
Molecular Cell, Vol. 4, 309–319, September, 1999, Copyright 1999 by Cell Press

The C. elegans Cell Death
Specification Gene ces-1
Encodes a Snail Family Zinc Finger Protein

How are the activities of proteins involved in the gen-
eral process of programmed cell death regulated in spe-
cific cell types during development? This question has
been addressed using systems in which clearly defined
developmental cues lead to the deaths of specific cells.
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For example, programmed cell death is induced in many
larval tissues during insect metamorphosis in response
to the hormone ecdysone (Schwartz, 1992; Robinow et

Summary al., 1993; Jiang et al., 1997), and the changes in expres-
sion of some components of the general cell death ma-

The ces-1 and ces-2 genes of C. elegans control the chinery have been examined in cells that die in response
programmed deaths of specific neurons. Genetic evi- to ecdysone (Robinow et al., 1997). However, the genes
dence suggests that ces-2 functions to kill these neu- that regulate such changes have yet to be identified.
rons by negatively regulating the protective activity of The ces (cell death specification) genes are candidate
ces-1. ces-2 encodes a protein closely related to the developmental regulators of programmed cell death in
vertebrate PAR family of bZIP transcription factors, C. elegans (Ellis and Horvitz, 1991). Mutations in the
and a ces-2/ces-1-like pathway may play a role in regu- known ces genes prevent the deaths of only a few of
lating programmed cell death in mammalian lympho- the cells that undergo programmed cell death in wild-
cytes. Here we show that ces-1 encodes a Snail family type animals. By contrast, mutations in general compo-
zinc finger protein, most similar in sequence to the nents of the cell death process, that is, egl-1, ced-9,
Drosophila neuronal differentiation protein Scratch. ced-4, and ced-3, can affect the death process in all
We define an element important for ces-1 regulation cells that normally die. The gene ces-2 is required for
and provide evidence that CES-2 can bind to a site the deaths of the sister cells of the two NSM neurons
within this element and thus may directly repress ces-1 (Ellis and Horvitz, 1991). In wild-type animals, the two
transcription. Our results suggest that a transcrip- NSM sisters undergo programmed cell death during em-
tional cascade controls the deaths of specific cells in bryogenesis, while in animals with reduced ces-2 activ-
C. elegans. ity the NSM sisters frequently survive. ces-2 encodes a

basic leucine zipper (bZIP) transcription factor similar
in sequence and in binding specificity to the vertebrateIntroduction
PAR (proline and acid–rich) subfamily of bZIP proteins
(Metzstein et al., 1996). The function of ces-2 may beProgrammed cell death (apoptosis) is an important cel-
evolutionarily conserved, since an oncogenic fusion pro-lular process in all animals and is used during develop-
tein consisting of the activation domain of the transcrip-ment to sculpt tissues and organs, in the nervous system
tion factor E2A and the bZIP domain of the PAR familyto refine contacts between neurons and targets, in the
member HLF (hepatic leukemia factor) has been impli-immune system to select for functional lymphocytes
cated in the regulation of programmed cell death inand to select against self-reactive cells, and in tissue
human pro-B cells (Inaba et al., 1996).homeostasis to balance cell proliferation in maintaining

Genetic evidence suggests that ces-2 does not di-constant cell numbers (reviewed by Lockshin et al.,
rectly regulate components of the general cell death1998). Failure to activate programmed cell death can
machinery. Rather, ces-2 is thought to function by nega-result in cellular overproliferation and oncogenesis,
tively regulating a cell-specific survival activity encodedwhile ectopic activation may be the underlying cause of
by the gene ces-1 (Ellis and Horvitz, 1991). Like ces-2degenerative diseases (reviewed by Rudin and Thomp-
loss-of-function (lf) mutations, dominant, gain-of-func-son, 1997). Recently much has been learned about the
tion (gf) mutations of ces-1 block the deaths of the NSMmolecular machinery used by cells to kill themselves
sisters. ces-1(gf) mutations also block the deaths of(reviewed by Pettmann and Henderson, 1998).
another neural cell type, the I2 sisters, which seem toGenetic analysis of the nematode Caenorhabditis
be unaffected by ces-2 mutations. In ces-1(lf) mutants,elegans has helped identify and analyze genes involved
the NSM sisters and I2 sisters die, just as they do inin programmed cell death (reviewed by Metzstein et al.,
wild-type animals. However, in such mutants the NSM1998). Single-gene mutations in C. elegans that lead to
sister deaths are independent of ces-2 activity: NSMgeneral defects in the process of programmed cell death
sisters die in ces-1(lf) ces-2(lf) double-mutant animals.have been identified, and the cloning of the genes de-
These deaths still require the activity of general cellfined by these mutations has revealed the molecular
death components (Ellis and Horvitz, 1991; Conradt andnature of key cell death regulators. Many of the mole-
Horvitz, 1998). These data suggest that the function ofcules important for programmed cell death have been
ces-2 is to negatively regulate the activity of ces-1 andconserved throughout evolution.
that ces-1 activity in turn can block the programmed
cell death of the NSM sisters.

To elucidate further how programmed cell death is* To whom correspondence should be addressed (e-mail: horvitz@
mit.edu). controlled in the NSM sister cells as well as how the
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Figure 1. Molecular Cloning of ces-1

(A) Physical map around ces-1 indicating cos-
mids and clones assayed for ces-1 rescue.
The extent of the fer-1-coding sequences is
shown as a hatched box (Achanzar and Ward,
1997). The minimal rescuing fragment (pMM#5)
is shown in bold. Restriction enzyme cleav-
age sites are indicated: M, MluI; Ns, NsiI; Nt,
NotI; Sh, SphI; Sp, SpeI; St, StuI. The NotI
sites on subclones derive from the cosmid
vector. pMM#2 and pMM#3 were derived
from the cosmid F31H7 by deleting internal
fragments.
(B) pMM#5, showing the intron/exon struc-
ture of ces-1 and the calponin homolog
(cpn-1) and modified clones assayed for res-
cuing activity. Exons are shown as closed
boxes, and the direction of transcription is
indicated by arrows. Closed arrowhead, cal-
ponin frameshift mutation. Open arrowhead,
ces-1 oligonucleotide inserted. Open arrow-
head with X, ces-1 oligonucleotide removed.
Open box, coding sequence frameshifted
from original sequence.

general components of programmed cell death are regu- but not ces-2(lf) animals (Ellis and Horvitz, 1991). NSM
sister and I2 sister survival can also be observed inlated, we have molecularly characterized the ces-1
ces-1(1) ces-2(1) animals carrying a ces-1 transgenegene.
(Table 1). We interpret the survival the NSM sisters and
I2 sisters to be a result of ces-1 overexpression (from theResults

ces-1 Mapping and Rescue Table 1. ces-1 Gain-of-Function Phenotype Is Induced by ces-
ces-1 had been mapped genetically on linkage group I 1-Containing Arrays
between the genes fer-1 and sup-17 (Ellis and Horvitz,

Genotype Line Number Percent Survival
1991), both of which had been placed on the C. elegans

NSM Sisters I2 Sistersphysical map (Waterston et al., 1997). Three-factor map-
ping placed ces-1 very close to fer-1 (Ellis and Horvitz, Wild typea 0% 9%

Transgene(s)1991; our unpublished results). We used the suppression
ces-1 1 unc-76 1 33% 24%by ces-1(lf) of the ces-2(lf) phenotype of NSM sister

2 21% 22%survival as an assay of ces-1 activity in transformation
3 41% 40%

rescue experiments: we predicted that extra copies of
unc-76 1 1% 4%the ces-1 gene would cause the NSM sisters to survive

2 0% 4%in a ces-1(lf) ces-2(lf) background. We transformed ces-
3 0% 1%

1(lf) ces-2(lf) animals with a cosmid (F31H7) that con-
Numbers represent the percentage of NSM sister or I2 sister cellstained fer-1 and found that it was able to rescue ces-1
observed in each of the transgenic lines. At least 100 sides were scored(Figure 1A). We then generated a series of subclones of
for each line. Transgenes consist of: ces-1 1 unc-76, pMM#5 1 pU76-

this rescuing cosmid, assayed these subclones for ces- 16B; unc-76, pU76-16B. The transgenes were injected into and
1-rescuing activity, and narrowed the rescuing activity maintained in unc-76(e911) animals. The survival of the NSM sisters
to a 7.7 kb subclone, pMM#5 (Figure 1A). and I2 sisters in such transgenic animals requires the CES-1 protein,

as survival is not observed in animals carrying arrays with a disrup-We noted that ces-1(lf) ces-2(lf) animals with a ces-1
tion of the ces-1-coding frame or arrays containing only ces-1 regu-transgene showed NSM sister survival, which is charac-
latory regions (our unpublished results).teristic of both ces-1(gf) and ces-2(lf) animals, and also
aData from Ellis and Horvitz (1991).

showed I2 sister cell survival, characteristic of ces-1(gf)
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Figure 2. ces-1 Sequence Analysis

(A) ces-1 composite transcript sequence, derived from analysis of genomic DNA, cDNAs, and RACE products. Nucleotides (above) and
predicted protein sequence (below) are numbered on the right. Two in-frame stop codons before the first initiation codon are marked. Intron
positions are marked with vertical lines. Zinc finger motifs are boxed. The ces-1 loss-of-function allele n1434 is marked with an arrowhead.
ces-1 cDNAs have a poly(A) tail immediately following this sequence (not shown).
(B) Alignment of the zinc finger domains of CES-1 (amino acids 167-270), Scratch (amino acids 469-601; Roark et al., 1995), Snail (amino acids
247-385; Boulay et al., 1987), both from Drosophila, and human SLUG (amino acids 130–264; Cohen et al., 1998; A. T. Look, personal
communication), the closest known mammalian homolog of CES-1. Residues identical between CES-1 and any of the three other proteins
are highlighted in black, and the individual zinc fingers are indicated by brackets.

multiple copies on the extrachromosomal array), sug- ces-1. We named the calponin-encoding gene cpn-1
(calponin). By contrast, a construct with a disruption ofgesting that the survival phenotype seen in ces-1(gf)

mutants could be a consequence of overexpression or the zinc finger gene was unable to rescue the ces-1
mutant phenotype (Figure 1B). Furthermore, restorationectopic expression of a wild-type gene product.
of the zinc finger gene restored ces-1-rescuing activity
(Figure 1B). These data demonstrate that ces-1 encodesces-1 Encodes a Snail Family Zinc Finger Protein

We determined the sequence of the 7.7 kb minimal res- a zinc finger containing protein. Although the subclone
pMM#4 and the cosmid F31C2 both contain the entirecuing fragment and analyzed the sequence with the

programs BLAST (Altschul et al., 1990) and GENE- ces-1-coding region (Figure 1A) and at least as much
sequence 59 to ces-1 as the rescuing subclone pMM#5,FINDER (Favello et al., 1995). These analyses suggested

that the fragment contained two complete transcription both failed to rescue. We suspect that there is an en-
hancer element 39 to ces-1, beyond the calponin tran-units. One of the transcription units encodes a protein

with similarity to C2H2 zinc finger proteins (Klug and scription unit, required for proper ces-1 expression.
We isolated cDNAs corresponding to the ces-1 gene,Schwabe, 1995), while the other encodes a member

of the calponin family of smooth muscle proteins (el- determined their sequences, and used RACE (rapid am-
plification of cDNA ends) to identify the 59 end of theMezgueldi, 1996).

To determine which, if either, of these two candidates transcript (Figure 2A). These analyses revealed the pres-
ence of a single long open reading frame predicted towas responsible for ces-1-rescuing activity, we specifi-

cally disrupted each. We found that a construct with a encode a 270–amino acid 30 kDa protein with four C2H2

and one C2HC zinc finger at the C terminus (Figure 2A).disruption of the calponin family gene was capable of
rescuing the ces-1 mutant phenotype (Figure 1B), sug- Both in overall structure and in sequence similarity

within the zinc fingers, CES-1 is a member of the Snailgesting that the calponin gene does not correspond to
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family of C2H2 transcription factors, defined originally by
the Drosophila developmental gene snail (Boulay et al.,
1987) (Figure 2B). The predicted CES-1 protein is 46%
identical to Snail within the zinc finger regions, with the
third and fourth fingers each being 71% identical (Figure
2B). Within its zinc finger regions, CES-1 is particularly
similar to the Drosophila Snail family member Scratch
(Figure 2B) (Roark et al., 1995): CES-1 and Scratch are
more similar to each other than either is to any other
protein. Outside the zinc finger domain, CES-1 is not
similar in primary sequence to Scratch or to any other
protein.

Analysis of ces-1 Alleles
There exist three independently isolated ces-1 gain-of-
function alleles (n703, n1895, and n1896) and two ces-1
loss-of-function alleles (n703 n1406 and n703 n1434);
the loss-of-function alleles were isolated by the rever- Figure 3. CES-1 Binds to Snail Family Consensus Sites
sion of the gain-of-function allele n703 (Ellis and Horvitz, An electrophoretic mobility shift assay performed using bacterially
1991). All five alleles were generated with the mutagen produced CES-1 and Snail proteins. 1 3 GST:CES-1, GST:Snail, and

GST, about 80 ng of protein; 1/10 3 GST:CES-1, about 8 ng ofethyl methanesulphonate (EMS). The gain-of-function
protein. The probes were fragments from a plasmid polylinker intoalleles behave similarly to each other. The two loss-of-
which oligonucleotides containing test binding sites were cloned.function alleles also behave similarly to each other. We
In the first set of five reactions, the probe contained an optimalhave characterized the molecular lesions in all five al-
Snail-binding site; in the second set, a site altered at three positions

leles. (underlined); and in the final set, the equivalent fragment of the
First, we analyzed Southern blots of genomic DNA polylinker without any cloned oligonucleotides.

from each of the alleles, using the minimal 7.7 kb rescu-
ing fragment as a probe (data not shown). The allele n703
n1406 showed a polymorphic pattern for all restriction of 1.2 kb spanning the large fourth intron, and of 1.2 kb
enzymes tested. Using a series of probes from the ces-1 located 39 of the 39 end of the ces-1 transcript (which
region, we further characterized n703 n1406 and found includes cpn-1). We identified a mismatch using a probe
that this allele consists of a complex rearrangement generated from DNA located 59 of the transcription start
involving a deletion of about 1 kb of DNA in the 39 region site (data not shown). We determined the sequence of
of the ces-1 gene and an associated insertion of more this region in DNA from the wild type and from the three
than 10 kb of DNA next to the deletion. We have not gain-of-function mutant n703, n1895, and n1896 ani-
identified the source of the inserted material. The dele- mals. We found that all of the gain-of-function alleles
tion disrupts the second and eliminates the third, fourth, contain an identical G-to-A transition mutation located
and fifth zinc fingers. This rearrangement probably also 601 bp before the transcription start site as compared
disrupts cpn-1. We have not observed any phenotype to the wild type. Since the ces-1(gf) mutations are not
associated with a loss of function of cpn-1. within the ces-1 transcript and are a considerable dis-

To identify the molecular lesions in the remaining four tance from the putative transcription start site, it is likely
alleles, we determined the sequences of ces-1 exons, that these mutations are in a cis-regulatory sequence.
the majority of introns (all but the large fourth intron), 59
and 39 UTRs, and about 50 base pairs (bp) 59 of the
transcription start of ces-1 in ces-1 mutant animals. The CES-1 Binds to Consensus Snail-Binding Sites

To determine whether CES-1 is similar to Snail familyloss-of-function allele n703 n1434 contains a single base
change, a C-to-T transition converting an asparagine proteins in biochemical function as well as in sequence,

we examined the DNA-binding properties of recombi-CAA codon at position 40 to a TAA stop codon (Figure
2A). This alteration is predicted to result in a truncated nant CES-1 protein. We produced in E. coli a protein

(GST:CES-1) consisting of the C-terminal half of CES-1protein of only 39 amino acids lacking all five of the zinc
fingers. Based upon these molecular studies, both n703 (which includes all five zinc fingers) fused at its N termi-

nus to glutathione S-transferase (GST). We used thisn1406 and n703 n1434 are likely to eliminate ces-1
function. protein in electrophoretic mobility shift experiments to

assay binding of CES-1 to a double-stranded oligonucle-None of the gain-of-function alleles had any mutations
within the ces-1-coding regions, 59 or 39 UTRs, or those otide containing the sequence ACAGGTG, known to be

bound by other Snail family proteins (Ip et al., 1992;introns examined. To identify the sites of these muta-
tions, we used the polymerase chain reaction (PCR) to Hayashi et al., 1993; Mauhin et al., 1993) (Figure 3). We

found that GST:CES-1 and GST:Snail, a protein con-amplify DNA fragments from wild-type and n703 geno-
mic DNA and then used chemical cleavage of mis- sisting of the C-terminal of Snail fused to GST (Ip et al.,

1992), can bind to this oligonucleotide (Figure 3). Thismatched DNA (CCM) (Smooker and Cotton, 1993; Aroian
et al., 1994) to detect base differences between these binding is specific: when the oligonucleotide was mu-

tated such that three consensus bases were altered toPCR products. We performed this analysis on DNA frag-
ments of 0.9 kb located 59 of the transcription start site, nonconsensus bases or when the site was not present
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Figure 4. Analysis of the ces-1 Regulatory Region Conserved in C. briggsae

(A) Comparison of the ces-1 locus in C. elegans and C. briggsae. Closed boxes, ces-1 exons; open boxes, cpn-1 exons; hatched boxes,
conserved upstream and fourth intron elements; arrows, direction of transcription. The identity within the upstream element between the two
nematode species is 82% (106/130 bp), and within the fourth intron element the identity is 70% (109/156 bp), while elsewhere outside coding
regions the identity in any 100 bp region is less than 30% (and not greater than 50% measured in any 40 bp region).
(B) Alignment of the conserved upstream region. Numbering is with respect to the putative ces-1 initiation codon in the two species. Identities
are highlighted in black. Open bars, sites similar to Snail family consensus-binding sites; closed bar, site similar to CES-2/PAR family consensus-
binding site. Also indicated is the base change (G-to-A) found in the ces-1 gain-of-function alleles n703, n1895, and n1896.
(C) Alignment between the CES-2-like binding site in the ces-1 upstream element and the CES-2/PAR family consensus. Y 5 T or C; R 5 A
or G.
(D) Alignment among Snail family-like binding sites in the ces-1 upstream element and the Snail family consensus sequence (the complements
of sites I, III, and IV are shown for alignment). All of these sites are conserved between C. elegans and C. briggsae, except for the first base
in site III (A in C. elegans, G in C. briggsae). Also shown is the sequence around the ces-1(gf) mutations. The underlined base is the one
mutated to an A by the gf mutations.

in the oligonucleotide, neither GST:CES-1 nor GST:Snail this C. briggsae clone included a homolog of cpn-1,
providing evidence that the hybridizing clone containedbound the mutant site (Figure 3).
the C. briggsae equivalent of ces-1 rather than some
other closely related snail family gene. The C. briggsaeAnalysis of C. briggsae ces-1

Genetic evidence suggests that ces-1 acts downstream CES-1 protein shows a pattern of conservation typical of
Snail family members: the N terminus is not particularlyof and is negatively regulated by the gene ces-2 (Ellis

and Horvitz, 1991). Since ces-2 encodes a transcription highly conserved (56% identity compared to C. elegans
CES-1), while the C-terminal zinc fingers are highly con-factor, we wanted to determine whether this negative

regulation might be mediated by direct transcriptional served (97% identity) (alignments not shown).
When we compared the sequence of noncoding re-repression. To identify regions of the ces-1 locus impor-

tant in gene regulation, we used phylogenetic compari- gions around the C. elegans and C. briggsae ces-1
genes, we found that there is almost no conservationson of genomic sequence. By low-stringency hybridiza-

tion to a C. elegans ces-1 cDNA probe, we isolated between the two species, consistent with what has been
observed for other genomic regions (Fitch and Thomas,clones from a l genomic library made from the closely

related nematode Caenorhabditis briggsae. We deter- 1997). Two regions are exceptions.
First, there is a stretch of moderate conservationmined about 6 kb of sequence of a subclone derived

from one of the l clones and compared this sequence within the ces-1 fourth intron (Figure 4A) (70% identity
over a 156 bp region, alignment not shown). This regionto our C. elegans sequence (Figure 4A). We found that
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Figure 5. Binding of CES-2 to a Site in the Conserved ces-1 Upstream Element

(A) An electrophoretic mobility shift assay performed using the bZIP domain of CES-2 made by in vitro transcription/translation (IVT CES-2).
The first lane shows the shift of labeled probe containing an optimal CES-2-binding site. (Specific) Lanes contain increasing amounts of
unlabeled competitor of the same sequence as the labeled probe. The fold excess of unlabeled probe is shown above the gel. (M) Lane shows
competition with 1000-fold excess of a mutated competitor that has four bases different from the optimal binding site. (Site in ces-1) The
competitor used contained the site found in the conserved element upstream of ces-1. The doublet above the CES-2 complex indicates a
shift caused by an unknown component in the in vitro transcription/translation reaction, as it was seen without adding the ces-2 cDNA to the
reaction (IVT).
(B) Quantitation of the CES-2 electrophoretic mobility shift assays. The graph shows the amount of shift complex as the percentage of the
shift seen with no added competitor. The percentage given is the average of two or three experiments, and the error bars represent 61 SD
from the mean.
(C) Comparison of competition of an optimal CES-2-binding site with the site found upstream of ces-1 in a wild-type context or gain-of-
function mutant context. No difference in binding between these two sites was apparent.

seems to be noncoding, as there are no significant open sequence. The sequence flanking the site of the ces-
1(gf) mutations also has some similarity to the Snailreading frames or suitable splice donor or acceptor

sites. consensus-binding sequence (four identities within the
seven-base sequence) (Figure 4D), and the gain-of-func-Second, upstream of the ces-1 transcription start site,

there is a region with striking conservation between C. tion mutations reduce this similarity. However, we could
not demonstrate binding by CES-1 or Snail protein to aelegans and C. briggsae (Figure 4A). In a region of 130

bp (2657 to 2528 bp with respect to the C. elegans probe containing the wild-type version of this site in
vitro (Figure 3), and it is not clear whether this particulartranscription start site), there are 106 bases that are

identical between the two species (82% identity, Figures site can be bound by either CES-1 or other C. elegans
Snail family members in vivo.4A and 4B). This region spans the site of the ces-1(gf)

mutations. Included in this region is a site with high
similarity to the CES-2-binding site consensus sequence CES-2 Can Bind to a Site in the ces-1

Upstream Element(Metzstein et al., 1996) (Figure 4B). Half of this site
(GTAAC) is a perfect match to the CES-2-binding con- To determine whether CES-2 protein can bind the candi-

date CES-2-binding site upstream of ces-1, we usedsensus (GTAAY), while the other half matches in three
of five positions (ATGAT versus RTTAC) (Figure 4C). This electrophoretic mobility shift assays. We produced a

protein consisting of the C-terminal half of CES-2, whichputative CES-2-binding site is completely conserved in
the C. briggsae sequence. includes the entire CES-2 bZIP domain, using in vitro

transcription/translation (IVT CES-2). We used IVT CES-2Also within the conserved region are four sites with
high similarity to CES-1/Snail family consensus-binding to shift an oligonucleotide probe containing an optimal

CES-2 consensus-binding site (Metzstein et al., 1996)sites (containing at least five identities within the seven-
base Snail-binding consensus; Hayashi et al., 1993; (Figure 5A). This shift required CES-2 protein, as it was

not observed in a control experiment using the in vitroMauhin et al., 1993) (Figures 4B and 4D), suggesting
the possibility that ces-1 may autoregulate. With the transcription/translation mix alone (Figure 5A). We then

used various unlabeled double-stranded oligonucleo-exception of a single, conservative substitution within
site III, these sites are also conserved in the C. briggsae tides as competitors. We found that the optimal binding
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a cell-killing activity of ced-9 (Hengartner and Horvitz,Table 2. ces-1(gf) Requires ced-9 to Block Programmed Cell
1994). We found that a ces-1(n703); ced-9(n2812); ced-Death in the NSM Sister Cells
3(n2427) strain had only a slightly greater survival of

Genotype NSM Sister Survival (%)
NSM sisters (71%) than the ces-1(1); ced-9(n2812); ced-

ces-1(1); ced-9(1); ced-3(n2427) 10 6 5 3(n2427) strain. Hence, we conclude that in the absence
ces-1(n703); ced-9(1); ced-3(n2427) 88 6 6 of ced-9 activity, ces-1(n703) can no longer efficiently
ces-1(1); ced-9(n2812); ced-3(n2427) 59 6 8 block programmed cell death of the NSM sister cells.
ces-1(n703); ced-9(n2812); ced-3(n2427) 71 6 8

DiscussionEach number represents the percentage of NSM sister cells ob-
served in each of the strains. The errors in the data are 95% confi-
dence limits calculated using the binomial distribution (Zar, 1974). A Zinc Finger Protein Controls the Deaths of Certain
At least 100 sides were scored for each genotype. All the strains Neurons in C. elegans
also contained dpy-17(e164) as a cis-linked marker for the ced-9

The cell death specification gene ces-1 encodes a Snailmutation.
family zinc finger transcription factor that is particularly
closely related in sequence to the Drosophila Snail fam-
ily protein Scratch. Scratch is expressed in all devel-

site competed the labeled probe for binding (Figures 5A oping neurons during Drosophila embryogenesis and is
and 5B). This competition was specific: an oligonucleo- thought to promote neural differentiation by blocking
tide competitor that contained a mutated binding site nonneuronal cell fates, since loss-of-function mutations
with four base changes (M in Figure 5A) did not compete in scratch lead to a slight neuronal hypoplasia (Roark
for binding, even at a 1000-fold higher molar ratio than et al., 1995). Like scratch, the ces-1 gene can be consid-
the labeled probe (Figures 5A and 5B). The putative CES- ered to act to promote neuronal fates, since ces-1(gf)
2-binding site upstream of ces-1, which differs from a mutations (and presumably overexpression of wild-type
CES-2 optimal site at two bases, competed for binding ces-1) causes the NSM sisters and I2 sisters to become
with the labeled probe (Figures 5A and 5B), although at neurons (Ellis and Horvitz, 1991). By analogy to ces-1,
a somewhat lower efficiency than did the optimal site. which acts to prevent the NSM sisters from undergoing
Hence, we conclude that CES-2 can bind, at least in programmed cell death, scratch might also act to pre-
vitro, the site upstream of ces-1. vent neuronal cells from undergoing programmed cell

Next we tested whether the ces-1(gf) mutation can death. In other words, the nonneuronal fate blocked
affect the binding of IVT CES-2 to the binding site in by scratch could be programmed cell death, and the
the ces-1 upstream element. We found no significant neurons missing in scratch animals could be missing
difference in binding between the wild-type and mutated because they underwent programmed cell death.
version of the site (Figure 5C), suggesting that the ces- The scratch gene is thought to function redundantly
1(gf) mutations do not act by disrupting CES-2 binding. with transcription factors that directly promote neuronal

fates, such as the bHLH (basic helix-loop-helix)-encod-
ing gene deadpan (Bier et al., 1992; Roark et al., 1995).ces-1 Requires Functional ced-9 to Block the Deaths
Like scratch, deadpan is expressed in all developingof the NSM Sisters
neurons, and loss-of-function of deadpan leads to aPrevious observations established that a gain-of-func-
slight loss of neuronal function (Bier et al., 1992). Unliketion mutation in the cell death–protecting gene ced-9
single mutants for either gene, animals mutant for bothallowed the NSM sisters to survive even in ces-1(lf) ani-
scratch and deadpan have profound neuronal lossmals (M. Hengartner and H. R. H., unpublished results).
(Roark et al., 1995). These data have led to a model inThis finding indicated that ces-1 acts upstream or paral-
which either promotion of a neuronal fate, by deadpan,lel to ced-9. To help distinguish between these alterna-
or inhibition of nonneuronal fates, by scratch, is suffi-tives, we examined whether ced-9 activity is required
cient for neuronal differentiation (Roark et al., 1995). Afor ces-1(gf) activity to block programmed cell deaths.
similar model might explain why ces-1 loss-of-functionSpecifically, we tested whether ces-1(gf) could still block
mutants appear to be wild type in phenotype: ces-1the deaths of the NSM sisters in a ced-9(null) back-
might function to block programmed cell death in someground. Because ced-9 loss-of-function mutations are
or all developing C. elegans neurons; however, promo-lethal (Hengartner et al., 1992), we used a weak ced-
tion of neuronal fates is sufficient to overcome the ten-3(lf) mutation, n2427, to suppress the lethality of the
dency of neurons to undergo programmed cell death inced-9(null) mutation. First, we tested whether the effect
ces-1(lf) mutants. bHLH proteins expressed during C.of ced-3(n2427) on NSM sister survival can be distin-
elegans neurogenesis have been identified (Krause etguished from that of ces-1(gf) (Table 2). In a ces-1(1);
al., 1997), but their loss-of-function phenotypes haveced-3(n2427) mutant, we found that approximately 10%
not yet been described.of NSM sister cells survive. By contrast, we found that

the ces-1(n703); ced-3(n2427) strain has approximately
88% NSM sister survival. Hence, as in a ced-3(1) back- The Nature of ces-1 Gain-of-Function Mutations

Our molecular analysis suggests that the ces-1 gain-of-ground, in a ced-3(n2427) background ces-1(n703) can
block death of the NSM sisters. function phenotype may be caused by overexpression

of an otherwise wild-type gene product, since extrachro-Is this activity of ces-1 dependent on the activity of
ced-9? In a ces-1(1); ced-9(n2812); ced-3(n2427) strain, mosomal arrays carrying the wild-type ces-1 locus show

a ces-1 gain-of-function phenotype and the gain-of-we found that 59% of NSM sisters survive. This increase
over the ced-3(n2427) strain has been interpreted as function mutations do not alter the ces-1 transcript.
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However, earlier gene dosage studies had indicated that structure or other proteins might modulate CES-2 bind-
ing specificity (Suckow and Hollenberg, 1998). For in-wild-type ces-1 antagonizes the gain-of-function alleles

(Ellis and Horvitz, 1991). Furthermore, our molecular stance, since many bZIP proteins function as heterodim-
ers in vivo, the binding affinity of CES-2 might beanalysis suggests that the two ces-1 loss-of-function

alleles completely eliminate function; both are expected modulated by a bZIP partner (Kerppola and Curran,
1993). Finally, ces-1 gain-of-function mutations lead toto eliminate zinc fingers, which should be necessary for

CES-1 function. Again, this result is inconsistent with survival of both NSM sisters and I2 sisters, whereas
ces-2 loss-of-function mutations lead only to NSM sistergene dosage studies, which suggested that the ces-1

loss-of-function alleles have residual activity (Ellis and survival. These observations suggest that the ces-1
gain-of-function mutations disrupt the binding of an-Horvitz, 1991). These inconsistencies between the mo-

lecular and genetic data could be explained by the pres- other, possibly I2 sister–specific, regulatory factor.
Another candidate for being a ces-1-negative regula-ence of interacting loci in the deficiencies and duplica-

tions used for genetic dosage studies. Such loci could tory factor is the CES-1 protein itself, since the ces-1
upstream element contains a number of sites with highhave had a modulatory effect on ces-1 activity and

hence confounded the genetic analysis. similarity to Snail family consensus-binding sites and
can bind CES-1 protein (our unpublished observations).Surprisingly, all three ces-1 gain-of-function muta-

tions are identical, suggesting either that only this base Although the sequence around the site of the gain-of-
function mutations has some similarity to a Snail familycan mutate to generate viable animals with a Ces-1

phenotype or that this particular base is very sensitive consensus-binding site, CES-1 does not seem to bind
to this site in vitro. Again, one possibility is that suchto EMS mutagenesis. We favor the latter alternative.

This mutation has been isolated at a frequency of about binding can be detected only in a cellular context. Auto-
regulation is not unusual for eukaryotic transcription1/10,000 genomes screened (Ellis and Horvitz, 1991).

While slightly lower than the loss-of-function frequency factors (Bateman, 1998), and, for transcriptional repres-
sors, may be involved in modulating the temporal ex-for a typical gene (Brenner, 1974; Meneely and Herman,

1979; Greenwald and Horvitz, 1980), this frequency is pression of the gene.
much higher than the mutagenesis rate for an average
base pair by EMS, which is estimated to be between

Targets of CES-11/150,000 and 1/500,000 genomes (Anderson, 1995; de
What genes are likely to be regulated by CES-1 to controlBono et al., 1995). If other base changes could cause a
programmed cell death in the NSM sisters and I2 sisters?ces-1 gain-of-function phenotype, these changes most
Our data suggest that ces-1 requires the activity of thelikely would be too rare to have been detected.
ced-9 gene to block programmed cell death in the NSMVery few gain-of-function mutations caused by single-
sisters. These results suggest that ces-1 functions tobase changes in regulatory DNA are known in animals.
block programmed cell death in the NSM sisters byThe only previous example of such a mutation described
potentiating the activity of ced-9. Since both ces-1 andin C. elegans is in the her-1 gene. In this case, a single-
ced-9 function to block programmed cell death, CES-1base change leads to the upregulation of the her-1 tran-
is predicted either to transcriptionally upregulate ced-9script and a gain-of-function phenotype (Trent et al.,
or a gene (or genes) that potentiates the activity of ced-91988; Perry et al., 1994). The site affected is predicted
or to transcriptionally downregulate a gene (or genes)to be a binding site for the SDC-1 zinc finger protein,
that antagonizes the activity of ced-9. A candidate forwhich genetically acts upstream of and as a negative
the latter gene class is egl-1. Genetically egl-1 acts down-regulator of her-1 (Villeneuve and Meyer, 1987; Nonet
stream of ces-1 and upstream of ced-9 to antagonizeand Meyer, 1991). In Drosophila, there is also one clear
ced-9 activity (Conradt and Horvitz, 1998). Numerousexample: two alleles of the Antennapedia complex,
Snail family–like binding sites are present in genomicHab-1 and Hab-2, appear to result from the same single-
regions around egl-1. However, since recognition sitesbase change, which disrupts a binding site for the tran-
for Snail family proteins are only seven base pairs inscriptional repressor Krüppel and as a consequence
length, it is not possible to predict whether any of theseleads to the misexpression of the abd-A gene (Shimell
sites are actually bound by CES-1 protein in vivo. It willet al., 1994).
be important in future experiments to test whether egl-1How does the ces-1 gain-of-function mutation cause
is indeed a target of CES-1 transcriptional regulationthe NSM sisters and I2 sisters to survive? By analogy
and thus a link between cell death specification and cellwith the mutations described above, the ces-1 mutation
death execution in C. elegans.seems most likely to lead to the loss of binding of a

transcriptional repressor, allowing either overexpres-
sion of ces-1 in cells in which ces-1 normally functions Evolutionary Conservation of ces-1
or misexpression in cells in which ces-1 is not normally In mammalian cells, the E2A:HLF oncogene, a transcrip-
expressed. The CES-2 protein is a candidate for being tional activator with the same target specificity as the
such a repressor. CES-2 might function specifically in CES-2/PAR family (Hunger et al., 1994; Inaba et al., 1994;
the NSM sister cells, since ces-2 loss-of-function muta- Metzstein et al., 1996), has been proposed to upregulate
tions lead to NSM sister cell survival. However, our re- a CES-1-like activity and thus block programmed cell
sults indicate that the ces-1 gain-of-function mutation death in pro-B cells (Inaba et al., 1996; Metzstein et al.,
does not significantly reduce the ability of CES-2 protein 1996). According to this model, the ces-1 gene could
to bind in vitro. It is possible that in a cellular context be a direct transcriptional target of the CES-2 protein.

In this paper, we provide support for this model, since wethis mutation does affect CES-2 binding: chromatin
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ces-1 Allele Analysishave identified in ces-1 regulatory DNA an evolutionarily
To identify base changes, we used PCR to amplify fragments usingconserved site that can be bound by the CES-2 protein.
genomic DNA isolated from wild-type and mutant animals as tem-Further evidence has emerged that the ces-2/ces-1-
plates. The fragments were purified using agarose gels and then

like pathway may be evolutionarily conserved. Inukai et used directly in sequencing reactions.
al. (1999) (this issue of Molecular Cell) have identified a To scan for mutations not in ces-1-coding sequences, we applied

a CCM procedure (Smooker and Cotton, 1993) using hydroxylaminezinc finger protein similar in sequence to CES-1. This
to modify mismatched cytosine residues.protein, called SLUG, shows properties expected of a

human CES-1 homolog: the transcription of SLUG is
Protein Productionregulated by the E2A:HLF CES-2-like oncogene, and
We made a GST:CES-1 zinc finger fusion protein (henceforth called

enforced expression of SLUG blocks programmed cell GST:CES-1) construct by cloning a 463 bp ApoI/EcoRV fragment
death in human pro-B cells. These data suggest that a from a ces-1 cDNA (encoding amino acids 117–270 of CES-1) into
transcriptionally regulated ces-1-like activity may be at plasmid pGEX-4T-3 (Pharmacia) digested with EcoRI/SmaI. We pro-

duced and purified GST:CES-1 protein and GST:Snail protein fromleast in part responsible for blocking programmed cell
E. coli, following the protocol used for GST:Snail, essentially asdeath in leukemic pro-B cells.
described by Ip et al. (1992).

We constructed a CES-2 bZIP in vitro transcription/translation
Experimental Procedures construct by first cloning a 313 bp NlaIV/EcoRV fragment from a

full-length ces-2 cDNA (encoding amino acids 109–210 of CES-2)
General Methods (Metzstein et al., 1996) into plasmid pAS1 (Bai and Elledge, 1997)
C. elegans was raised using standard methods (Brenner, 1974). We digested with SmaI. We then cloned a 330 bp NdeI/SalI fragment
followed standard methods for DNA manipulation (Ausubel et al., from this construct into plasmid pCITE4a (Novagen) digested with
1993). NdeI/SalI. We produced protein in vitro using the TnT coupled reticu-

locyte system (Promega) and T7 RNA polymerase, according to the
manufacturer’s protocols.ces-1 Rescue and Gene Disruptions

To assay ces-1 rescue, we used standard procedures (Mello and
DNA Binding AssaysFire, 1995) to inject test DNA into animals of the genotype unc-
Assays were performed in a total volume of 20 ml containing 20,000–55(e402) ces-1(n703 n1406) ces-2(n732ts); unc-76(e911) using the
30,000 CPM probe, 13 buffer, and various amounts of protein. Forunc-76 rescuing plasmid pU76-16B (Bloom and Horvitz, 1997) as a
GST:CES-1, the 13 buffer comprised: 25 mM HEPES (pH 7.5), 100transformation marker. We established transgenic lines (non-Unc-
mM KCl, 10 mg/ml poly dI·dC, 10% glycerol, 3 mM MgCl2, 20 mg/76) at 208 and grew the lines at 258 for at least one generation to
ml BSA, 1 mM EDTA, 0.05% Nonidet NP-40, and 1 mM DTT. Forscore the temperature-sensitive Ces-2 phenotype of NSM sister
IVT CES-2, the 13 buffer comprised: 10 mM HEPES (pH 7.5), 133survival. The appearance of NSM sisters was scored by direct obser-
mM KCl, 150 mg/ml poly dI·dC, 10% glycerol, 500 mg/ml BSA, 0.1vation using Nomarski differential interference contrast microscopy,
mM EDTA, and 0.25 mM DTT. Reactions were incubated at eitheras previously described (Ellis and Horvitz, 1991). Lines containing
208 or 308 for 30 min and then separated using 6% polyacrylamidepU76-16B alone had 2.7% NSM sister survival (n 5 330 possible
gels made up in 13 TGE 1 2.5% glycerol (13 TGE 5 25 mM Tris,NSM sisters, in three lines). We considered lines with greater than
190 mM glycine, 1 mM EDTA) and using 13 TGE as the running30% of the NSM sisters surviving to be rescued (ces-2(n732ts) ani-
buffer. Gels were run at room temperature at 35 mA, dried, andmals had 37% NSM sister survival at 258). Cosmids were injected
exposed and quantitated on a phosphorimager detection system.at 20 ng/ml each. Plasmids and pU76-16B were injected at 50 ng/
The sequences of the probes used for testing CES-2 binding were:ml each. For characterization of the ces-1(gf) phenotype induced by
optimal, ATTACGTAAT; mutant, AACACGTGTT; site in ces-1, 59a ces-1 transgene, we injected animals of the genotype unc-76(e911)
RTATGATGTAAC (where R is G for the wild-type site, and R is A forwith pU76-16B with and without the ces-1 minimal rescuing frag-
the ces-1 gain-of-function site).ment pMM#5. We established and scored these transgenic lines

at 208.
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