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Abstract Genetic analysis of programmed cell death in Caenorhabditis elegans has led to the identification of 13 
genes that constitute a developmental pathway of programmed cell death. Two of the three key genes in this pathway, 
ced-9, a cell death suppressor, and ced-3, a cell death inducer, were found to encode proteins that share structural and 
functional similarities with the mammalian proto-oncogene product Bcl-2 and interleukin-1 p converting enzyme, 
respectively. These results suggest that the genetic pathway of programmed cell death may be evolutionarily conserved 
from worms to mammals. c 1996 WiIey-Liss, Inc. 

The phenomenon of cell death is common 
during the development of both vertebrate and 
invertebrate animals [Ellis et al., 1991bI. The 
regulation of this process is best understood in 
the nematode Caenothabditis elegans. By isolat- 
ing mutants that are defective in various aspects 
of programmed cell death process in C. elegans, 
a genetic pathway of programmed cell death has 
been established [Ellis and Horvitz, 1986; Hen- 
gartner et al., 1992; Ellis et al., 1991a; Hedge- 
cock et al., 1983; Sulston, 19761. Recent results 
from a number of laboratories Waux et al., 
1992; Yuan et al., 1993; Miura et al., 1993; 
Gagliardini et al., 1994; Hengartner and Hor- 
vitz, 19941 have revealed that key genes in con- 
trolling programmed cell death in C. elegans are 
evolutionarily conserved in mammals and may 
play a similar role in controling programmed 
cell death during mammalian development. 
These discoveries are very exciting because what 
we know about programmed cell death in C. 
elegans may help us understand the mechanism 
of programmed cell death in vertebrate animals 
directly. 

Among the 1,090 cells generated during C. 
elegans hermaphrodite development, there are 
131 cells undergoing programmed cell death 
[Sulston and Horvitz, 1977; Kimble and Hirsh, 

1979; Sulston et al., 19831. Programmed cell 
death is a true cell differentiating fate in C. 
elegans: the timing and identities of the cells 
that undergo programmed cell death are invari- 
ant among individual worms. Since the body of 
C. elegans is transparent during embryonic and 
larval development, it is possible to directly ob- 
serve cells in the process of undergoing pro- 
grammed cell death [Sulston and Horvitz, 19771. 
Using Nomarski optics, the nuclei of dying cells 
can be seen as highly refractile round discs. 
Dying cells disintegrate within an hour or so and 
are quickly engulfed by neighboring cells. Elec- 
tron microscopic studies of dying cells in C. 
elegans showed that C. elegans cell death exhib- 
its many of the typical features of vertebrate 
apoptotic cell death [Robertson and Thomson, 
19821. When a C. elegans cell dies, its cytoplasm 
and nucleus condense, and the dying cell frag- 
ment into several pieces. Also similar to verte- 
brate cell death, dead cells are engulfed quickly 
by neighboring cells in C. elegans. Because of 
the easy accessibility of C. elegans to genetic 
analysis, it was possible to identify a wide vari- 
ety of mutants that affect different aspects of 
this process [Ellis et al., 1991bl. Genetic analy- 
ses of these mutants have defined a developmen- 
tal pathway of programmed cell death. 
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DETERMINATION OF CELL DEATH 

A dominant gain-of-function mutation in the 
gene ced-9 suppresses all normal programmed 
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cell death, while recessive loss-of-function muta- 
tions in ced-9 cause many normally living cells 
to undergo programmed cell death and are le- 
thal to C. elegans [Hengartner et al., 19921. The 
hypothesis is that in living cells the protein 
product of ced-9 acts as a gatekeeper to prevent 
cells from activating the cell death program. 
Since ced-9 function is both sufficient (as shown 
by the dominant gain-of-function mutation) and 
necessary (as shown by the recessive loss-of- 
function mutations) to  prevent programmed cell 
death, ced-9 may act as a binary switch to con- 
trol programmed cell death in C. elegans. 

If the above hypothesis is correct, ced-9 inacti- 
vation will be necessary for cells to undergo 
programmed cell death. One possibility is that 
the activity of ced-9 may be inactivated in cells 
undergoing programmed cell death by genes that 
affect the decisions of a small set of cells to live 
or to die. In wild-type animals, the sister cells of 
the pharyngeal NSM motor neurons undergo 
programmed cell death. Two genes, ces-1 and 
ces-2 (cell death specification), specifically affect 
this decision [Ellis and Horvitz, 19911. Domi- 
nant gain-of-function mutations in ces-1 or reces- 
sive loss-of-function mutations in ces-2 lead to 
the survival of the NSM sisters. Genetic analysis 
of ces-1 and ces-2 suggests that ces-2 is a nega- 
tive regulator of ces-1, itself a positive regulator 
of ced-9. Thus, it is possible that in determining 
cell death of the NSM sisters, ces-2 inactivates 
ced-9 through inhibiting ces-1. ces-1 and ces-2 
are two of a few genes isolated so far that act in a 
small subset of cells controlling the determina- 
tion step of cell death. One may expect that 
many more genes of this kind may exist that 
control the determination of cell death in other 
cells during C. elegans development. 

Cloning and molecular characterization of the 
ced-9 gene showed that ced-9 encodes a 280- 
amino acid protein containing sequence and 
structural similarities to the mammalian proto- 
oncogene bcl-2 [Hengartner and Horvitz, 19941. 
Overexpression of bcl-2 in C. elegans under the 
control of a heat-shock promoter can prevent 
normal programmed cell death, as well as the 
ectopic cell deaths that occur in ced-9 loss-of- 
function mutants [Vaux et al., 1992; Hengart- 
ner and Horvitz, 19941. The amino acid se- 
quence of Ced-9 is 23% identical to that of Bcl-2 
throughout their sequences [Hengartner et al., 
19941. The ced-9(n1950) gain-of-function muta- 
tion results in a glycine-to-glutamate substitu- 

tion in a region highly conserved in other mem- 
bers of the ced-9Ibcl-2 family [Hengartner and 
Horvitz, 19941. Thus, this substitution resulted 
in activation of ced-9 function in C. elegans. 
However, the same point mutation in Bcl-2 pro- 
tein eliminated the ability of Bcl-2 to prevent 
cell death in C. elegans, as well as in 2B4 cells, in 
which this mutation may even have some domi- 
nant negative effect Bin  et al., 19941. Thus, this 
substitution in Bcl-2 is a loss-of-function muta- 
tion rather than gain-of-function mutation, sug- 
gesting that CED-9 and Bcl-2 are not completely 
functionally equivalent. 

The bcl-2 gene was cloned from the most com- 
mon chromosomal translocation (t( 14,18)(q32 192 1) 
in human lymphoid malignancies of follicular B-cell 
lymphoma [Tsujimoto et al., 1985; Bakhshi et al., 
1985; Cleary et al., 19861. The (t(14,18)(q321q21)) 
translocation fused the 5’ half of the bcl-2 tran- 
script, whch contains all of the bcl-2 codmg region, 
to a immunoglobulin heavy chain transcript. This 
translocation results in an abnormal activation of 
bcl-2 expression, which promotes oncogenesis [&to 
et al., 19881. Overexpression of bcl-2 prevented 
certain cytokine-dependent cell lines from undergo- 
ing cell death induced by the withdrawal of interleu- 
kin-3 (IL-31, granulocytemacrophage colony- 
stimulating factor (GM-CSF) and IL-4 Warn et al., 
1988; Nunez et al., 1990; Hockenbery et al., 19901. 
However, cell survival enhancing activity of bcl-2 is 
not universal, as neither IL-2-dependent nor IL-6- 
dependent cell death can be prevented by bcl-2. In 
normal thymus, bcl-2 is expressed in mature T cells 
of medulla [Hockenbery et al., 19911. In transgenic 
animals in which bcl-2 is expressed ectopically in 
immature cortical thymocytes, bcl-2 protected these 
immature thymocytes from glucocorticoid, radia- 
tion, and anti-CD3-induced apoptosis [Sentman et 
al., 1991; Strasser et al., 19911. However, clonal 
deletion of T cells that recognize endogenous su- 
perantigens still occurs, suggesting that negative 
selection is not bcl-2 dependent. Subsequent stud- 
ies have shown that overexpression of bcl-2 can 
protect certain vertebrate cells from an amazing 
list of insults: sodium azide, glucocorticoids, phor- 
bol ester, methotrexate, heat shock, ethanol, 
radiation, antimetabolite l-p-D-arabinofuranosyl- 
cytosine, calcium ionophore, vincristine, glucose 
withdrawl, membrane peroxidation, free radical- 
induced damage, and tumor necrosis factor- 
mediated cytotoxicity [Zhong et al., 1993; Hen- 
net et al., 1993; Henderson et al., 1991; Miyashita 
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and Reed, 1992; Alnemri et al., 1992; Tsujimoto, 
19891. 

The function of Bcl-2 in mammals is not com- 
pletely equivalent to that of Ced-9 in C. elegans. 
Homozygous ced-9 loss-of-function (If) mutants 
derived from ced-S(lf)/ + heterozygous mothers 
showed ectopic cell death, nevertheless grew to 
normal size, but generated very few eggs, all of 
which eventually die during embryonic develop- 
ment [Hengartner et al., 19921. At least part of 
the reason that such homozygous ced-9(lf) 
mutants can develop is due to the maternal 
contribution of wild-type Ced-9. The bcl-2 loss- 
of-function mutant mice complete normal em- 
bryonic development, but exhibit growth retar- 
dation and early mortality Weis et al., 19931. 
This is most likely due to redundancy in the 
mammalian system: additional members of the 
bcl-2 family can substitute some functions of 
bcl-2. ced-9 and bcl-2 belong to the same family 
of genes that can act to prevent cell death. 
However, so far there is no report to indicate 
that ced-9 can substitute bcl-2 and function in 
vertebrates. These results suggest again that 
ced-9 and bcl-2 are members of the same gene 
family but are not equivalent. 

EXECUTION OF CELL DEATH 

The activities of two genes, ced-3 and ced-4, 
are essential for cells to undergo programmed 
cell death in C. elegans [Ellis and Horvitz, 19861. 
Recessive loss-of-function mutations in ced-3 or 
ced-4 prevent all 131 cells from undergoing pro- 
grammed cell death during C. elegans hermaph- 
rodite development. Such mutations can also 
block the excess cell death and lethality in ced-9 
loss-of-function mutant animals, indicating that 
ced-3 and ced-4 are genetically downstream from 
ced-9 [Hengartner et al., 19921. Genetic mosaic 
analysis revealed that both genes are most likely 
to act cell-autonomously within cells to cause 
cell death muan and Horvitz, 19901. Thus, the 
ced-3 and ced-4 proteins may be part of the 
machinery that carry out the execution of the 
cell death program within dying cells. These 
results suggest that cells possess a mechanism 
whose sole function may be to commit suicide if 
such circumstance is called for. 

The functions of both ced-3 and ced-4 are es- 
sential for cells to undergo programmed cell 
death in C. elegans: mutations in either gene 
alone are sufficient to eliminate all programmed 
cell deaths. Thus, the functions of these two genes 
are not redundant. The genetics of ced-3 and 

ced-4 are slightly different: loss-of-function mu- 
tations in ced-4 are always completely recessive, 
whereas some mutations in ced-3 show semi- 
dominant phenotype [Ellis and Horvitz, 19861. 
Molecular analyses of ced-3 and ced-4 (see be- 
low) revealed the probable reason behind this 
difference: all ced-4 mutations analysed result 
in complete loss of ced-4 mRNA transcript Tyuan 
and Horvitz, 19921, whereas many ced-3 muta- 
tions are of the missense type muan et al., 
19933. Recent genetic evidence suggests that 
ced-4 acts upstream of ced-3 and may be a 
positive regulator of ced-3 (S. Shaham and H.R. 
Horvitz, personal communication). 

The ced-4 gene has been cloned muan and 
Horvitz, 19921. The ced-4 transcript is ex- 
pressed primarily during embryogenesis, when 
most cell deaths occur, consistent with the pro- 
posed role of ced-4 in promoting cell death. The 
549-amino acid sequence of Ced-4 protein, de- 
duced from cDNA and genomic clones, contain 
two regions that are similar to  the calcium- 
binding domain known as the EF-hand [Kret- 
singer, 19871, suggesting that ced-4 activity and 
hence, programmed cell death in C. elegans may 
be regulated by calcium. However, in vitro stud- 
ies have failed to  show that Ced-4 protein can 
bind calcium Tyuan, unpublished data]; thus, 
even if Ced-4 protein binds calcium in vivo, its 
affinity is probably low. 

The ced-3 gene has also been cloned muan et 
al., 19931. Like ced-4, ced-3 is also expressed 
primarily during embryonic development. The 
Ced-3 protein is 503 amino acids in length and 
contains a serine-rich middle region of about 
100 amino acids. Comparison of the sequence of 
the Ced-3 protein with the inferred Ced-3 pro- 
tein sequences from the related nematode spe- 
cies, C. briggsae and C. vulgaris, revealed that 
the non-serine-rich region is highly conserved 
and that the serine-rich region is more variable. 
The non-serine-rich portions of the Ced-3 pro- 
tein are similar to human interleukin-10 (IL- 
10) converting enzyme (ICE), a cysteine prote- 
ase that can cleave the inactive 31-kD precursor 
of IL-1p to generate the active cytokine [Cer- 
retti et al., 1992; Thornberry et al., 19921. Thus, 
Ced-3 may act as a cysteine protease in control- 
ling the onset of programmed cell death in C. 
elegans. 

Interleukin 10 (IL-10) is a 17.5-kD polypep- 
tide secreted by monocytes in response to  a 
variety of inflammatory stimuli [Dinarello, 1991; 
diGiovine and Duff, 19901. The 17.5-kD mature 
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11-1p is cleaved from a 31-kD inactive precursor 
form. Interleukin-1P converting enzyme (ICE), 
a cysteine protease, was identified and isolated 
from a human monocytic cell line that cleaves 
pIL-lP at Asp116-Ala117 to generate mature IL-1p 
[Kostura et al., 1989; Thornberry et al., 1992; 
Cerretti et al., 19921. The amino acid sequence 
of ICE is 29% identical to that of Ced-3 E u a n  et 
al., 19931. The carboxyl half of the Ced-3 protein 
is the region most similar to ICE. A stretch of 
115 residues (amino acids 246-360 of Ced-3) are 
43% identical between the Ced-3 and human 
ICE proteins. This region contains a conserved 
pentapeptide QACRG (positions 361-365 of the 
Ced-3 protein), which surrounds a cysteine 
known to be essential for ICE function. Specific 
modification of this cysteine in human ICE re- 
sults in complete loss of activity [Thornberry et 
al., 19921. The ced-3 mutation n2433 alters the 
conserved glycine in this pentapeptide and elimi- 
nates ced-3 function, suggesting that this gly- 
cine is important for ced-3 activity and might be 
an integral part of the active site of ICE. The 5 
out of 8 ced-3 mutations identified altered single 
amino acids conserved between ICE and Ced-3. 
Three other mutant alleles of ced-3 changed 
amino acids at the very C-terminal of Ced-3 that 
are not conserved in ICE. The ICE precursor 
(p45) can be proteolytically cleaved at four sites 
(Asplo3, Aspllg, Aspzg7, and Asp316) to generate 
two peptides (p20 and p10) necessary for in vitro 
activity [Thornberry et al., 19921 and three other 
peptides whose functions remain to be deter- 
mined. At least two of these cleavage sites are 
conserved in Ced-3, indicating that the Ced-3 
protein might be processed as well. 

The similarity between Ced-3 and ICE sug- 
gests not only that Ced-3 might function as a 
cysteine protease but also that ICE might func- 
tion in programmed cell death in vertebrates. 
Consistent with this hypothesis is the finding 
that when murine peritoneal macrophages, af- 
ter being stimulated with lipopolysaccharide 
(LPS), were induced to undergo programmed 
cell death by exposure to extracellular ATP, 
mature active IL-1p was released into the cul- 
ture supernatant. However, when cells were in- 
jured by scraping, IL-1p was released exclu- 
sively as the inactive preform [Hogoquist et al., 
19911. These results suggest that ICE is acti- 
vated upon induction of programmed cell death. 

To be qualified as a bona fide cell death gene, a 
gene must satisfy three criteria. The first crite- 
rion of a cell death gene is that its expression 

must be able to  induce programmed cell death. 
Since expression of a cell death gene will cause 
cells to die, no stable cell lines can be established 
that overexpress the gene. Thus, one must ei- 
ther use an inducible system or a transient 
assay. Since it can be rather time consuming to 
establish cell lines using an inducible promoter 
even when it is worhng, it is advisable to estab- 
lish a transient system whenever possible. Miura 
et al. [19931 used Escherichia coli lac2 gene as 
an indicator of gene expression and constructed 
fusion of the mICE cDNA with the E. coli lac2 
gene and placed the fused gene under the con- 
trol of the chicken P-actin promoter. Such con- 
structs were transiently transfected into Rat-1 
fibroblast cells and stained for X-gal 24 h later. 
Overexpression of the murine Ice (mICE) gene 
caused Rat-1 cells to undergo programmed cell 
death efficiently. Point mutations in a region 
homologous between mICE and CED-3 or trun- 
cated mICE constructs eliminate the ability of 
mICE to cause cell death. Cell death caused by 
overexpression of ICE showed fragmented nu- 
clei, a typical feature of apoptosis. The cell death 
caused by mICE can be suppressed by overex- 
pression of the crmA gene, a cowpox virus gene 
that is a specific inhibitor of ICE [Ray et al., 
19921, as well as by bcl-2. These experiments 
showed that ICE can satisfy the first criterion 
for a cell death gene. These experiments did not 
show, however, that ICE is indeed responsible 
for cell death in vivo. Miura et al. [19931 also 
showed that a similar construct of ced-3 with 
lac2 fusion also induced Rat-1 cells to die but it 
is not as efficient as ICE. bcl-2 and crmA can 
only weakly suppress the cell death induced by 
ced-3. These results suggest that the abilities of 
bcl-2 and crmA to interfere with ced-3-induced 
cell death are rather limited. 

If ICE or its close relative is indeed involved in 
programmed cell death in vivo, it should be able 
to satisfy the second criterion of a cell death 
gene: specific inhibitors of the gene should be 
able to inhibit cell death in vivo. Among all the 
available ICE inhibitors, the crmA gene of cow- 
pox virus is the best choice [Ray et al., 19921. 
Throughout evolution, viruses have developed 
various mechanisms to prolong their survival. 
Two of the important mechanisms appear to be 
anti-inflammatory and anti-apoptotic: both de- 
fenses are targeted to eliminate viral infected 
cells. The crmA gene of cowpox virus appears to 
be able to achieve both goals with one gene. 
During the development of dorsal root ganglia, 
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about one-half of the initially generated neurons 
die. Survival of sensory neurons during the de- 
velopment of vertebrate nervous system is depen- 
dent on neurotrophic factors produced by their 
peripheral and central target fields [Davies, 
19871. Nerve growth factor (NGF) is required 
for the survival of embryonic chicken dorsal root 
ganglion neurons both in vitro and in vivo. The 
removal of NGF in vitro mimics the physiologi- 
cal situation in which neurons die during devel- 
opment or the experimental conditions in which 
neurons are prevented from innervating their 
normal targets. An expressing vector of crmA 
was microinjected into DRG neurons cultured in 
the absence of trophic factors [Gagliardini et al., 
19941. In control conditions (neurons injected 
with dye alone or vector alone or with the anti- 
sense crmA cDNA expression vector), more than 
80% of neurons die 3 days after trophic factor 
deprivation, and by 6 days almost all neurons 
have disappeared. In the presence of trophic 
factors (NGF and serum), 85% of DRG neurons 
survived through day 6. The introduction of the 
crmA gene into DRG neurons prevented neuro- 
nal death induced by trophic factor deprivation: 
more than 60% of the crmA-injected neurons 
survived through day 6 in the absence of NGF. 
This remarkable result suggests that ICE or its 
close relative is involved in controling neuronal 
cell death. However, the data do not pinpoint 
which Ice molecule is actually involved, since it 
is possible that another closely related Ice or 
Icece(s) are inhibited by CrmA. Indeed, an addi- 
tional member of Zce family has been identified 
[Kumar et al., 1992, 1994; Wang et al., 19941. 
Nedd-2 (NPC expressed, developmentally down- 
regulated gene) was cloned by subtraction 
screening of mouse neural precursor cell (NPC) 
cDNA library. Nedd-2 gene is highly expressed 
in developing central nervous system and other 
tissues, including kidney. In adult mice, expres- 
sion levels of Nedd-2 is lower than that in the 
embryo but is detectable in all tissues. Zch-1 (Ice 
and ced-3 homolog) was isolated from a human 
fetal cDNA library by screening with the C -  
terminal part of Nedd-2 coding region as a probe. 
Structural and functional analysis revealed that 
Nedd-2 and Ich-1 are the same gene. Ich-li 
Nedd-2 protein is similar to both ICE and Ced-3 
(approximately 28% identity). Ich-1 mRNA is 
alternatively spliced into two different forms. 
One mRNA species encodes a protein product of 
435 amino acids, named ICH-1L, which is ho- 
mologous to both the P20 and P10 subunits of 

ICE, as well as the entire Ced-3 protein. The 
other mRNA encodes a 312-amino acid trun- 
cated version of the Ich-1L protein, named Ich- 
ls, that terminates 21-amino acid residues after 
the pentapeptide QACRG of Ich-lL. Zch-1L and 
Ich-1 have opposite functions: overexpression 
of Ich-1 induces apoptosis, while overexpres- 
sion of the Ich-ls suppresses Rat-1 cell death 
induced by serum deprivation. These results 
suggest that Ich-1 may play important roles in 
both positive and negative regulation of pro- 
grammed cell death. Overexpression of Ich-lL 
induces programmed cell death in HeLa, Rat-1, 
and NG108-15, but not in COS cells. Ich-1L- 
induced cell death can be suppressed effectively 
by bcl-2 but only weakly by crmA. This result 
did not rule out, however, that Ich-1 L may play a 
role in controlling DRG neuronal cell death in 
the experiment mentioned above since the ratio 
of crmA and Zce(s) may be important for an 
effective crmA inhibition: in the microinjection 
experiment, the ratio of crmA/Ice(s) is likely to 
be high, whereas in transient assays, the ratio of 
crmAlZch-ll is low. 

The third criterion for a cell death gene is that 
it should be activated naturally when cells are 
undergoing programmed cell death. Indication 
for ICE activation was discovered before Zce was 
identified as a possible cell death gene. As men- 
tioned above, when murine peritoneal macro- 
phages, after being stimulated with lipopolysac- 
charide (LPS), were induced to undergo 
programmed cell death by exposure to extracel- 
lular ATP, mature active IL-1p was released 
into the culture supernatant. However, when 
cells were injured by scraping, IL-1p was re- 
leased exclusively as the inactive preform [Hogo- 
quist et al., 19911. This is, however, indirect 
evidence for ICE activation: since ICE is the 
enzyme identified responsible for most of IL-1p 
processing, ICE is likely to be activated in these 
macrophages. 

Having said that ICE satisfies the three essen- 
tial conditions for a cell death gene, can we state 
that ICE must be involved in controlling pro- 
grammed cell death in vertebrates? The answer 
is far from clear. All three conditions are neces- 
sary but not sufficient. If homozygous Ice knock- 
out mice show defects in cell death, it will be 
direct evidence that Ice itself is indeed the key 
player of this process. However, if homozygous 
Ice knock-out mice show no defects in cell death, 
it does not rule out that Ice itself is one of the 
key players of this process: it is still possible that 
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multiple members of Ice family all contribute to 
the regulation. 

Overexpression of bcl-2 can also prevent DRG 
neuronal cell death. Of the DRG neurons ini- 
tially injected with bcl-2,57% survived the NGF- 
deprived condition through day 6 [Gagliardini et 
al., 19941. Thus, the ability of crmA to prevent 
the death of DRG neurons is about the same as 
that of bcl-2. Both bcl-2 and crmA can prevent 
cell death. If they act through separate path- 
ways, their ability to prevent the death of DRG 
neurons in the absence of NGF should be addi- 
tive. Injection of both bcl-2 and crmA expressing 
vectors into DRG neurons did not increase the 
survival rate more than either crmA or bcl-2 
injection alone (66.6%). Thus, crmA and bcl-2 
are likely to act through the same pathway. 

A model of genetic cascade for neuronal cell 
death can be proposed from these data: during 
neural development, the presence of trophic fac- 
tors may promote the activity of BCL-2 (and/or 
its relative) and thereby prevent cell death, while 
the absence of trophic factors may lead to the 
inactivation of BCL-2 (and/or its relative) and 
consequently activation of genes in the ICE/ 
CED-3 family, which in turn cause programmed 
cell death. Consistent with this hypothesis, ex- 
pression of Bcl-2 has been detected in postmi- 
totic neurons, whose survival is dependent on 
the presence of neural trophic factors [Merry et 
al., 19941, although the relationship between 
bcl-2 and neural trophic factors remains to be 
examined. 

ENGULFMENT OF DEAD CELLS 

Dead cells are quickly engulfed by neighbor- 
ing cells in C. elegans [Sulston and Horvitz, 
19771. Seven genes (ced-1, ced-2, ced-5, ced-6, 
ced- 7, and ced-10) have been identified as impor- 
tant for the efficient removal of dead cells by 
engulfment cells (usually neighboring hypoder- 
mal cells) in C. elegans [Ellis et al., 1991a; 
Hedgecock et al., 19831. Mutations in these genes 
do not prevent normal programmed cell death, 
but block the efficient removal of dead cells by 
engulfment cells. Mutations in any one of these 
genes prevent some of the dead cells from being 
engulfed, but many other dead cells are still 
engulfed properly, suggesting redundancy in en- 
gulfment genes. Genetic analysis of double mu- 
tant combinations led to  the conclusion that 
these genes can be divided into two groups, 
which may be involved in two distinct but par- 
tially redundant processes that control engulf- 

ment. Presumably, one of these groups could 
encode the signals on dead cells to allow for the 
recognition, or the receptors on engulfment cells 
to recognize such signals or the actual engulf- 
ment steps in the engulfment cells. These possi- 
bilities can be distinguished by genetic mosaic 
analysis: in the first possibility, the genes will be 
required in the dying cells for engulfment to 
occur; in the latter two possibilities, the genes 
will be required in the engulfment cells. 

During embryonic development of vertebrates, 
dead cells are also quickly engulfed [Dawd and 
Hinchliffe, 19711. Antibodies have been isolated 
that specifically recognize the engulfment cells 
in chick embryos [Rotello et al., 1994; Fernan- 
dez et al., 19941. The staining pattern of these 
engulfment cells resembled the staining pattern 
of an antibody that recognizes chick common 
leukocyte antigen, suggesting that the engulf- 
ment cells may be of common leukocyte origin 
[Rotello et al., 19941. Almost all apoptotic cells 
were found within engulfment cells, indicating 
that like in C. elegans, the engulfment process is 
very efficient. 

DEGRADATION OF DEAD CELLS 

The nuc-1 gene (nuclease deficient) encodes a 
major DNAase that is used to digest the DNA of 
dead cells in the engulfment cells as well as the 
DNA of the bacteria on which C. elegans feeds 
[Sulston, 19761. Mutations in nuc-1 do not affect 
the cell death nor the engulfment process but 
result in the persistence of DNA of dead cells in 
engulfment cells. The nuc-1 nuclease does not 
require divalent cations for activity. It has not 
been tested if the DNA of dead cells in C. elegans 
is also cleaved into 180-bp DNA oligomers as it 
is in vertebrates. 

The cleavage of DNA into 180-bp DNA lad- 
ders was first discovered in thymocytes induced 
to die by glucocorticoid Wyllie, 19801. Now for- 
mation of a DNA ladder has become a standard 
criterion for apoptosis. However, DNA ladder 
formation is more likely to be an accessary step 
of cleaning up the debri of dead cells than an 
essential step of apoptosis. 

FUTURE PROSPECTS 

The structural and functional similarities of 
Ced-9 and Bcl-2 and of Ced-3 and ICE suggest 
that there may be a common molecular pathway 
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of programmed cell death in all metazoans. How- 
ever, the picture in mammals is much more 
complex: instead of one ced-3 and one ced-9, 
there are already many bcl-2-related genes and 
likely to be many Ice-related genes. Further 
experiments are needed to determine whether 
they all control programmed cell death or may 
have other functions as well. One may expect 
that additional mammalian programmed cell 
death genes will be identified that share similari- 
ties with other C. elegans cell death genes. Isola- 
tion of these mammalian genes may allow a 
better biochemical analysis of the programmed 
cell death pathway because it is often easier to 
do biochemistry in mammalian systems than 
that in C. elegans. Such studies in turn may 
increase our understanding of programmed cell 
death in C. elegans. 
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