
igin for the loris-lemur clade cannot be ruled
out (24) in the light of this new discovery. A
similar scenario (adapted from molecular
data) has been suggested for endemic Mala-
gasy rodents (32).

The possibility that lemuriforms and
lorisiforms originated in Asia rather than in
Africa cannot be rejected without further
paleontological evidence from both conti-
nents and from Madagascar. It must, how-
ever, be emphasized that their origin is
undoubtedly as ancient as that of adapi-
forms (Fig. 3A). The discovery of a chei-
rogaleid-like lemur in Oligocene deposits
of Pakistan suggests that whatever the tim-
ing and direction of faunal dispersions,
South Asia was, as for anthropoids (33), an
important theater of early strepsirrhine evo-
lution, reflecting the complex role played
by the drifting Greater India in the evolu-
tionary history of Malagasy lemurs.
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Caenorhabditis elegans p53:
Role in Apoptosis, Meiosis,

and Stress Resistance
W. Brent Derry,* Aaron P. Putzke, Joel H. Rothman

We have identified a homolog of the mammalian p53 tumor suppressor protein
in the nematode Caenorhabditis elegans that is expressed ubiquitously in em-
bryos. The gene encoding this protein, cep-1, promotes DNA damage–induced
apoptosis and is required for normal meiotic chromosome segregation in the
germ line. Moreover, although somatic apoptosis is unaffected, cep-1 mutants
show hypersensitivity to hypoxia-induced lethality and decreased longevity in
response to starvation-induced stress. Overexpression of CEP-1 promotes wide-
spread caspase-independent cell death, demonstrating the critical importance
of regulating p53 function at appropriate levels. These findings show that C.
elegans p53 mediates multiple stress responses in the soma, and mediates
apoptosis and meiotic chromosome segregation in the germ line.

The p53 tumor suppressor is among the
most frequently mutated genes in human
cancer and plays a critical role in maintain-
ing genomic stability by regulating cell
cycle progression and apoptosis in response
to DNA damage (1, 2). Analysis of the
mechanisms through which p53 integrates
the cellular response to stress and damage
in vivo has been limited by the absence of
a genetic system. Recently, a p53 homolog
was shown to participate in apoptosis in-
duced by genotoxic stress in Drosophila
(3–5) on the basis of forced expression of
dominant negative forms; however, the or-
ganism-wide role of the gene could not be
assessed in these experiments.

Standard searches of the genomic se-
quence suggested that C. elegans does not
have a p53-like gene (6). However, using
additional algorithms, we identified a C. el-
egans gene encoding a protein with signature
sequences common to the p53 family, includ-

ing the residues most frequently mutated in
human cancers (7). The cDNA sequence of
this gene, cep-1 (denoting C. elegans p53-
like–1), predicts a 429–amino acid protein
that is similar to the human protein in the
NH2-terminal transactivation domain and the
highly conserved DNA binding domains
(Fig. 1). CEP-1 appears to be the only p53
family member encoded in the C. elegans
genome, which suggests that p53 paralogs
(including p63 and p73) may have evolved
from a single ancestor related to CEP-1.

To assess the in vivo function of cep-1, we
isolated a chromosomal rearrangement, cep-
1(w40) (8). This mutant strain contains an
intact copy of cep-1 at its normal genomic
location; the cep-1(w40) mutant gene, which
encodes a truncated protein lacking the DNA
binding domain, is translocated elsewhere in
the genome. Although they exhibit impen-
etrant (;2%) embryonic lethality, cep-
1(w40) mutants are generally viable and fer-
tile. Moreover, depleting cep-1 function by
RNA interference (RNAi) (9) similarly leads
to impenetrant embryonic lethality ( Table 1).
It is likely that RNAi results in a strong
loss-of-function phenotype, as it eliminates
detectable expression of a CEP-1::GFP
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(green fluorescent protein) reporter (10). We
found that both cep-1(w40) and cep-1(RNAi)
embryos undergo a normal pattern of somatic
apoptosis, suggesting that CEP-1 is not re-

quired for developmental programmed cell
death in the soma (10).

Unlike somatic cells, which have a fixed
cell division program, germ-line nuclei in C.

elegans undergo indeterminate rounds of di-
vision and are subject to checkpoint control
and apoptosis in response to genotoxic stress-
es (11); they also undergo developmentally
programmed “physiological” cell death,
which appears to be regulated by distinct

Fig. 1. Conservation of
transactivation and
DNA binding domains
in C. elegans CEP-1. (A)
Low-resolution three-
dimensional model of
CEP-1 DNA binding do-
main (residues 22 to
197) created with the
program Modeler/In-
sight II 98.0 (33). The
coordinates of residues
108 to 298 from the
crystal structure of the
human p53 DNA bind-
ing domain were used
as the template (34).
Conserved Arg residues
that make contact with
the consensus DNA
binding site and that
are the most frequently
mutated residues in hu-
man cancer are shown
in red. Amino acids in
yellow represent con-
served Cys and His res-
idues that coordinate a
Zn ion. Portions of the
structure shown in ma-
genta are the b strands
of the core domain. The
green rod indicates the
H2 helix that makes
contacts with the DNA.
(B) Alignment of con-
served domains in p53
family members. Sin-
gle-letter abbreviations
for amino acid residues
are as follows: A, Ala; C,
Cys; D, Asp; E, Glu; F,
Phe; G, Gly; H, His; I, Ile;
K, Lys; L, Leu; M, Met; N,
Asn; P, Pro; Q, Gln; R,
Arg; S, Ser; T, Thr; V,
Val; W, Trp; and Y, Tyr.
Black boxes indicate
amino acids that are
identical in at least four
of the sequences; gray
boxes indicate conser-
vative substitutions.
Several residues in the
NH2-terminal transac-
tivation domain (do-
main I) are conserved in
CEP-1, including Leu38

and Trp39, which are
necessary for transcrip-
tional activation and for
the physical interaction

of Mdm-2 with human p53 (35, 36). The region of highest conservation lies in the DNA binding domain
(domains II to V ), where several amino acids have been shown to contact the major and minor grooves
of the p53 binding site in the DNA-p53 cocrystal (34). These include four of the five most frequently
mutated Arg residues in human cancer (asterisks), as well as Cys and His residues (carets) that make
critical contacts with DNA in the three-dimensional structure of human p53. The fifth cancer “hot spot”
Arg is conservatively substituted with a Lys in CEP-1 (diamond). The CEP-1 sequence corresponds to
F52B5.5 reported by the C. elegans Sequencing Consortium (GenBank accession number CAA99857).

Fig. 2. Requirement of cep-1 for normal acti-
vation of germ cell apoptosis in response to
DNA damage. Shown are wild-type (A and B)
and cep-1(w40) adults (C and D) observed by
differential interference contrast (DIC) micros-
copy 12 hours after the L4 stage, either without
radiation [(A) and (C)] or after exposure to
60-Gy IR [(B) and (D)]. Arrowheads point to
germ cell corpses in a single focal plane. (E)
Quantification of germ cell corpses with in-
creasing doses of IR in wild-type (F), cep-
1(w40) (Œ), and cep-1(RNAi) adults (h). (F)
Dominance of cep-1(w40) allele in suppressing
DNA damage–induced germ cell apoptosis.
Data are shown for wild type (solid bars), cep-
1(w40)/1 heterozygotes (hatched bars), and
cep-1(w40) homozygotes (open bars) in the
absence versus presence of 120-Gy IR. L4-stage
hermaphrodites were irradiated with gamma
rays from a 137Cs source, and after 24 hours the
number of apoptotic germ cells per gonad arm
was determined in 10 to 15 animals. Error bars
are SEM.
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signaling pathways upstream of the core ap-
optotic machinery (12). DNA damage acti-
vates germ cell apoptosis through a con-
served checkpoint pathway that includes the
rad-5 and mrt-2 genes and the gene altered by
the op241 mutation; however, none of these
genes is required for physiological germ cell
death (11). Because p53 coordinates cellular
responses to DNA damage, we hypothesized
that cep-1 might regulate apoptosis in the
germ line in response to genotoxic stress.
Indeed, cep-1(w40) hermaphrodites are resis-
tant to ionizing radiation (IR)–induced apo-
ptosis of germ cells (Fig. 2), and cep-1(RNAi)
phenocopies this effect of w40 (Fig. 2E). This
block in activation of the germ-line cell death
program may be general to DNA damage
because cep-1(w40) mutants, like rad-5, mrt-
2, and op241 mutants (11), also fail to under-
go germ cell death induced by the DNA
modifying compound N-ethyl-N-nitrosourea
(10).

Our observations suggest that the truncat-
ed CEP-1(w40) protein interferes with the

proapoptotic activity of wild-type CEP-1.
Both a heterozygous w40 mutation and over-
expression of the cep-1(w40) gene from a
heat shock promoter in a wild-type back-
ground confer resistance to IR-induced germ
cell apoptosis, confirming that w40 domi-
nantly attenuates wild-type cep-1 function
(Fig. 2F) (10).

Unlike rad-5, mrt-2, and op241 mutants,
which are defective in both germ cell apo-
ptosis and cell cycle checkpoint arrest in-
duced by DNA damage, cep-1(w40) and
cep-1(RNAi) germ cells undergo a transient
cell cycle arrest in response to IR that is
indistinguishable from that of the wild type
(10). Furthermore, ectopic expression of
CEP-1 in early embryos fails to cause cell
division arrest. This ability to activate ap-
optosis but not arrest the cell cycle is a
property shared by Drosophila p53, but not
vertebrate homologs (3, 4 ), possibly re-
vealing a primordial role for p53 proteins in
apoptosis specifically.

Analysis of animals depleted for cep-1

function also uncovered a meiotic role in the
absence of genotoxic stress. Nondisjunction
of the X chromosome at meiosis I in the
hermaphrodite germ line generates nullo-X
gametes, leading to XO male progeny (13).
We found that depletion of cep-1 function by
RNAi causes an increase in production of
males (the Him phenotype, for high incidence
of males) under normal growth conditions
( Table 1). This effect was observed uniform-
ly among broods of individual hermaphro-
dites, which implies that cep-1 is required for
chromosome segregation during meiosis rath-
er than during the mitoses preceding meiosis.
Mitotic proliferation of nuclei missing an X
chromosome would be expected to produce
much more variable broods, some with very
high numbers of males. The cep-1(w40) mu-
tant does not show a Him phenotype, which
suggests that the truncated protein does not
interfere with the meiotic chromosome seg-
regation activity of CEP-1.

The low frequency of embryonic lethality
in cep-1 mutants ( Table 1) might result from

Fig. 3. Expression and re-
quirement of cep-1 in so-
matic cells. (A to E) Zygotic
expression pattern of a
CEP-1::GFP fusion reporter in
embryos and larvae. Shown
are DIC (A and C) and fluo-
rescence (B and D) images of
embryos at ;50-cell (A and
B) and pretzel (C and D)
stages. Similar expression
patterns were observed in six
independent lines (10). Scale
bar, ;10 mm. (E) Overlay of
GFP and DIC images of
CEP-1 expression in pharynx
after hatching. Anterior is to
the right. Arrows point to
nucleolar localization of
CEP-1::GFP in anterior m2
muscle cells and other pha-
ryngeal muscle and neurons
of an L3-stage hermaphro-
dite. (F) Lethality of wild-
type (solid bars) and cep-
1(w40) embryos (hatched
bars) under normoxic (21%
O2) and hypoxic (0.5% O2)
conditions. Early embryos
were placed in chambers
maintained with a constant
atmosphere at the indicated
oxygen concentration, as
measured with a Systech ox-
ygen analyzer. Lethality
(percent 6 SEM) was scored
by quantifying the number
of surviving adults arising
from a known number of embryos. (G) Effect of prolonged L1 star-
vation on survival to adulthood of cep-1(w40) (■) and wild-type
larvae (F). Embryos were collected from gravid adults by hypochlorite
treatment and hatched in M9 buffer with cholesterol (10 mg/ml) at
20°C in the absence of food. Aliquots of arrested L1 larvae were taken
every 72 hours and grown on NGM plates with OP50 bacteria. The
fraction surviving to adulthood was determined after 3 days of
growth at 20°C. We observed a slight increase in the number of

wild-type surviving adults between 6 and 9 days; this likely reflects
sticking of some larvae to the culture tube at earlier time points. (H)
Quantification of apoptotic death throughout embryonic stages after
overexpression of wild-type CEP-1 (hatched bars) compared with
overexpression of CEP-1(w40) (solid bars) by heat shock. Embryos
between the 50- and 100-cell stage were collected from gravid adults
and heat-shocked at 34°C for 15 min; cell corpses were quantified as
the embryos developed. Error bars are SEM.
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autosomal meiotic nondisjunction or could
reflect an essential function during normal
embryogenesis. Consistent with the latter no-
tion, we found that zygotic expression of a
CEP-1::GFP fusion reporter is first detected
at the ;50-cell stage and appears to be ubiq-
uitous throughout embryonic development
(14) (Fig. 3, A to D). Near the end of embry-
ogenesis, GFP fluorescence decreases; after
hatching, expression is restricted to a subset
of pharynx cells, becoming concentrated in
nucleoli (Fig. 3E).

Although little is known about the role of
p53 in embryogenesis, knockout mice have
revealed a role in normal development (15).
p53 is also highly expressed embryonically in
mice and frogs; however, its precise role
during embryogenesis remains unclear (16–
18). The high levels of ubiquitous CEP-1
expression in C. elegans might serve a pro-
tective function during embryogenesis, when
cell division is rapid and replication errors are
likely to occur at a higher frequency. How-
ever, cep-1(w40) embryos and larvae are not
resistant to IR, the intensity and pattern of
CEP-1::GFP expression does not change in
response to this treatment, and the pattern of
apoptosis in cep-1(w40) or cep-1(RNAi) em-
bryos is indistinguishable from that of the
wild type (10). Thus, the proapoptotic func-
tion of CEP-1 may be restricted to germ-line
cells. Because somatic cells in C. elegans
cannot generally be replaced if damaged, and
arise by a determinate number of cell divi-
sions (and hence are less likely to become
tumorous), damage-induced apoptosis in the
soma could be detrimental to the animal. In
contrast, the germ line contains an excess of
germ cells that are not used in self-fertilizing
hermaphrodites, and damaged germ cells that
are not eliminated could result in defective
progeny, making it desirable to eliminate
these expendable cells.

Because the DNA damage checkpoint
function of CEP-1 is apparently restricted to
the germ line, we reasoned that somatic
CEP-1 might instead activate a response to
other stresses. In vertebrates, p53 is activated
by diverse stress signals, including hypoxia,

which leads to stabilization of the protein (19,
20). As a soil-dwelling nematode, C. elegans
is likely to encounter hypoxic environments
frequently. Indeed, we found that cep-1(w40)
mutants are hypersensitive to the lethal ef-
fects of hypoxia (Fig. 3F).

Under conditions of starvation stress, C.
elegans first-stage (L1) larvae undergo devel-
opmental arrest until food is available. We
found that the life-span of cep-1(w40) larvae
is reduced relative to the wild type when they
were starved at the L1 stage (Fig. 3G). Wild-
type survival was reduced by 50% after ;14
days, whereas survival of cep-1(w40) larvae
was reduced by the same magnitude after
only ;9 days (Fig. 3G). In contrast, we found
that the life-span of mutant animals during
normal growth was unaffected (10). The ef-
fect of starvation- and hypoxia-induced stress
on cep-1 mutants suggests that CEP-1 can
modulate responses to both genotoxic stress
in the germ line and environmental stress in
the soma.

To address the importance of maintaining
proper CEP-1 levels during development, we
overexpressed CEP-1 from a heat shock–in-
ducible promoter in 50- to 100-cell-stage em-
bryos (21). The resultant embryos often ar-
rested before hatching and showed severe
morphological abnormalities. These embryos
did not undergo cell cycle arrest, but they
showed a significant increase in the number
of cell corpses that accumulated throughout
embryogenesis; some terminally arrested em-
bryos contained as many as 40 cell corpses
(Fig. 3H) at a time when wild-type animals
contain virtually none. No apoptotic corpses
were observed when CEP-1 was overex-
pressed in a mutant lacking CED-3 caspase
function (10), which is required for all devel-
opmentally programmed cell deaths (22).
CEP-1–overexpressing embryos that under-
went apparently normal development, and
that did not show significantly elevated num-
bers of cell corpses, nevertheless invariably
succumbed, arresting before hatching or as
L1 larvae with widespread signs of necrosis.
Indeed, overexpression of CEP-1 at all larval
stages and during adulthood also caused pen-

etrant lethality and widespread necrotic cell
death, independent of CED-3 caspase func-
tion. All larvae overexpressing the protein
became uncoordinated within 8 hours after
induction of cep-1 overexpression and even-
tually degenerated.

The lethality of overexpressed CEP-1 ap-
pears to be a specific effect, as it requires an
intact DNA binding domain; overexpression
of the truncated cep-1(w40) allele resulted in
virtually no effect on viability. Moreover, we
found that expression of human p53 results in
similar degenerative phenotypes in C. el-
egans embryos and larvae (10), which sug-
gests that human p53 and nematode CEP-1
can perform similar biochemical functions.
The lethality of overexpressed cep-1 does not
appear to result from activation of the core
apoptotic machinery, because mutations in
ced-3 or ced-4 (22) did not block these effects
(10). However, dying animals contained large
numbers of nuclei that stained positive for
acridine orange, generally regarded as a
marker of apoptosis (23). Therefore, high
levels of CEP-1 may override the require-
ment for the CED-3 caspase and activate a
caspase-independent cell death program, per-
haps analogous to the caspase-independent
apoptosis observed recently in other systems,
which is revealed when caspase function is
blocked in cells otherwise programmed to die
(24).

We find that C. elegans p53 functions
both during normal development (e.g., to en-
sure proper meiotic chromosome segrega-
tion) and under conditions of cellular and
genotoxic stress (e.g., in response to DNA
damage, hypoxia, or starvation). Although it
is expressed ubiquitously in embryos, cep-1
must be carefully regulated because elevated
levels of CEP-1 protein are invariably lethal.
It should now be possible to use C. elegans as
a genetic system to screen for modifiers of
the cep-1 mutant phenotype, allowing a com-
prehensive dissection of the pathways
through which p53-like proteins function to
mediate stress response, to activate germ-line
apoptosis, and to regulate meiotic chromo-
some segregation.
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Integration Between the
Epibranchial Placodes and the

Hindbrain
Jo Begbie and Anthony Graham*

Developmental integration results from coordination among components of
different embryonic fields to realize the later anatomical and functional rela-
tionships. We demonstrate that in the chick head, integration between the
epibranchial placodes and the hindbrain is achieved as the neuroglial hindbrain
crest cells guide the epibranchial neuronal cells inward to establish their central
connections. This work defines a role for the neuroglial hindbrain crest in
organizing the afferent innervation of the hindbrain.

After regional specification, during which con-
stituent parts of an embryonic field are defined,
the next developmental challenge is that of
integration, during which the different embry-
onic fields are coordinated, and thus, later anat-
omy and function established. Developmental
integration is particularly apparent in the verte-
brate head, because head development involves
integration of a number of disparate embryonic
cell types (1). Here, we studied in the chick the
development of the epibranchial ganglia: the
geniculate, petrosal, and nodose, which convey
gustatory and viscerosensory information from
the oro-pharyngeal cavity to central sensory
nuclei in the hindbrain (Fig. 1, A and B) (2).
The sensory neurons of these ganglia origi-
nate in the epibranchial placodes and connect
to the central nervous system (CNS) (3, 4).
These placodes are focal thickenings of ecto-
derm close to the tips of the pharyngeal
pouches, and which are induced by the pha-
ryngeal endoderm through the action of
Bmp-7 (5). It has been unclear, however, how
the neuronal cells generated by the epi-
branchial placodes migrate internally to the
site of ganglion formation. We show here that
this process is mediated by the neuroglial
rhombencephalic neural crest. The epi-

branchial neuronal cells move inward along
the tracks of neuroglial neural crest that
extend from the hindbrain to the placodes.
These results define a role for the neurogli-
al hindbrain neural crest in the integration
of hindbrain and epibranchial placode
development.

With a view toward understanding this
process, we characterized the migratory
paths taken by the epibranchial placodal
cells as they move internally. The placodal
cells were labeled by application of the
lipophilic dye DiI to the exterior of the
embryo, at stages concomitant with the in-
duction of these placodes (6 ). This proce-
dure results in the labeling of the embryon-
ic ectoderm. Cells that leave this tissue
layer carry the label with them as they
move inward (Fig. 1). Cells migrating from
both the geniculate and the petrosal pla-
codes form organized streams extending
from the placodal ectoderm toward the
hindbrain (Fig. 1).

The migratory paths formed by the epi-
branchial neuronal cells are reminiscent of
those formed by another group of cells, the
neural crest. The neural crest cells in this
region of the embryo migrate as segregated
streams from specific axial levels of the
hindbrain (Fig. 2A) (7, 8). The crest cells
within these streams, however, have two
distinct fates. The early ventrally migrating
population fill the underlying pharyngeal
arches and form ectomesenchymal deriva-
tives within these structures, whereas the
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