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The origin of the p53 superfamily predates animal evolution and first appears in unicellular
Flagellates. Invertebrate p53 superfamily members appear to have a p63-like domain struc-
ture, which seems to be evolutionarily ancient. The radiation into p53, p63, and p73 proteins
is a vertebrate invention. In invertebrate models amenable to genetic analysis p53 superfam-
ily members mainly act in apoptosis regulation in response to genotoxic agents and do not
have overt developmental functions. We summarize the literature on cnidarian and
mollusc p53 superfamily members and focus on the function and regulation of Drosophila
melanogaster and Caenorhabditis elegans p53 superfamily members in triggering apoptosis.
Furthermore, we examine the emerging evidence showing that invertebrate p53 superfamily
proteins also have functions unrelated to apoptosis, such as DNA repair, cell cycle check-
point responses, compensatory proliferation, aging, autophagy, and innate immunity.

The vertebrate p53 family of proteins consists
of three members, p53, p63, and p73. p53

has received considerable attention because of
the fact that it is mutated in approximately
50% of all human cancers and plays an impor-
tant role in protecting cells against DNA
damage and cellular stressors. p63 and p73 on
the other hand, seem to be less involved in
tumorigenesis but play important roles in epi-
thelial development and neurogenesis, respec-
tively. p53 related sequences also exist in
invertebrate species. We review the functional
data on invertebrate p53 superfamily proteins,

largely focusing on the model organisms, Cae-
norhabditis elegans and Drosophila melanogaster.
Invertebrate p53 superfamily members act in
apoptosis regulation in response to genotoxic
agents and the deletion of invertebrate p53
superfamily proteins does not lead to overall
developmental defects. Nevertheless, there is
emerging evidence that invertebrate p53-like
proteins also have functions unrelated to
apoptosis.

There has been a debate whether invertebrate
p53 superfamily proteins are phylogenetically
more related to vertebrate p53 or p63. Taking
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advantage of recent genome sequencing proj-
ects, we analyze the phylogenetic relationships
of the p53 superfamily from vertebrates and
invertebrates. Consistent with previous reports,
our phylogenetic analysis supports the conclu-
sion that a p63-like domain structure is evolu-
tionarily more ancient. It thus appears that a
protein with a p63-like domain structure origi-
nally evolved, possibly to mediate apoptosis of
damaged cells. In vertebrates, this earlier role
of p53-like proteins is largely performed by
p53. However, it appears that p63 has main-
tained the evolutionary ancient role of apopto-
sis in the female germline (Suh et al. 2006)

PHYLOGENETIC RELATIONSHIP OF
INVERTEBRATE P53 FAMILY PROTEINS

A host of recent genome sequencing projects
allows for a comprehensive analysis of the
evolutionary origins and phylogenetic relation-
ships of the p53 superfamily, which includes all
the sequences in vertebrates and invertebrates
that are related to the vertebrate p53 protein
(Fig 1). The most ancient of the p53 superfamily
proteins can be found in Choanozoans, single
celled organisms thought to have preceded ani-
mal evolution. Monosiga brevicollis (Mb) en-
codes two p53 superfamily members whereas
Capsaspora owczarzaki contains one (Nedelcu
and Tan 2007; King et al. 2008; Broad Institute,
ongoing sequencing project). Choanozoa, to-
gether with animals, fungi, and Microsporidia,
are part of the Opisthokonts, which is one of
the eight major groups of eukaryotes (for
review see Baldauf 2003). Using sensitive profile
searches we could not find any p53 superfamily
member within fungi or in any other group
besides Opisthokonts. Within Choanozoans
Capsaspora owczarzaki appears to be the more
ancient species, preceding Choanoflagellates
(Monosigia) and animals (Shalchian-Tabrizi
et al. 2008).We could not confirm a previously
reported Entamoeba histolytica p53 homolog
(Mendoza et al. 2003), which would have indi-
cated conservation of p53 extending to the
group of the Discicristates. Thus, as family
members of most of the eight major groups of
eukaryotes, including plants, are sequenced it

appears likely that the p53 superfamily mem-
bers are only encoded in Opisthokonts. Within
the Opisthokonts a p53 superfamily protein
appears to have first arisen in Choanozoa but
not in Fungi (data not shown). We expect that
further p53 family members will be identified
in the Broad Institute sequencing project focus-
ing on species at the boundary between animals
and fungi.

Within animals p53 superfamily sequences
are encoded in almost all sequenced genomes
and one or more p53 superfamily sequences
are apparent in basal animals with radial sym-
metry, which include the cnidaria (corals, sea
anemones, and jellyfish) and placozoa. The
starlet sea anemone Nematostella vectensis (Nv)
encodes for three p53 superfamily proteins.
We also found three p53-like sequences in
Hydra that appear to be incorrectly assembled
so we have not included them in our phyloge-
netic analysis (not shown). The placozoa
Trichoplax adherens (Ta) encodes for one p53-
like protein. Trichoplax is representative of a
basal eumetazoan lineage (all animal clades
except sponges) that diverged before the separa-
tion of cnidarians and bilaterians (Srivastava
et al. 2008).

At least one p53 family member is encoded
in insects, nematodes, and the echinoderm,
Strongylocentrotus purpuratus (Sp). The analysis
of genomic data of multiple species within
insects and nematodes shows that, at least
within these groups, the p53 superfamily pro-
teins appear to have rapidly evolved.

Within the superphylum Lophotrochozoa
(annelids, leeches, and molluscs) most p53
superfamily members cluster together as ex-
pected from the phylogenetic relationship of
these species. We found two p53 superfamily
members in the leech, Helobdella robusta (Hr)
and one p53 superfamily member each encoded
in the annelid worm, Capitella (Cp) and in var-
ious molluscs including the cephalopod, Loligo
forbesi (Lf ), the bivalves, Mya arenaria (Ma)
and Mytilus edulis (Me), and the gastropod,
(snails and slugs) Lottia gigantea (Lg).

Analyzing the phylogenetic relationships of
p53 superfamily members clearly supports pre-
vious literature that argue that all vertebrate
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p53, p63, and p73 proteins form a monophy-
letic group distinct from invertebrate p53 super-
family members (Fig. 1) (Nedelcu and Tan 2007;
Pintus et al. 2007; Fernandes and Atchley 2008).
This radiation of p53, p63, and p73 proteins
seems to have occurred only in the vertebrate
lineage as sequenced non vertebrate chordates
such as the cephalochordate Florida lancelet,
Brachistoma floridae (Bf ) and the two urochor-
dates, Ciona intestinalis (Cs, sea squirt) and
Ciona savignyi (Cs) only contain two p53 super-
family members that don’t cluster with the

vertebrate proteins. It is likely that the radiation
into three distinct vertebrate proteins occurred
early in vertebrate evolution as we found evi-
dence for distinct p53- and p63-like sequences
in shark and ray EST databases. These genomes
represent cartilaginous fish, which are consid-
ered to be the most basal group of vertebrates.

Based on sequence similarity, Drosophila
(Dm), C. elegans (Ce), and Nematostella vecten-
sis (Nv) p53 superfamily genes appear closer to
the vertebrate p63 family than to the p53 family
(Derry et al. 2001; Schumacher et al. 2001;
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Figure 1. Phylogenetic tree of the p53 superfamily. Sequences corresponding to the conserved DNA binding
domain (Supplementary File 1) was used to generate an Unrooted Phylogenetic Tree using the Splits Tree 4
program (Huson and Bryant 2006). Full sequences and annotations can be found in Supplementary File
2. Abbreviations used are: Ag, Anopheles gambiae; Ap, Apisum; Bf, Branchiostoma floridae, (Amphioxus); Cbr,
Caenorhabditis brenneri; Cbri, Caenorhabditis briggsae; Ce, Caenorhabditis elegans; Ci, Ciona intestinalis; Co,
Capsaspora owczarzaki, Cp, Capitella sp; Cq, Culex quinquefasciatus; Cre, Caenorhabditis remanei; Cs, Ciona
savignyi; Dp, Daphina pulex; Dm, Drosophila melanogaster; Dr, Danio rerio (Zebrafish); Hr, Helobdella
robusta; Hs, Homo sapiens; Lf, Loligo forbesi; Lg Lottia gigantea; Ma, Mya arenaria; Mb, Monosiga brevicollis;
Me Mytilus edulis; Nav, Nasonia vitripennes; Nv, Nematostella vectensis; Ph, Pediculus humanus; Pp
Pristionchus pacificus; shark (Elephant shark); Little skate (Leucoraja erinacea); Strongylocentrotus purpuratus;
Ta, Trichoplax sp; Tc, Tribolium castaneum; Tp, Trichonella sp.
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Suh et al. 2006). This conclusion is further sup-
ported by the presence of a carboxy-terminal
SAM domain in many invertebrate p53 super-
family proteins (Fig. 1). This protein interac-
tion domain is found in all vertebrate p63-like
proteins but is absent in p53-like proteins. Ini-
tially this domain was missed in the identifica-
tion of the C. elegans p53 superfamily gene
cep-1 (C. elegans p53-like) but became clear in
structural studies on CEP-1 (Ou et al. 2007)
and can now be detected in most nematode
p53 superfamily genes using improved search
algorithms. A SAM domain is also found in
the carboxyl terminus of one of the two Mono-
siga brevicollis (Mb) superfamily genes and in
the Capsaspora owczarzaki (Co) p53 superfam-
ily gene. Gene predictions for the second Mono-
siga p53 superfamily gene are likely to be
incomplete and might miss such a domain.
Thus, given the occurrence of p53 superfamily
genes with an amino-terminal tetramerization
domain, a central DNA binding domain, as
well as a carboxy-terminal SAM domain in
Choanozoa and in early invertebrate lineages,
it is likely that a p63-like protein structure is
evolutionarily ancient and has been preserved
in mollusc p53 superfamily sequences and in
vertebrate p63. The absence of a SAM domain
in other invertebrate species could be because
of its loss in some lineages, such as in insects
where p53 superfamily genes from all species
we analysed did not contain a SAM domain,
or not being identified because of incomplete
gene predictions or significant divergence.

THE FUNCTION OF P53 SUPERFAMILY
MEMBERS IN EARLY ANIMALS

Although we and others have been able to iden-
tify p53 superfamily proteins in the genomes of
many animals and the choanoa (Fig. 1) (Nedelcu
and Tan 2007; Pintus et al. 2007; Fernandes and
Atchley 2008) data on the molecular character-
ization or function of most of these proteins are
lacking. Apart from studies in the commonly
used model organisms D. melanogaster and
C. elegans, published data on p53-superfamily
proteins is limited to the starlet sea anemone
Nematostella vectensis and to various molluscs.

Within the Nematostella vectensis genome
there are three p53 superfamily proteins
(Nedelcu and Tan 2007; Pankow and Bamberger
2007). One of the proteins, Nvp63, appears to
be required for apoptosis in early gametes fol-
lowing UV radiation as siRNA knockdown in
adult N. vectensis polyps resulted in fewer apop-
totic germ cells following treatment (Pankow
and Bamberger 2007). Recombinant Nvp63
can bind to a consensus p53 element in vitro
and Nvp63 transfection can induce a p53 tran-
scriptional reporter in a UV dose dependent
manner. Similar to human p63, removal of the
last 34 amino acids in the carboxyl terminus
of Nvp63 resulted in increased transcriptional
activity showing that Nvp63 also contains
a transactivation inhibitory domain (TID).
Together these data show that Nvp63 acts to
eliminate damaged germ cells. Currently there
are no data published on the roles of NvpVS53
or NvpEC53. Originally NvpEC53 was reported
to be more related to p53 superfamily proteins
from Ecdysozoa, a group that includes insects
and nematodes (Pankow and Bamberger
2007) but this conclusion is not supported by
our phylogenetic analysis (Fig. 1).

p53 SUPERFAMILY ISOFORMS AND
FUNCTION IN MOLLUSCS

p53 superfamily coding sequences have been
published for six mollusc species, two in the
soft-shell clam Mya arenaria (Kelley et al.
2001), five each for the mussels Mytilus edulis
and Mytilus trossulus, including the only known
deltaN isoforms in invertebrates (Muttray et al.
2005; Muttray et al. 2007), two in the Hawaiian
bobtail squid Euprymna scolopes (Goodson
et al. 2006), four in the surf clam Spisula solid-
issima (Jessen-Eller et al. 2002; Cox et al.
2003), and one in the Pacific oyster Crassostrea
gigas (Farcy et al. 2008). Interestingly, whereas
within some species a number of different pro-
teins have been identified, it appears that all iso-
forms may arise from alternate splicing as
regions that overlap between different proteins
from the same species are 100% identical as
seen in Mytilus trossulus and Mytilus edulis
(Muttray et al. 2007), Mya arenaria (Kelley
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et al. 2001), Euprymna scolopes (Goodson et al.
2006), and possibly S. solidissima (Jessen-Eller
et al. 2002).

At present only correlative evidence for func-
tional roles of mollusc p53 superfamily proteins
exist. In species in which developmental expres-
sion has been studied, such as S. solidissima
(Jessen-Eller et al. 2002), M. arenaria (Kelley
et al. 2001), and C. gigas (Farcy et al. 2008), it
has been observed that different p53 superfamily
isoforms are expressed at either different develop-
mental stages or tissues, indicating that they may
play different roles in normal development. A
possible role for p53 superfamily proteins in
developmentally controlled apoptosis has been
reported in the Hawaiian bobtail squid Euprymna
scolopes. This squid enters a symbiotic interaction
with the marine luminescent bacterium Vibrio
fischeri to form a light organ. Once the bacteria
have colonised the light organ a number of sym-
biont induced developmental changes occur
including the apoptosis of the cilliated epithelial
cells of the light organ. Given that at least three
p53 superfamily proteins are more abundant in
the nuclei of light organs from symbiotic animals
as compared with non symbiotic animals it was
postulated that the accumulation of p53 super-
family proteins may result in the apoptosis of
the cilliated epithelial cells (Goodson et al. 2006).

Evidence for a role for mollusc p53 superfam-
ily proteins in tumourigenesis arises from studies
in the mussels M. trossulus (bay mussel) and
Mytilus edulis (blue mussel) and the soft-shell
clam M. arenaria. Animals of all three species
develop a leukaemic like disease of the heamo-
cytes. Examination of leukaemic heamocytes
show differential up-regulation of p53 superfam-
ily isoforms in diseased compared with healthy
cells in M. trossulus (Muttray et al. 2008) or accu-
mulation of p53 superfamily proteins in the cyto-
plasm instead of the nucleus (as happens in
healthy cells) in M. arenaria (Kelley et al. 2001).

p53 SUPERFAMILY PROTEIN FUNCTION IN
DROSOPHILA MELANOGASTER

The sole p53 superfamily protein in D. mela-
nogaster (Dmp53) was initially identified by
three laboratories (Brodsky et al. 2000; Jin

et al. 2000; Ollmann et al. 2000). Conservation
with the mammalian p53 family is restricted
to the DNA binding domain. In accordance
with the conservation of the DNA binding
domain, Dmp53 can bind to DNA containing
p53 binding sequences (Jin et al. 2000; Ollmann
et al. 2000) and transcribe a p53 reporter con-
struct in Drosophila S2 cells (Brodsky et al.
2000; Jin et al. 2000). Yeast two-hybrid experi-
ments indicate that Dmp53 can oligomerize
and analytical ultracentrifugation and NMR
shows that Dmp53 forms a tetramer (Ou et al.
2007). The ability to oligomerize is important
to Dmp53 function as mutation of conserved
residues important for oligomerization of hu-
man p53 results in a dominant negative
Dmp53 protein (Brodsky et al. 2000; Jin et al.
2000; Ollmann et al. 2000).

Experiments performed with the dominant
negative Dmp53 and Dmp53 mutants indicated
that mutants are largely defective in inducing
apoptosis following DNA damage, whether it
be because of irradiation (Brodsky et al. 2000;
Ollmann et al. 2000; Lee et al. 2003; Sogame
et al. 2003), telomere loss (Titen and Golic
2008), or under- or re-replication stress in
mitotic cells (LaRocque et al. 2007; Mehrotra
et al. 2008). Flies lacking Dmp53 are viable
(Lee et al. 2003; Sogame et al. 2003) and do
not have an overt developmental defect, besides
a modest reduction in the apoptosis of primor-
dial germ cells (Yamada et al. 2008) possibly
because of a requirement for p53 in regulating
hid expression in these cells (Maezawa et al.
2009). Surprisingly, Dmp53 null flies still
undergo cell cycle arrest following irradiation.
This contrasts with vertebrate p53, which is
required for both cell cycle arrest and apoptosis
following DNA damage, but is similar to
C. elegans CEP-1, which also only seems to
play a role in apoptosis induction following ion-
izing irradiation (but is required for both cell
cycle arrest and apoptosis following UV irradi-
ation, see later).

Apoptosis in Drosophila requires at least five
activator genes, reaper, grim, hid, sickle and
jafrac2, known collectively as the RHG genes
(Hay and Guo 2006). These proteins act as
direct negative regulators of the Drosophila
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inhibitor of apoptosis (DIAP) protein. DIAP
inhibits apoptosis by directly binding to and
inducing the degradation of caspases needed
for apoptosis induction (Hay and Guo 2006).
reaper is one known target of Dmp53 in apop-
tosis induction. In its promoter there is a
150 bp radiation responsive cis-element that
contains a Dmp53 binding site (Brodsky et al.
2000). Dmp53 null flies fail to activate a
reporter containing this enhancer element
(Sogame et al. 2003) and also fail to up-regulate
reaper mRNA following irradiation (Lee et al.
2003; Sogame et al. 2003). Although reaper
appears to be the main Dmp53 target following
irradiation (Peterson et al. 2002) other DIAP
inhibitors such as sickle and hid are also depend-
ent on Dmp53 (Sogame et al. 2003; Akdemir
et al. 2007) implying that they may also play a
role. Furthermore, other proteins are likely to
contribute to Dmp53 induced apoptosis as
various studies have identified a small set of
genes that are IR responsive and Dmp53
dependent (Brodsky et al. 2004; Akdemir et al.
2007). Interestingly, these studies hint that
Dmp53 may also play a role in DNA repair as
the Ku70, Ku80, Mre11, and Rad50 DNA
double strand break repair genes have been
identified as likely Dmp53 targets (Brodsky
et al. 2004; Akdemir et al. 2007) and see later).
Transcriptional studies also highlight a possible
role for Dmp53 in regulating constitutive gene
expression. Approximately 880 genes were con-
sistently altered when non treated Dmp53 null
and wild type flies were compared (Akdemir
et al. 2007).

Another downstream pathway which appears
important for apoptosis induction by Dmp53 is
the Hippo pathway. Hippo (Hpo) is a MST
(Mammalian Sterile Twenty-like) kinase ortho-
logue which is activated by phosphorylation in
a Dmp53 dependent manner (Colombani et al.
2006). In the absence of a functional Hippo path-
way irradiation dependent apoptosis was greatly
reduced, indicating that in addition to the activ-
ities of the RHG proteins the Hippo pathway is
also required for proper apoptosis induction.

Dmp53 also seems to play non apoptotic
roles in certain tissues. In pupal retinas
Dmp53 actually protects cells from undergoing

apoptosis in response to UV irradiation, possi-
bly through activating a DNA repair-only
response (Jassim et al. 2003), which relates to
the finding that Dmp53 may transcribe DNA
repair genes discussed earlier. Other evidence
for a role for Dmp53 in DNA repair comes
from the observation, that unlike wildtype flies,
which show an increase in histone H3 acetyla-
tion on K9 and K14 following UV treatment,
Dmp53 null flies fail to induce K9 acetylation
and have lower levels of basal K14 acetylation
of histone H3 (Rebollar et al. 2006). Since
histone modification can facilitate DNA repair,
Dmp53, like human p53 (Allison and Milner
2003; Rubbi and Milner 2003), may affect
DNA repair by regulating chromatin modifica-
tion. Dmp53 also seems to regulate the cell cycle
downstream of SNF4 (the AMPK homolog) in
response to low ATP levels (Mandal et al.
2005). In addition, Dmp53 is required for com-
pensatory proliferation of ‘undead’ cells (in
which apoptosis is initiated but prevented by
the expression of the caspase inhibitor p35).
Dronc, via a non apoptotic mechanism, induces
the expression of Dmp53 mRNA resulting in a
positive feedback loop consisting of Dronc,
hid, and reaper which results in compensatory
proliferation (Wells et al. 2006). These other
roles of Dmp53 may help to explain why
Dmp53 null flies are more sensitive to DNA
damage, they either lack the ability to properly
repair the damage sustained and/or fail to
recover the lost or damaged cells by compensa-
tory proliferation.

Dmp53 also seems to be an important
mediator of lifespan. Dmp53 null flies or flies
expressing the dominant negative form in the
muscle or fat body have shortened lifespans,
whereas flies expressing the dominant negative
Dmp53 in neuronal cells have longer lives
(Bauer et al. 2005). Further studies have shown
that expression of dominant negative Dmp53
solely in the fourteen insulin producing cells
of the brain is sufficient for this observed
increase in lifespan and is thought to act by
inhibiting insulin signaling (Bauer et al. 2007).
Because the dominant negative protein prevents
the transcription of Dmp53 targets but is pre-
sumably still capable of carrying out possible
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nontranscriptional roles, it is unclear which
aspect of Dmp53 function is important in
mediating this increase in lifespan or even if it
is not because of a neomorphic role of the over-
expressed dominant negative mutant.

Like the mammalian p53 family, Drosophila
p53 plays an important role in decisions as to
whether to live or die and therefore must be
kept under strict control. So what are the mech-
anisms by which Dmp53 is held in check or acti-
vated when necessary? Chk2 is necessary for the
apoptotic response in Drosophila (Peters et al.
2002; Brodsky et al. 2004). Following DNA
damage Dmp53 is phosphorylated in a Chk2
dependent manner and this seems to regulate
the transcriptional activity of Dmp53 (Brodsky
et al. 2004). Human p53 is phosphorylated by
ATM, Chk1, and Chk2 on serines 15 and 37.
Mutation of serines in the homologous region
of Dmp53 showed that serine 4 appears to be
important in the up-regulation of Dmp53
activity by Chk2 (Peters et al. 2002). However,
whether Chk2 phosphorylates Dmp53 directly
or through an intermediatory kinase is un-
known. Interestingly, unlike mammalian p53,
Chk1 does not appear to have a role in regulat-
ing Dmp53 (Peters et al. 2002; Brodsky et al.
2004).

Other posttranslation modifications of
Dmp53 include sumoylation of lysines 26 and
302. Mutation of both lysines prevents sumoyla-
tion of Dmp53 and results in reduced transcrip-
tional activity in cells with reporter constructs
containing a p53 binding site or the cis-regula-
tory element from the reaper locus. Sumoylation
appears to be important for the transcriptional
activation of Dmp53 and apoptosis induction
as the expression of nonsumoylatable Dmp53
in contrast to wild-type Dmp53 could not rescue
the apoptosis induction defect of Dmp53 null
flies (Mauri et al. 2008). Although these findings
show that importance of Dmp53 sumoylation, it
is unclear what regulates the sumoylation of
Dmp53.

Dmp53 activity is also controlled by direct
binding of regulatory proteins. For example,
DLP is the homolog of Daxx, a known tran-
scriptional and cell signaling regulator and reg-
ulator of mammalian p53 (Gostissa et al. 2004;

Zhao et al. 2004). DLP binds to the carboxyl ter-
minus of Dmp53 and can act to repress Dmp53
mediated responses (Bodai et al. 2007), how-
ever, it is not clear whether it does so by regulat-
ing Dmp53 transcription or through some
other mechanism.

The identification of Drosophila p53 led to
both expected and unexpected results. As
expected it is required for apoptosis following
DNA damage and other cellular stressors but
surprisingly does not play a role in cell cycle
arrest. It is also becoming increasingly clear
that Dmp53 plays important non apoptotic
roles including DNA repair, compensatory pro-
liferation, and longevity.

p53 SUPERFAMILY PROTEIN FUNCTION IN
C. ELEGANS

CEP-1 is the sole p53 superfamily member in
C. elegans. Conservation was initially only evi-
dent in the DNA binding domain (Derry et al.
2001; Schumacher et al. 2001), however, subse-
quent biochemical and bioinformatic analysis
has identified an oligomerization and a SAM
domain (Ou et al. 2007). Interestingly, unlike
mammalian p53 family members or Drosophila
p53, CEP-1 only forms a dimer in solution. It is
possible that a tetramer may form on target pro-
moters, however, the presence of only a half p53
consensus binding site at the egl-1 promoter
(see later) argues that CEP-1 may indeed func-
tion as a dimer (Ou et al. 2007). Despite these
differences in oligomerization, CEP-1 can in-
duce transcription from a reporter containing
p53 binding sites (Schumacher et al. 2001)
and can bind the p53 target site in the p21 pro-
moter (Huyen et al. 2004), indicating that it is
functionally similar to p53. Despite high bind-
ing specificities toward human p53 consensus
elements, structural data indicate that CEP-1
may have several important differences in its
three dimensional structure compared with
human and mouse p53 proteins, in particular
in some of the residues that contact the DNA
bases and in the L1, L2, and L3 loops that are
involved in DNA and Zn binding and at this
stage it is difficult to reconcile the strong
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binding similarities of the two proteins with
their structures (Huyen et al. 2004).

Loss of CEP-1 function, achieved through
RNAi knockdown, mutation, or the expression
of a dominant negative protein lacking the DNA
binding domain, results in viable worms with-
out any overt developmental defects, including
no defects in somatic developmental apoptosis.
cep-1 loss of function only affects DNA damage
induced apoptosis occurring in female germ
cells after treatment with genotoxic agents
such as ionizing irradiation, UV light, or ENU
treatment (Derry et al. 2001; Schumacher
et al. 2001). In adult worms, the germline is
the only tissue that proliferates and responds
to DNA damage through arrest of mitotic cells
or apoptosis of pachytene stage meiotic cells.
Unlike human p53, worms lacking CEP-1 still
undergo normal cell cycle arrest in the mitotic
region following ionising irradiation and over-
expression of CEP-1 does not induce cell cycle
arrest at any stage of development. Interestingly,
CEP-1 is required for both apoptosis and cell
cycle arrest in the germline following UV irradi-
ation (Derry et al. 2007; Stergiou et al. 2007),
indicating that different stimuli result in differ-
ent CEP-1 dependent outcomes.

Like other p53 superfamily members CEP-1
acts as a transcription factor. Two well estab-
lished transcriptional targets of CEP-1 are the
BH3 only protein encoding genes egl-1 (Hof-
mann et al. 2002) and ced-13 (Schumacher
et al. 2005b). These BH3 only protein induce
apoptosis in worms by binding to the Bcl-2
homolog, CED-9, which normally holds the
Apaf-1 homolog CED-4 inactive. Binding of
EGL-1 to CED-9 releases CED-4, which can
then activate the caspase CED-3. The transcrip-
tion of both egl-1 and ced-13 is up-regulated fol-
lowing DNA damage in a cep-1 dependent
manner and both promoters contain p53 con-
sensus binding sites (Schumacher et al. 2005b;
Ou et al. 2007) although it has not yet been
directly tested whether CEP-1 binds at these
sites. These data suggest that CEP-1 is part of
a signaling cascade that triggers apoptosis
through the transcriptional induction of
BH3 domain only proteins, analogous to the
p53 dependent transcriptional induction of

mammalian PUMA and Noxa. Another possi-
ble target of CEP-1 that may specifically mediate
UV induced cell cycle arrest is phg-1 (Derry et al.
2007). However, this finding still has to be con-
firmed by analysis using a deletion mutant. In
addition, fasn-1, which encodes a fatty acid syn-
thase gene, has been identified as a potential
cep-1 target through an in silico approach look-
ing for genes with conserved p53 response ele-
ments between humans and worms (D’Erchia
et al. 2006). Whether these or other genes are
bona fide transcriptional targets of CEP-1
remains controversial at this stage. Microarray
experiments have attempted to identify further
CEP-1 transcriptional targets. Derry and col-
leagues using a single cep-1 allele found that
the transcription of a large number of genes is
regulated by cep-1 during normal development
and following UV irradiation (Derry et al.
2007). However, none of the DNA damage inde-
pendent cep-1 targets could be confirmed when
more sensitive Affymetrix arrays and two inde-
pendent cep-1 deletion alleles were used (Greiss
et al. 2008b). In this study the only genes whose
transcriptional induction was affected by both
cep-1 null mutants were egl-1 and ced-13 and
another, apparently nematode specific, gene
(Greiss et al. 2008b). Given the large number
of p53 family transcriptional targets in verte-
brates it would be surprising if CEP-1 were
only to be required for the transcriptional
induction of the BH3 only genes egl-1 and
ced-13.

We know very little about CEP-1 functions
unrelated to DNA damage responses. Neverthe-
less, the expression pattern of CEP-1 suggests
that such functions may exist. Apart from the
germline, CEP-1 is also expressed in late stage
oocytes, embryos, and pharynx cells. It is possi-
ble that CEP-1 impinges on cell cycle check-
points during embryogenesis, as its loss
suppressed the slowed embryonic cell divisions
occurring in clk-2 DNA damage checkpoint
mutants (Moser et al. 2009). It also appears
that cep-1 plays a role in mediating innate
immunity as cep-1 was required for the
increased pathogen resistance of mutants with
compromised nucleolar function (Fuhrman
et al. 2009).
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CEP-1 may also play a role in aging. cep-1
mutants or cep-1 RNAi treated worms have a
slight increase in lifespan that is dependent on
the daf-16 Foxo transcription factor (Arum
and Johnson 2007; Ventura et al. 2009). This
phenotype is, however, relatively weak com-
pared with strong worm longevity mutants
and such weak aging phenotypes are associated
with many C. elegans mutants. Nevertheless, the
life span extension phenotype associated with
cep-1 mutants appears to involve autophagy as
it is dependent on beclin (Tavernarakis et al.
2008) and loss of cep-1 results in up-regulation
of LGG-1, the worm homolog of LC3 (Tasdemir
et al. 2008). However, in contradiction to the
earlier studies, cep-1 (RNAi) suppresses the
increase in lifespan due to partial loss of func-
tion of the nonsense mediated decay protein
SMG-1 (Masse et al. 2008). Finally, a well con-
trolled study firmly established that CEP-1
mediates lifespan in response to mitochondrial
stress. When worms suffer mild mitochondrial
stress because of partial loss of mitochondrial
protein function their lifespan is prolonged.
This increase in lifespan requires functional
cep-1, which possibly activates compensatory
mechanisms. Paradoxically, under more severe
mitochondrial stress conditions cep-1 contrib-
utes to a shortened lifespan (Ventura et al.
2009). In contrast to the fly system we do not
know if CEP-1 mediates longevity by interacting
with the insulin pathway and if the role of
CEP-1 life span regulation is cell autonomous
or requires its expression in select tissues or cells.

We know very little about how CEP-1 is acti-
vated but phosphorylation is likely to be impor-
tant as CEP-1 becomes phosphorylated in
response to DNA damage (Quevedo et al.
2007). In contrast to the situation observed in
flies, it is unlikely that C. elegans CHK-2 kinase
is needed for CEP-1 activation in response to
ionizing irradiation but it might have a role
in response to UV irradiation (Stergiou et al.
2007). Nevertheless, as expected from other sys-
tems there is ample evidence that CEP-1 acts
downstream of upstream checkpoint kinases
such as the worm ATR and CHK-1 orthologues
(Hofmann et al. 2002; Garcia-Muse and Boul-
ton 2007; Gao et al. 2008; Greiss et al. 2008b).

Besides CEP-1, several other genes have
been implicated in DNA damage induced apop-
tosis and are likely to act alongside CEP-1. RNAi
of the C. elegans homolog of the mammalian
MAML Notch transcriptional coactivator lag-3
resulted in a decrease in apoptosis because of
decreased egl-1 and ced-13 induction following
irradiation, indicating that LAG-3 may act as a
CEP-1 coactivator similar to the function of
MAML in p53 activation (Zhao et al. 2007).
These studies, however, still have to be con-
firmed by the analysis of a lag-3 deletion allele.

Mutations in several other genes have been
shown to specifically result in reduced apopto-
sis induction in response to ionizing irradiation
reminiscent of cep-1 mutants. Unexpectedly,
egl-1 and ced-13 are still normally induced in
these mutants, suggesting that the correspond-
ing genes impinge on apoptosis induction in
one or more genetic pathways that act down-
stream or in parallel of the cep-1 dependent
transcriptional induction of egl-1. The first
such factors described were components of the
C. elegans retinoblastoma complex (Schertel
and Conradt 2007), which also affects basal
germ cell apoptosis. The worm homolog of
the human SIRT1 histone deacetylase, which
has been implicated in regulating transcrip-
tional repression and aging also affects IR
induced apoptosis (Greiss et al. 2008a). Other
such factors are the ING-3 transcription factor
(Luo et al. 2009) and components of the cera-
mide synthesis pathway have been shown to be
required for DNA damage induced apoptosis
(Deng et al. 2008). At the moment these factors
cannot be placed into a simple genetic or bio-
chemical pathway and future studies will be
required to mechanistically link these genes to
apoptosis regulation.

Both worm and flies do not encode an
obvious MDM2 homolog. Nevertheless, several
negative regulators of cep-1 dependent apopto-
sis have also been identified through the gener-
ation of mutant worms that show increased
apoptosis following DNA damage because of
deregulation of CEP-1. The ABL-1 kinase
antagonizes cep-1 induced apoptosis following
irradiation but its mode of action is unknown
(Deng et al. 2004). Likewise, it is unknown
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how AKT-1 antagonizes cep-1 induced apopto-
sis but in its absence there are higher levels of
CEP-1 protein both in its unmodified and phos-
phorylated forms (Quevedo et al. 2007). Loss of
components of the SCFFSN-1 ubiquitin ligase
and of the neddylation pathway also result in
increased CEP-1 protein levels and phosphory-
lation and increased egl-1 transcription (Gao
et al. 2008). However, it appears that SCFFSN-1

may not regulate CEP-1 directly as no physical
interaction between FSN-1 and CEP-1 could be
detected by co-immunoprecipitation. Interest-
ingly, FBXO45, the human ortholog of FSN-1,
specifically binds to p73 and ubiquitinylates it,
thus triggering its proteasome-dependent degra-
dation (Peschiaroli et al. 2009) FSN-1/FBOX45
mediated ubiquitinylation might therefore be
a conserved mechanism regulating p73 and
CEP-1.

Two negative regulators of CEP-1 were
shown to directly interact with CEP-1. GLD-1
is a mRNA binding protein that inhibits the
translation of multiple target messenger RNAs
involved in germ cell differentiation and main-
tenance and germ cell sex determination. A
hypomorphic allele of gld-1 was identified
that, in contrast to gld-1 null alleles, shows no
overt defects in germ cell differentiation but
specifically leads to the hyper-activation of
CEP-1 dependent apoptosis (Schumacher
et al. 2005a). The corresponding mutant pro-
tein does not recognise the cep-1 30 UTR leading
to increased CEP-1 expression, whereas other
developmental targets of GLD-1 are recognized
normally. In the absence of GLD-1 more CEP-1
is translated, resulting in increased apoptosis.
C. elegans contains only the inhibitory form of
the ASSP proteins (iASSP), which can directly
bind to p53 (Bergamaschi et al. 2003). Worm
iASSP bound both CEP-1 and p53 in vitro, indi-
cating that it negatively regulates CEP-1 by
direct interaction. The transcriptional activity
of CEP-1 is also negatively regulated. The pro-
tein arginine methyltransferase PRMT-5 can
bind to both CEP-1 and the coactivator CBP-1
(p300/CBP homolog) and methylate the latter
(Yang et al. 2009). When PRMT-5 is absent
cep-1 induced apoptosis and egl-1 mRNA levels
are increased following DNA damage indicating

that it normally acts to modulate CEP-1 tran-
scription of egl-1.

In summary, since the discovery of worm
CEP-1 tremendous progress has been made to
better understand its regulation and to impli-
cate it in various pathways. Without doubt the
best characterized CEP-1 function relates to
DNA damage induced germ cell apoptosis.

CONCLUDING REMARKS

The p53 superfamily of proteins seems to pre-
date the evolutionary origin of metazoans. It
is estimated that Choanozoa and metazoans
shared an unicellular ancestor in the late Pre-
cambrian period, more than 600 million years
ago (Peterson and Butterfield 2005). It appears
that at least one p53 superfamily member is
present in all invertebrate species indicating
that these proteins play fundamental roles in
animals. As many of these animals do not
develop tumors the evolutionary pressure shap-
ing the evolution of the p53 superfamily was
unlikely to protect organisms against tumori-
genesis. However, in all invertebrates in which
p53 superfamily protein function has been
studied, apoptosis induction in response to
DNA damage has been a commonly found
function, indicating that this is likely to be
one of the ancient roles of the p53 superfamily,
at least in metazoans. We do not know if apop-
tosis occurs in the Choanozoa or in its last com-
mon ancestor with us, and we could not find
any obvious Bcl-2, Apaf-1 or caspase like mole-
cules in these organisms. Nevertheless, at least
in animals, one shared function of the p53
superfamily might be related to germ cell apop-
tosis, possibly in response to mistakes occurring
through the generation and resolution of DNA
double strand breaks during meiotic recombi-
nation. Germ cell apoptosis, triggered by p53
superfamily members, might have evolved early
in animal evolution and is preserved in p63
dependent apoptosis of germ cells in vertebrates
(Suh et al. 2006), to ensure the demise of genet-
ically damaged germ cells.

Studies of invertebrate p53 superfamily
members have also began to shed light on other
roles for p53 superfamily proteins such as in
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DNA repair or aging. Furthermore, the greatly
diverse nature of invertebrate p53 superfamily
protein structures will allow a better under-
standing of structural features of vertebrate
p53 superfamily members. Further study of
p53 superfamily proteins in invertebrates will
further promote our understanding of not
only how these proteins and their functions
have evolved in invertebrates but will also con-
tribute to our understanding of vertebrate
p53, p63, and p73 function and evolution.
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