacte-
rial DNA and could be secreted from dying and/or en-
gulfing cells. Mammalian DNase II has been reported to
be secreted into the medium when expressed in some
mammalian cell types (Baker et al. 1998). NUC-1, like
mammalian DNase II, has a predicted signal sequence at
its amino terminus, consistent with the hypothesis that
NUC-1 can be secreted.

Multiple DNases may act in DNA degradation

Our data suggest that DNA degradation during pro-
grammed cell death involves at least three distinct steps
and that nuc-1 is not the only DNase activity required
for this process (Fig. 6). During the first step, TUNEL-
reactive DNA ends are generated. nuc-1 is not required
for this process, because cells become TUNEL reactive
in nuc-1 mutants. However, the ced-1 gene is required
for and the ced-7 gene facilitates this process, as muta-
tions in ced-1 eliminate and in ced-7 reduce the number
of TUNEL-staining cells. The ced-7(n2094) and ced-
7(n1996) alleles are likely to be null, on the basis of the
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Figure 6. Model for DNA degradation during programmed cell death in C. elegans. (A) The pathway for DNA degradation, as defined
by TUNEL and Syto 11 staining of wild-type and mutant embryos, involves three distinct steps. Each horizontal arrow represents one
or more nuclease activities; blocking a step prevents or delays the occurrence of subsequent steps. The first step requires the activity
of ced-1 and ced-7 and involves an unknown endonuclease that generates TUNEL-reactive DNA. The second step is mediated by the
DNase II-like NUC-1 endonuclease. The third step requires cell-corpse engulfment, because it is blocked in unengulfed corpses of
engulfment-defective mutants. (B) Schematic diagram of steps in the pathway of DNA degradation. Each solid arrow indicates the
possible translocation of a nuclease. First, ced-1 and ced-7 act to promote the initiation of DNA degradation, possibly by promoting
interaction(s) between the dying cell and the engulfing cell (indicated by open arrows). Second, nuc-1 DNase II-like activity mediates
the degradation of cell-corpse DNA to a TUNEL nonreactive state. These first two degradation steps do not require cell-corpse
engulfment and occur within the dying cell. Third, a nuclease activity, which is dependent on cell-corpse engulfment and therefore
may well be provided by the engulfing cell, completely eliminates cell-corpse DNA. The small arrows inside the engulfing cell indicate

the directions of cell-surface extension.

nature of the molecular lesions in these mutants (Wu
and Horvitz 1998a). Therefore, the higher level of
TUNEL staining in ced-7 embryos relative to that in
ced-1 embryos probably is not a consequence of residual
ced-7 activity. One possibility is that ced-7 acts with
another gene or genes in a partially redundant way to
regulate the generation of TUNEL-reactive DNA ends
during programmed cell death.

How might ced-1 and ced-7 be involved in generating
TUNEL-reactive DNA? ced-1 and ced-7 could be in-
volved in a process that promotes both cell-corpse rec-
ognition prior to engulfment and the activation of DNA
degradation. In contrast, CED-2, CED-5, and CED-10 are
likely to be involved in the extension of pseudopodia
around the dying cell (Wu and Horvitz 1998b), which is
a later event in the phagocytic process; by analogy ced-6,
mutations which have a similar effect on DNA degrada-
tion, might also function in a later event. If ced-1 and
ced-7 are involved in an intercellular communication
that promotes both cell-corpse engulfment and DNA
degradation, their sites of action could be in either the
dying cell or the engulfing cell. The nature and site of
action of the ced-1 gene product have not been reported.
The ced-7 gene encodes a protein that is similar to ABC
transporters and localized to the plasma membrane, and
its activity is required in both dying and engulfing cells
for efficient engulfment (Wu and Horvitz 1998a). On the

544 GENES & DEVELOPMENT

basis of its localization, CED-7 is unlikely to be directly
involved in DNA degradation in the nucleus, and the
identification and characterization of substrate(s) trans-
ported by CED-7 should elucidate why this protein is
important for both engulfment and DNA degradation.
For instance, CED-7 might function to promote the
acidification of dying cells, which could activate the
NUC-1 enzyme, or CED-7 might be involved in export-
ing NUC-1 out of engulfing cells or importing NUC-1
into dying cells. However, we cannot preclude the pos-
sibility that mutations in ced-1 and ced-7 somehow ren-
der cell corpses insensitive to TUNEL reagents and re-
sult in decreased TUNEL staining for this reason.

The second step of DNA degradation involves the
nuc-1 gene, which mediates the conversion of TUNEL-
reactive DNA into TUNEL-unreactive DNA. By exam-
ining the TUNEL-staining patterns of engulfment-defec-
tive mutants, we attempted to determine whether nuc-1
activity was required in dying cells or in engulfing cells.
We suggest that both the nuclease activity or activities
important for generating TUNEL-reactive DNA ends
and the NUC-1 nuclease act in dying cells rather than in
engulfing cells, because blocking engulfment did not pre-
vent a cell corpse from becoming TUNEL reactive or
from having nuc-1 activity. Alternatively, these activi-
ties might be generated by engulfing cells and trans-
ported to dying cells in an engulfment-independent pro-



cess, for example, by secretion and uptake of NUC-1, as
described above.

The third step of DNA degradation involves the final
destruction of TUNEL-unreactive DNA fragments and
depends on the engulfment process. This step could in-
volve either activities synthesized in engulfing cells or
activities synthesized in dying cells and activated by en-
gulfment. Because DNA persists within engulfed corpses
in nuc-1 mutants, nuc-1 activity is apparently required
for this step of degradation to occur or increases the rate
at which this step of degradation occurs. Perhaps NUC-1
generates the substrate for the nuclease involved in this
step of DNA degradation.

At least two other genes encoding DNase II-like pro-
teins are present in the C. elegans genome (Krieser and
Eastman 1998). Because nuc-1 mutations have a major
effect on DNA degradation, these other DNase II-like
genes either do not function in programmed cell death or
play much less important roles. That DNase II-like ac-
tivity is nearly absent from protein extracts in nuc-1 mu-
tants (Hevelone and Hartman 1988) suggests that these
other DNase II-like genes may be expressed at very low
levels, if at all. However, the DNA of cell corpses does
become TUNEL unreactive eventually in nuc-1 mu-
tants, although the process is very slow. Perhaps residual
endonuclease activity provided by the other DNase II-
like genes degrades the DNA. Alternatively, the
TUNEL-unreactive state generated by nuc-1 activity
may not be an obligatory intermediate in the DNA deg-
radation pathway, and DNA degradation may proceed in
the absence of a DNase II-like activity, albeit at a slower
rate. Further analysis of the DNA-degradation pathway
should determine why nuc-1-mediated DNA degrada-
tion is a rate-limiting step in this process.

Mechanisms of DNA degradation in apoptosis may
be conserved

Mcllroy et al. (2000) found that an acidic endonuclease is
involved in apoptotic DNA degradation in mammalian
cells and that DNA degradation of mammalian apoptotic
cells involves activities provided both by the dying cell
and by the engulfing cell. We propose that their findings
as well as the findings of others regarding apoptotic DNA
degradation in mammalian cells can be interpreted in
the framework of our model for the pathway of DNA
degradation in C. elegans (Fig. 6). Specifically, CAD is a
mammalian endonuclease that is active in dying cells
and that can generate TUNEL-reactive DNA (Mcllroy et
al. 2000; Enari et al. 1998; Sakahira et al. 1998; Zhang et
al. 1998); the unknown C. elegans endonuclease of step
one could encode a CAD-like activity (although there is
no obvious CAD-like sequence in the C. elegans ge-
nome; unpubl.; C. elegans Genome Sequencing Consor-
tium 1998). An acidic endonuclease, which may be DN-
ase II, promotes DNA degradation in mammalian cells
(Mcllroy et al. 2000); C. elegans NUC-1 is similar to
DNase II in sequence and appears similar in activity
(Hevelone and Hartman 1988). In apoptotic mammalian
cells, phagocytes are involved in DNA degradation
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(Mcllroy et al. 2000); in C. elegans a phagocytosis-depen-
dent nuclease completes DNA degradation downstream
of nuc-1. It is possible that DNase II acts in phagocytes
during mammalian apoptosis, whereas NUC-1 acts in
dying cells in C. elegans. In this case, a lysosomal endo-
nuclease may have been independently adopted by both
phagocytes and dying cells for DNA degradation during
apoptosis. Alternatively, in both species, engulfing cells
might synthesize a DNase II-like nuclease and supply it
to dying cells in an interaction that is independent of
phagocytosis per se (and in C. elegans requires the func-
tions of the genes ced-1 and ced-7). If so, as for other
steps in the pathway for apoptosis (Metzstein et al.
1998), the molecular mechanisms for the degradation of
the DNA of apoptotic cells may be conserved from C.
elegans to mammals.

Materials and methods

Nematodes

All strains were grown at 20°C on NGM agar seeded with Esch-
erichia coli OP50 bacteria (Brenner 1974). The C. elegans Bristol
N2 strain (Brenner 1974) was used as the wild-type strain. Al-
leles used were as follows: LGI, ced-1(e1735, n1995); LGIII, ced-
6(n1813, n2095); ced-7(n1892, n1996, n2094); ced-4(n1162);
ced-9(n1950); LGIV, ced-2(e1752, n1994); ced-5(n1812, n2691);
ced-10(n1993), ced-3(n717); LGX, nuc-1(e1392, n334, n887,
n3335); dpy-6(el4); unc-9(e101); unc-10(e102); ced-8(n1891);
1in-2(e1309); sma-5(n678); unc-27(e155); egl-15(n484); unc-
115(e2225). All mutations except ced-5(n2691), ced-1(n1995),
and nuc-1(n3335) are described by Riddle et al. (1997); ced-
5(n2691) is described by Wu and Horvitz (1998b), ced-1(n1995)
is described by Ellis et al. (1991a), and nuc-1(n3335) is described
in this study.

Cell-corpse counts

The number of refractile cell corpses in living embryos was
counted by Nomarski optics (Ellis et al. 1991a).

TUNEL

Animals were washed from one to three 100 x 15-mm petri
plates with water and treated with hypochlorite to obtain em-
bryos (Wood et al. 1988). Embryos were fixed using a protocol
modified from Finney and Ruvkun (1990) as follows. A total of
1 ml of fixation solution containing 80 mm KCl, 20 mm NaCl,
1.3 mm EGTA, 3.2 mm spermine, 7.5 mm sodium HEPES (pH
6.5), 25% methanol, 2% paraformaldehyde, and 0.4% glutaral-
dehyde was added to hypochlorite-treated embryos, which were
immediately frozen in liquid nitrogen. The frozen embryos were
thawed in a water bath at room temperature for 2 min and
rocked at room temperature for 25 min. Fixed embryos were
washed once in 1 ml of Tris-Triton buffer (1% Triton X-100,
100 mm Tris at pH 7.4) and three times in 1 ml of PBST (1x PBS
containing 0.5% Triton X-100) for 10 min each. Approximately
3 nl of packed embryos were preincubated with 25 pl of TdT
reaction buffer (200 mMm sodium cacodylate, 25 mm Tris-HCI,
0.25 mg/ml BSA, 0.1% Triton X-100, 1.5 mMm cobalt chloride at
pH 6.6) for 5 min at room temperature. The TdT reaction buffer
was then replaced with TdT reaction buffer containing 0.2 units
of TdT (Boehringer Mannheim), 6.6 nm dUTP (Boehringer Man-
nheim) and 3.3 nm fluorescein-11-dUTP (Boehringer Man-
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nheim), and incubated for 2 hr at 37°C. After incubation, em-
bryos were washed in PBST three times for 10 min. For DAPI
staining, fixed and stained embryos were incubated in 1 pg/ml
DAPI in PBST for 10 min. Embryos were then mounted in Vec-
torshield mounting medium (Vector Laboratories) and visual-
ized using either a Zeiss Axiophot microscope equipped for fluo-
rescence microscopy or a Bio-Rad MRC-500 confocal micro-
scope.

Syto 11 staining

We tested the vital DNA-binding dye Syto 11 (Molecular
Probes) to determine whether its staining pattern appeared simi-
lar to that obtained with DNA-labeling reagents such as Feulgen
(Sulston 1976; Hedgecock et al. 1983) or DAPI (unpubl.), which
can be used to detect the pycnotic DNA of dead cells. Mixed-
staged worms were washed from plates with M9 buffer (Wood et
al. 1988), collected in a 1.5 ml of Eppendorf tube, and washed
once in M9 buffer. The washed worms were then rocked at
room temperature for 1.5 hr in 1 ml of 10 pm Syto 11 in M9
buffer. The stained worms were then washed once in M9 and
transferred to a Petri plate seeded with OP50 to recover for 30
min to 2 hr. Alternatively, worms were picked into 50 ul of M9
buffer in a microtiter well, 50 nl of 20 um Syto 11 was added and
the worms were incubated at room temperature for 1.5 hr.
Worms were mounted on 4% agar pads with 20 mm sodium
azide and visualized using an FITC filter set.

In L3, L4, and young adult wild-type animals, Syto 11 labeled
all nuclei. In Syto 11-stained nuc-1(e1392) or nuc-1(n887) mu-
tant animals, undegraded DNA of cell corpses appeared as ad-
ditional bright, condensed foci of staining that did not coincide
with nuclei visible by Nomarski microscopy. Undegraded bac-
terial DNA within the intestinal lumen also stained brightly.
These patterns of staining were similar to those seen when
wild-type and nuc-1 animals are stained with Feulgen or DAPI,
indicating that Syto 11 can be used as a stain for the Nuc phe-
notype in living animals.

Genetic mapping

nuc-1 was mapped previously to linkage group X between the
genes dpy-7 and unc-9 (V. Ambros and H.R. Horvitz, unpubl.).
We used three-factor mapping to further localize the nuc-1 gene
to the region between the cloned genes ced-8 (Stanfield and
Horvitz 2000) and egl-15 (DeVore et al. 1995). To score the nuc-1
phenotype, we obtained homozygous lines from recombinant
animals and scored for persistent DNA of engulfed cell corpses
in the ventral nerve cords of L3 and L4 larvae stained with Syto
11. We mapped nuc-1 between dpy-6 and unc-9; from dpy-6
unc-9/nuc-1(e1392) mothers, 7/8 Unc non-Dpy and 2/8 Dpy
non-Unc lines were Nuc, and from dpy-6 unc-9/nuc-1(n887)
mothers, 7/8 Unc non-Dpy and 0/6 Dpy non-Unc lines were
Nuc. We mapped nuc-1 between ced-8 and Iin-2; from unc-10
ced-8/nuc-1(e1392) lin-2 mothers, 8/12 Unc Lin lines were
Ced-8 and 2/8 of these Ced-8 lines were Nuc. We mapped nuc-1
left or near to the right of sma-5; from sma-5 lin-2 /nuc-1(e1392)
mothers, 4/4 Lin non-Sma lines were Nuc, and from sma-5
lin-2/nuc-1(n887) mothers, 11/11 Lin non-Sma lines were Nuc.
We mapped nuc-1 between unc-27 and egl-15; from unc-27 egl-
15/nuc-1(e1392) mothers, 9/15 Egl non-Unc and 3/10 Unc non-
Egl lines were Nuc. We mapped nuc-1 to the left or very near
right of unc-115; from unc-115 egl-15/nuc-1(e1392) mothers,
13/13 Egl non-Unc and 0/14 Unc non-Egl lines were Nuc.

Complementation tests

n3335 males were mated to unc-27(e155) nuc-1(e1392) egl-
15(n484) hermaphrodites, and non-Unc progeny at the L3 or
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older stage were stained with Syto 11 in a microtiter well. Fifty
of fifty animals examined were Nuc, that is, they had extra
staining nuclei in the ventral cord. The presence of the n3335
deletion was confirmed by PCR for 20 of these animals.

Molecular biology

Standard molecular biology methods were followed (Sambrook
et al. 1989). The sequences of primers used for PCR amplifica-
tion, DNA sequence determination, and 5’ RACE are available
on request. We isolated RNA from a population of mixed-stage
N2 animals using standard methods and performed poly(A) se-
lection using Fast Track (Invitrogen). 5'-RACE reactions were
performed using the 5° RACE System 2.0 (GIBCO).

Deletion library screening

We used PCR to screen a library of chemically mutagenized N2
C. elegans and selected animals containing a deletion in
CO7B5.5, essentially as described in Jansen et al. (1997). The
deletion library was constructed by the members of the Horvitz
laboratory, as directed by R. Ranganathan and P. Reddien.
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