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The C. elegans homolog of the p53 tumor suppressor is required
for DNA damage-induced apoptosis
Bjorn Schumacher*, Kay Hofmann®, Simon Boulton* and Anton Gartner*

In mammals, one of the key regulators necessary for
responding to genotoxic stress is the p53
transcription factor. p53 is the single most commonly
mutated tumor suppressor gene in human cancers
[1]. Here we report the identification of a C. elegans
homolog of mammalian p53. Using RNAi and DNA
cosuppression technology, we show that C. elegans
p53 (cep-1) is required for DNA damage-induced
apoptosis in the C. elegans germline. However,
cep-1 RNAi does not affect programmed cell death
occurring during worm development and
physiological (radiation-independent) germ cell
death. The DNA binding domain of CEP-1 is related
to vertebrate p53 members and possesses the
conserved residues most frequently mutated in
human tumors. Consistent with this, CEP-1 acts as

a transcription factor and is able to activate a
transcriptional reporter containing consensus
human p53 binding sites. Our data support the
notion that p53-mediated transcriptional regulation
is part of an ancestral pathway mediating DNA
damage-induced apoptosis and reveals C. elegans
as a genetically tractable model organism for
studying the p53 apoptotic pathway.
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Results and discussion

Identification of a C. elegans p53 homolog

Studies focusing on programmed cell death during embry-
onic and larval development in C. elegans have been instru-
mental in elucidating the conserved core apoptotic path-
way that involves the ¢g/-/ (BH-3 domain protein), ced-9
(BCL-2 homolog), ced-#4 (Apaf-1 homolog), and ced-3 (cas-
pase) genes [2]. More recently, it was realized that pro-

grammed cell death also occurs in the C. elegans germline.
Three different, genetically separable pathways leading
to germ cell apoptosis have so far been described. Physio-
logical germ cell death is independent of external stimuli
and is needed for maintaining germline tissue homeostasis
[3]. Furthermore, some bacterial pathogens trigger the
activation of germ cell death [4]. Finally, genotoxic stress
was shown to result in the induction of germ cell apoptosis
and mitotic germ cell cycle arrest [5].

A specific effector of radiation-induced apoptosis has not
been identified in C. elegans. The fact that the completion
of the C. elegans genomic sequence failed to reveal any
obvious worm p53 homolog led to the initial notion that
p53 might be confined to the vertebrate lineage [6]. How-
ever, this notion was recently challenged by the discovery
of a functional Drosophila p5S3 homolog [7, 8]. Assuming
that the C. elegans p53 open reading frame (ORF) might
have eluded previous BLAST searches due to an error in
C. elegans pS53 gene prediction or as a result of the gene
being highly divergent from its vertebrate and Drosophila
counterparts, we carefully searched for a worm p53 homo-
log. Sensitive database searches, such as those using gen-
eralized profiles [9], allow the reliable detection of more
subtle sequence relationships [10]. In order to search the
C. elegans genome for distant p53 family members, we
constructed a series of profiles from a multiple alignment
of accepted members of the p53 family (p53 of human,
mouse, hamster, chicken, Xenzopus, trout, squid, and mus-
sel, as well as human p63 and p73). Profiles constructed
from the whole sequences, as well as those constructed
from the DNA binding region, identified a highly signifi-
cant relationship (error probability, p < 0.01) to the C.
elegans predicted ORF F52B5.5 that possesses a region
distinctly related to the DNA binding domain of p53 (see
below). We did not find any other p53 family-related
sequences in the C. elegans genome. To confirm that this
OREF is indeed expressed (there is no EST reported for
F52B5.5) and to identify the correct cDNA sequence, we
wished to identify the full-length cDNA clone of F52B5.5.
Most of C. elegans transcripts are trans-spliced to a 5’ leader
SL-1 or SL-2 sequence [11]. To identify the full-length
cep-1 ORF, we designed oligonucleotides corresponding
to either SL-1 or SL-2 sequences and internal F52B5.5
primers for PCR amplification from worm ¢cDNA. Using
SL-1 primers, we obtained a 1.9 kb ¢cDNA that corre-
sponds to the predicted genes F52B5.4 and F52B5.5 and
gives rise to a putative 645 amino acid (aa) protein (Figure
la; we did not obtain any cDNA with SL-2 primers).

We used this putative 645 aa protein termed CEP-1 and
aligned it with known members of the p53 family (Figure



1b). The detectable evolutionary conservation of C. elegans
p53 is mostly limited to the regions involved in DNA
binding (conserved regions [I-V in Figure 1b). Compari-
son of CEP-1 with human p53 indicates that residues
critical for DNA binding, as revealed in the three-dimen-
sional structure of p53 bound to DNA, are conserved in
C. elegans [12]. Five out of eight amino acids implicated
in DNA binding are also conserved, and an additional one
is similar (indicated by “D” in Figure 1b). Moreover, out
of the six amino acid residues that are most frequently
mutated in cancer, two are conserved and two are substi-
tuted by similar amino acids (indicated by an asterisk in
Figure 1b [13]). The two conserved amino acids R248
and R273 are by far the most frequently mutated residues
and account for more than 20% of tumor-associated p53
mutations. [13]. Finally, all four residues implicated in
Zn binding are conserved (indicated by “Z” in Figure
1b) [12]. Although they were weakly conserved, we found
two potential phosphorylation sites (SQ) corresponding
to serine 15 and serine 37 of human p53. These sites are
implicated in DNA damage-dependent activation of p53
at the N terminus [14, 15] The one related to serine 15
(CEP-1 S20) lies in a conserved region (PDSQ[D/E]) (not
shown). At the C terminus of CEP-1, we also found a small
but distinct amino acid conservation at the tetramerization
domain (indicated by “tet” in Figure 1b) [16]. However,
there appears to be no obvious acidic domain characteristic
for the human transactivation domain.

CEP-1 is a transcription factor

Given that the transcriptional activity of p53 is essential
for its function in vertebrates, we wished to determine
whether CEP-1 could act as a transcription factor. To test
if CEP-1 can intrinsically activate transcription, we cloned
the full-length CEP-1 ORF in frame with the Gal4 DNA
binding domain. This fusion protein was scored for its
ability to activate a LLacZ transcriptional reporter construct
behind a yeast promoter containing Gal4 DNA binding
sites. CEP-1 was found to possess an intrinsic transcrip-
tional activity that maps to the N terminus and that is
equivalent to that observed for the transcription factors
BAR-1 and human p53, suggesting that CEP-1 can act as
a transcription factor (Figure 2a). To determine whether
CEP-1 could activate transcription from a promoter con-
taining consensus human p53 DNA binding sites, we ex-
pressed CEP-1 in yeast containing pSS1, a p53 transcrip-
tional reporter construct (Figure 3b; [17]). CEP-1, like its
human counterpart, was found to activate transcription of
the pSS1 reporter. Transcription of this reporter allowed
growth on media lacking histidine (Figure 3c). These
observations indicate that the DNA binding specificity
of CEP-1 and human p53 are conserved and suggest that
endogenous (. ¢legans promoters containing p53 binding
elements may respond to CEP-1 in vivo.

cep-1 is specifically required for DNA damage-induced
programmed cell death

To determine whether the sequence conservation of C.
elegans p53 and human p53 reflects a conserved function,
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we inactivated c¢ep-/ and analyzed the effect on pro-
grammed cell death. As shown previously, DNA damage
activates a conserved DNA damage response pathway
that induces both cell cycle arrest of mitotic germ cells
and apoptosis of meiotic pachytene cells in the C. elegans
germline [5]. To assess whether cep-/ functions in the
DNA damage response, we inactivated cep-1/ by “RNAi
feeding.” RNA interference (RNAI) leads to specific inhi-
bition of targeted genes and has been used to inactivate
genes on a genome-wide scale [18-20]. For inhibiting
genes involved in post-embryonic processes, the RNAi
feeding technique is most effective [18]. Worms are fed
for several generations on bacteria that express double-
stranded RNA corresponding to a gene of choice, and
defects can be analyzed in the F1, F2, and F3 generations
[18, 20]. We validated this approach by inactivating the
cell death genes ced-3 and ced-4 by RNAL In both cases,
germ cell death was completely abrogated (Figure 3b, data
not shown). RNAIi feeding with ¢ep-7 lead to a complete
inactivation of radiation-induced germ cell death in worms
that were treated with increasing dosages of irradiation
(Figure 3a,b). To determine whether this effect was spe-
cific to radiation-induced germ cell death, we also scored
for the level of germ cell apoptosis in unirradiated cep-1
RNAi-treated animals (Figure 3b). Physiological germ cell
death is genetically distinct from radiation-induced cell
death and manifests itself by the presence of 0—4 corpses
per germline bend atany given time in unirradiated worms
[3]. Because we did not observe a significant reduction
of physiological germ cell death (0.4 * 0.5, n = 14 and
0.9 = 1.0, n = 16 corpses 36 hr post L4 larval stage
in cep-1 and gfp RNAI, respectively), we conclude that
radiation-induced apoptosis is specifically affected in the
germline.

The second response to the presence of DNA damage in
the C. elegans germline is a transient cell cycle arrest.
Mitotic cells in the distal arm of the C. elegans germline
transiently halt cell proliferation after irradiation but con-
tinue to grow, as indicated by a decrease in cell number
and an enlargement of cellular and nuclear size [5]. The
checkpoint mutants mr#-2(e2663) and rad-5(mni59) are
defective in this response [5]. Surprisingly, RNAi feeding
of cep-1 did not affect cell cycle arrest after irradiation, as
demonstrated by the fact that mitotic germ cells from
cep-1 RNAI worms responded to irradiation comparably
to the wild-type (gfp control RNAi; Figure Sla in the
Supplementary material available with this article online).
It is therefore conceivable that Cep-1 is dispensable for
DNA damage-induced cell cycle arrest. However, since
no cytological markers for various cell cycle phases are
currently available, we cannot exclude the possibility that
Cep-1 might only be required for a G1/S checkpoint. In
the type of experiment performed here, cells defective
for cep-1 might still arrest the cell cycle at a G2/M check-
point and appear to respond to DNA damage in a wild-
type manner.
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Figure 1
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CEP-1 is a transcription factor. (a) CEP-1 acts as a transcriptional
activator. We introduced various Gal4 DNA binding domain fusions
into yeast and measured transcriptional activation by determining
B-Gal activity. (b) pSS1 p53 reporter construct. (¢) Human and C.
elegans p53 recognize the same consensus p53 binding site.
p415ADH, p415ADH-BAR-1, p415ADH-human p53, and p415ADH-
CEP-1 were introduced into yeast strains containing the pSS1
reporter (human p53 binding sites). Transcriptional activation of the
reporter was determined by the ability of yeast strains to grow in the
absence of histidine. A derivative of the pSS1 reporter construct
lacking the p53 binding site did not support growth in the absence
of histidine (S.B., unpublished observation).

To confirm that the inactivation of ¢gp-7 leads to an inhibi-
tion of radiation-induced cell death, we used a second,
independent method to inactivate cgp-/ in the germline.
DNA cosuppression is based on the observation that high
copy number expression of a gene leads to specific inacti-
vation of this gene in the germline [21, 22]. This effect,
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which genetically partially overlaps with the RNAi phe-
nomenon, is presumably due to the formation of double-
stranded RNAIi due to transcription from copies of the
transgene oriented in opposite directions [21, 22]. We
therefore generated transgenic worm lines that contained
the pRF-4 roller marker as well as a high concentration
of cep-1 (promoter and first three exons). Upon the irradia-
tion of cep-1 cosuppression lines, we confirmed the results
of our previous RNAi experiments; radiation-induced cell
cycle arrest was maintained, whereas radiation-induced
pachytene cell apoptosis was completely abrogated (Fig-
ure 3c¢; data not shown).

We next wished to determine whether RNAi of ¢ep-1
would affect somatic cell death. In order to score for de-
fects in somatic cell death, we scored the number of
corpses in the anterior part of young L1 larvae of a ced-
1(e1935) corpse engulfment-defective strain (Figure S1b
in the Supplementary material). During embryonic and
larval development, 131 cells die by programmed cell
death and are consequently engulfed by neighboring cells.
In a ced-1(e1935) mutant, corpse engulfment is partially
blocked, and therefore some corpses persist in the L1
larvae [23, 24]. cep-1 RNAI resulted in the same number
of persistent corpses in ced-1(el935) larvae, whereas RNAi
of ced-3 lead to an 80% reduction of somatic programmed
cell death in this assay (Figure S1b in the Supplementary
material). We thus conclude that, consistent with p53
function in stress-induced apoptosis in mammals, cgp-/
may specifically affect radiation-induced germ cell death.

We cannot exclude the possibility that a genetic cep-1
knockout would reveal additional phenotypes unrelated
to DNA damage-induced apoptosis. However, several
lines of evidence argue that, in our RNAi experiments,
cep-1 function was completely abrogated. We could con-
firm the results by using DNA cosuppression. Secondly,
the inhibition of radiation-induced programmed cell death
was complete and matched the reduction observed in the
mrt-2(e2663) loss-of-function mutant [5].

In conclusion, we have identified a functional C. elegans
homolog of p53 that is required for radiation-induced apo-
ptosis. While CEP-1 is most closely related to Drosophila
p53, the sequence similarity is subtle (<20% identity)
and is not revealed by conventional sequence comparison
methods such as BLAST [25]. Functional conservation at
such a low level of sequence similarity underscores the

(a) Predicted amino acid sequence of cep-1. (b) A profile-guided
alignment of CEP-1 with other established members of the p53
family. Residues that interact with DNA in human p53 are marked with
“D,” those involved in Zn binding are marked with “Z,” and those
most frequently mutated in cancers are marked with an asterisk. The
evolutionarily conserved regions II-1V and the tetramerization domain
(tet) are indicated [16]. Abbreviations used are as follows: lolfo, Loligo

forbes (northern European squid); mesau, Mesocricetus auratus
(golden hampster); and myaar, Mya arenaria (mussle). (c) Neighbor-
joining dendrogram of the p53 family. Overall, the dendrogram reflects
the evolutionary relationships of the organisms involved. Obvious
exceptions are p63 and p73, which have arisen from gene duplication
events. CEP-1 robustly clusters with the Drosophila sequence (1000
out of 1000 bootstrap trials).
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cep-1 is specifically required for DNA damage-induced apoptosis. (a)
A Nomarski picture showing the pachytene section of the germline
was taken 36 hr after 60 Gray irradiation. Corpses are indicated by
arrows. Unrelated gfp sequence was used as control RNAi. (b) Germ

h post irradiation

h post irradiation

cell corpses were counted at different time points after irradiation. (c)
cep-1RNAI phenotype is mimicked by cosuppression. 50 ng/pul

cep-1 was coinjected with 50 ng/pl pRF-4 rol-6 marker. Germ cell
apoptosis was scored 36 hr post irradiation.

potential of the generalized-profile method for the detec-
tion of homologs in distantly related model organisms
[9]. Our experimental findings support the notion of an
ancient function for p53 in DNA damage-induced apo-
ptosis [7, 8]. As is the case in Drosophila, cep-1 function
impinges on radiation-induced programmed cell death
but not on radiation-induced cell cycle arrest. It is likely
that this ancient p53-dependent pro-apoptotic function
depends on the transcriptional activation of target genes
that act on the core apoptotic pathway. It will be interest-
ing to determine those targets in C. elegans. It is noteworthy
that p53 is highly expressed in the germlines of flies,
clams, and mammals [8, 26]. Here we report that cep-/
function is required for DNA damage-induced germ cell
death in the C. elegans germline. It is thus worth speculat-
ing about the selective advantage conferred by p53 ex-

pression in the germline. In adult C. elegans hermaphro-
dites, the germline is the only proliferative tissue, and
approximately two thirds of embryonic cell division occurs
within the very first hours after fertilization, apparently
without any DNA damage checkpoints. To guard its prog-
eny from acquiring deleterious mutations, it would seem
advantageous to install sensitive DNA damage check-
points in the germline. In C. elegans this is achieved by
making only meiotic pachytene cells competent to die
by DNA damage-induced apoptosis. Given that meiotic
recombination is being completed in the pachytene stage,
this checkpoint also guards from mistakes that may arise
when SPO-11-induced double-strand breaks required to
initiate the meiotic recombination process are left unpro-
cessed. In light of this, it is interesting that the absence
of mouse p53 leads to a reduced amount of germ cell



apoptosis, which results in a high frequency of abnormal
sperm [27, 28]. Thus, p53 may have an important and
conserved role in maintaining the fidelity of germ cells
by the elimination of compromised cells. Many important
cellular pathways have been identified by genetic meth-
ods in C. elegans. 'The study of the worm p53 pathway
is likely to provide new insights into mammalian p53
regulation.

Acknowledgements

We thank members of the Gartner and Vidal labs for helpful discussions.
We thank Ludgar Hengst, Dan Hoeppner, David Lydall, Francis Barr, and
Erich Nigg for helpful discussions and for comments concerning the manu-
script. Work was supported by the Max Planck Society (Erich Nigg) and by
a Deutsche Forschungsgemeinschaft grant 703/1-1 to A.G. We thank Erich
Nigg (Director of the Department for Cell Biology) for providing generous
start-up facilities.

References

1. Hussain SP, Harris CC: Molecular epidemiology and
carcinogenesis: endogenous and exogenous carcinogens.
Mutat Res 2000, 462:311-322.

2. Horvitz HR: Genetic control of programmed cell death in the
nematode Caenorhabditis elegans. Cancer Res 1999,
59:1701s-1706s.

3. Gumienny TL, Lambie E, Hartwieg E, Horvitz HR, Hengartner MO:
Genetic control of programmed cell death in the
Caenorhabditis elegans hermaphrodite germline.
Development 1999, 126:1011-1022.

4. Aballay A, Ausubel FM: Programmed cell death mediated by
ced-3 and ced-4 protects Caenorhabditis elegans from
Salmonella typhimurium-mediated killing. Proc Nat/ Acad Sci
USA 2001, 98:2735-2739.

5. Gartner A, Milstein S, Ahmed S, Hodgkin J, Hengartner MO: A
conserved checkpoint pathway mediates DNA damage-
induced apoptosis and cell cycle arrest in C. elegans. Mol Cell
2000, 5:435-443.

6. The C. elegans Sequencing Consortium: Genome sequence of
the nematode C. elegans: a platform for investigating
biology. Science 1998, 282:2012-2018.

7. Brodsky MH, Nordstrom W, Tsang G, Kwan E, Rubin GM, Abrams
JM: Drosophila p53 binds a damage response element at
the reaper locus. Cel/l 2000, 101:103-113.

8. Ollmann M, Young LM, Di Como ClJ, Karim F, Belvin M, Robertson
S, et al.: Drosophila p53 is a structural and functional
homolog of the tumor suppressor p53. Ce// 2000, 101:91-101.

9. Bucher P, Karplus K, Moeri N, Hofmann K: A flexible motif search
technique based on generalized profiles. Comput Chem
1996, 20:3-23.

10. Hofmann K: Sensitive protein comparisons with profiles and
Hidden Markov Models. Brief Bioinform 2000, 1:167-178.

11. Hirsh D, Huang XY: Trans-splicing and SL RNAs in C. elegans.
Mol Biol Rep 1990, 14:115.

12. Cho Y, Gorina S, Jeffrey PD, Pavletich NP: Crystal structure of a
p53 tumor suppressor-DNA complex: understanding
tumorigenic mutations. Science 1994, 265:346-355.

13. Roemer K: Mutant p53: gain-of-function oncoproteins and
wild-type p53 inactivators. Bio/ Chem 1999, 380:879-887.

14. Shieh SY, lkeda M, Taya Y, Prives C: DNA damage-induced
phosphorylation of p53 alleviates inhibition by MDM2. Cel//
1997, 91:325-334.

15. Tibbetts RS, Brumbaugh KM, Williams JM, Sarkaria JN, Cliby WA,
Shieh SY, et al.: A role for ATR in the DNA damage-induced
phosphorylation of p53. Genes Dev 1999, 13:152-157.

16. Soussi T, May P: Structural aspects of the p53 protein in relation
to gene evolution: a second look. J Mo/ Biol 1996, 260:623-
637.

17. lIshioka C, Frebourg T, Yan YX, Vidal M, Friend SH, Schmidt S, et
al.: Screening patients for heterozygous p53 mutations
using a functional assay in yeast. Nat Genet 1993, 5:124-129.

18. Fraser AG, Kamath RS, Zipperlen P, Martinez-Campos M, Sohrmann
M, Ahringer J: Functional genomic analysis of C. elegans
chromosome | by systematic RNA interference. Nature 2000,
408:325-330.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Brief Communication 1727

Gonczy P, Echeverri G, Oegema K, Coulson A, Jones SJ, Copley
RR, et al.: Functional genomic analysis of cell division in C.
elegans using RNAi of genes on chromosome lll. Nature 2000,
408:331-336.

Timmons L, Court DL, Fire A: Ingestion of bacterially expressed
dsRNAs can produce specific and potent genetic
interference in Caenorhabditis elegans. Gene 2001, 263:103-
112.

Ketting RF, Plasterk RH: A genetic link between co-suppression
and RNA interference in C. elegans. Nature 2000, 404:296-
298.

Dernburg AF, Zalevsky J, Colaiacovo MP, Villeneuve AM: Transgene-
mediated cosuppression in the C. elegans germ line. Genes
Dev 2000, 14:1578-1583.

Hengartner MO, Ellis RE, Horvitz HR: Caenorhabditis elegans
gene ced-9 protects cells from programmed cell death.
Nature 1992, 356:494-499.

Zhou Z, Hartwieg E, Horvitz HR: CED-1 is a transmembrane
receptor that mediates cell corpse engulfment in C. elegans.
Cell 2001, 104:43-56.

Altschul SF, Koonin EV: Iterated profile searches with PSI-
BLAST-a tool for discovery in protein databases. Trends
Biochem Sci 1998, 23:444-447.

Hall PA, Lane DP: Tumor suppressors: a developing role for
p53? Curr Biol 1997, 7:R144-R147.

Beumer TL, Roepers-Gajadien HL, Gademan IS, van Buul PP, Gil-
Gomez G, Rutgers DH, et al.: The role of the tumor suppressor
p53 in spermatogenesis. Cell Death Differ 1998, 5:669-677.

Yin Y, Stahl BC, DeWolf WC, Morgentaler A: p53-mediated germ
cell quality control in spermatogenesis. Dev Bio/ 1998,
204:165-171.



