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A common ancestor to the three p53 family members of human genes p53, p63, and p73 is
first detected in the evolution of modern-day sea anemones, in which both structurally and
functionally it acts to protect the germ line from genomic instabilities in response to stresses.
This p63/p73 common ancestor gene is found in almost all invertebrates and first duplicates
to produce a p53 gene and a p63/p73 ancestor in cartilaginous fish. Bony fish contain all
three genes, p53, p63, and p73, and the functions of these three transcription factors diversify
in the higher vertebrates. Thus, this gene family has preserved its structural features and
functional activities for over one billion years of evolution.

In this article, the structure and the function of
the p53 family of genes are reviewed over one

billion years of evolution. The origins of a p53
ancestor gene are first clearly observed in the
modern-day descendants of both the single
cell choanoflagellates and the early metazoan
sea anemone. In these organisms, the ancestral
gene is most closely related to a combined
p63/p73-like gene. Remarkably, the function
of this ancestral gene in the sea anemone is to
protect the germ-line gametes from DNA
damage. This function persists in the insects,
worms, clams, vertebrates, and humans; thus,
this important function is over one billion
years old. In the early vertebrate lineage, charac-
terized by cartilaginous fish, this ancestral gene
is duplicated and a gene most closely related to
the p53 gene is produced. This is a time when
somatic stem cells are employed to regenerate

adult tissues and the p53 gene takes on the
related function of a tumor suppressor, protect-
ing these somatic stem cells and progenitor cells
from mutations that arise from DNA damage.
Thus, the p53 gene acquires functions in so-
matic cells that the ancestor gene performs in
the germ line.

With the development of bony fish, there is
a second duplication of the ancestor gene, pro-
ducing a p63 and a p73 gene. As vertebrates
develop, there is evidence that the functions of
these genes enlarge and change into transcrip-
tional regulators for the production of skin
and other organs (p63), and have a role in the
formation of parts of the immune and nervous
systems (p73). From bony fish through am-
phibians, reptiles, and mammals, there is a dra-
matic increase in the size of the introns of the
p63 gene and, to a lesser extent, the p73 gene,
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whereas the p53 gene remains quite small. The
separate p63 and p73 genes never quite lose
their original functions. Experiments with
knockout mice indicate that mammals continue
to employ p63 and p73 for the surveillance of
the genomic integrity of the female germ line.
Here, again, there are striking similarities
between the stress signals that activate the
p63/p73 (as well as p53) genes in the germ
line of worms and mammals, resulting in both
cases in apoptosis. There is some evidence that
the p63 ancestor gene was under strong selective
pressure at the time the most advanced reptiles
(giving birth to live young rather than laying
eggs) began to develop into mammals. There
is evidence that selective pressures upon alleles
in the p73 gene were acting as mammals diver-
sified. Strong selection pressures are observed
for selected alleles in the p53 gene in the last
30,000–50,000 years of human evolution,
with the appearance of Asians and Caucasians
in the human population pools.

This reconstruction of the evolutionary
history of the three sister genes that form the
p53 family of transcription factors shows the
importance of germ line and stem cell repro-
ductive fidelity during one billion years of
evolution. The structural and functional con-
servation of this property helps to explain
why these proteins play such a central role in
biology. This history also elucidates how gene
duplication and diversification can occur and
how the new products fit into regulatory circuits
closely related to those observed in more primi-
tive organisms. Thus, the AKT and Abl kinases
play an important role in the regulation of this
p53/p63 and p73 family of gene products in
both worms and humans. Clearly, evolutionary
forces have shaped the p53, p63, and p73 genes.
In turn, the functions of these genes shaped the
fidelity of the offspring produced and guided
the variations permitted so as to allow natural
selection to act upon these progeny.

THE STRUCTURE OF THE p53, p63, AND
p73 GENES IN HUMANS

The human p53 gene is located at chromosome
17p13.1. It is composed of 19,198 nucleotides

from the first exon to the 11th exon. The coding
sequence begins in the second exon and ends
in the last exon (Table 1). The p63 gene is
located on chromosome 3q27-29. It is com-
posed of 265,822 nucleotides divided up into
14 exons. The coding sequence can start
in exon one and continue through exon 14.
(Table 1). The p73 gene is located on chromo-
some 1p36.3. It is composed of 80,728 nucleo-
tides divided up into 14 exons. The coding
sequence can start in exon 2 and end in exon
14 (Table 1). None of these dimensions take
into account the regulatory regions that control
the synthesis of these gene products. The larger
sizes of the p63 and p73 genes derive from much
larger introns and a few extra exons. This dra-
matic increase in intron size in vertebrates is
first observed after the split from the bony fishes.
This has permitted higher levels of recombina-
tion to occur in the p63 gene and intermediate
levels in the p73 gene compared with the re-
combination levels in the p53 gene in these
higher vertebrates. This in turn gives rise to an
increased number of haplotypes in the p63
gene and p73 gene and greater diversity of
haplotypes (Table 2).

Based on the HapMap-3 results, the p53
gene in Africans has 22 haplotypes and a hap-
lotype diversity index of 0.879. In Caucasians,
there are 10 haplotypes with a diversity of
0.520, and in Asians there are 19 haplotypes
with a diversity index of 0.716. This shows a
dramatic selection (lowering diversity) of a hap-
lotype in Caucasians and to a lesser extent in
Asians (it is the codon 72 arginine haplotype
that is being selected for in these populations)
with a considerable lowering of diversity
(Table 2). In contrast, the p63 gene of Africans
has 696 haplotypes and a diversity index of
0.999. Caucasians have 386 haplotypes and a
diversity index of 1.000, and Asians have 664
haplotypes and a diversity index of 1.000 (very
little linkage disequilibrium over the size of
the entire gene but there is linkage disequil-
ibrium between several SNPs within the gene).
The p73 gene of Africans has 496 haplotypes
with a haplotype diversity index of 0.998.
Caucasians have 251 haplotypes with a diversity
index of 0.994, and Asians have 506 haplotypes
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and a diversity index of 0.998 (Table 2). For the
p53 gene, these numbers will depend upon the
number of single-nucleotide polymorphisms
(SNPs) tested and the sample size (7–10 SNPs
in 201–399 individuals times two chromo-
somes tested in each person). Even doubling

the number of SNPs in the p53 genes tested
(12–14 SNPs in 96 individuals or 192 chro-
mosomes) gives the same result in the diver-
sity index of Africans (0.943) and Caucasians
(0.542) (H. Wang and A. Levine, unpubl.
results).

Table 2. Summary of gene diversity for p53 family in human populations from HapMap Phase 3.

Gene symbol Populationa Sample size (N )b SNP number Haplotype number Haplotype diversityc

TP53 African 399 9 22 0.879
Caucasian 201 7 10 0.520
Asian 343 10 19 0.716

TP63 African 399 167 696 0.999
Caucasian 201 161 386 1.000
Asian 343 159 664 1.000

TP73 African 399 47 496 0.998
Caucasian 201 44 251 0.994
Asian 343 46 506 0.998

a Three major populations of different ancestry in HapMap Phase 3: Africans include ASW (African ancestry in Southwest

USA), LWK (Luhya in Webuye, Kenya), MKK (Maasai in Kinyawa, Kenya), and YRI (Yoruba in Ibadan, Nigeria); Caucasians

include CEU (Utah residents with Northern and Western European ancestry from the CEPH collection) and TSI (Toscans in

Italy); Asians include CHB (Han Chinese in Beijing, China), CHD (Chinese in Metropolitan Denver, Colorado), GIH (Gujarati

Indians in Houston, Texas) and JPT (Japanese in Tokyo, Japan).
b Haplotypes with missing data were not included.
c Haplotype diversity, the expected heterozygosity based on haplotype frequencies, was estimated using DnaSP (v5)

software.

Table 1. Exon structure of human p53-family genes.

p53 p63 p73

Full gene length 19,198 265,822 80,728

Coding region Starts in exon two, goes

through exon 11

Starts in exon one, goes

through exon 14

Starts in exon two, goes

through exon 14

Exons start end length start end length start end length

Exon 1 1 223 223 1 151 151 1 77 77
Exon 2 10,978 11,079 102 106,314 106,442 129 29,769 29,866 98
Exon 3 11,197 11,218 22 107,216 107,348 133 30,496 30,616 121
Exon 4 11,328 11,606 279 176,846 177,100 255 54,985 55,227 243
Exon 5 12,364 12,547 184 232,806 232,992 187 69,457 69,643 187
Exon 6 12,629 12,741 113 235,256 235,371 116 70,790 70,905 116
Exon 7 13,310 13,419 110 236,407 236,516 110 74,551 74,660 110
Exon 8 13,763 13,899 137 237,154 237,290 137 75,064 75,206 143
Exon 9 13,992 14,065 74 237,898 237,980 83 75,565 75,653 89
Exon 10 16,885 16,991 107 241,433 241,569 137 76,763 76,884 122
Exon 11 17,910 19,198 1289 254,968 255,125 158 77,436 77,584 149
Exon 12 257,914 258,058 145 78,363 78,501 139
Exon 13 259,363 259,456 94 78,899 78,992 94
Exon 14 262,780 265,822 3043 80,183 80,728 546

Exons and coding region for the longest transcript were extracted from Ensembl database, release 54 (Hubbard et al. 2009).
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Clearly, the diversity of the p53 gene in
Caucasians is being restricted, probably because
of the selection of the arginine allele of the
codon 72 SNP. This allele (arginine compared
with proline) has been shown to synthesize
twofold more of the cytokine LIF, which is
essential for the implantation of fertilized eggs
into the uterus of mice and humans (Hu et al.
2007b; Hu et al. 2008; Shi et al, 2009; Kang
et al. 2009). The minor allele of that SNP in
Caucasians, the proline allele, has been shown
to be over-represented in women who have
gone to an in vitro fertilization clinic because
they have difficulties with the implantation of
embryos into their uterus (Kang et al. 2009).
Given that the p53 gene haplotype diversity
index in Africans is high and the proline allele
is not selected against, as in Caucasians and in
Asians, the genetic background or additional
alleles in the p53 pathway are important in this
selection process. The specific alleles (codon 72)
and haplotypes that are under selection in
Caucasians has occurred recently, perhaps in
the past 30,000 years, and is not relevant to
evolutionary considerations over longer time
frames.

As will become clear in this article, there
has been a great deal of diversity and selective
change in p53, p63, and p73 genes throughout
a billion years of evolution, and especially in
the vertebrates. A comparison of the rates of
nucleotide or codon and amino acid changes
has been employed to examine the evolution of
the p63 and p73 genes in vertebrates (Pintus
et al. 2007). Evidence for positive selection of
p63 alleles was detected at the time of diver-
gence of Synapsida and Reptiles. The Synapsida
are mammal-like reptiles or proto-mammals
that are Amniotes and gave rise to live off-
spring (viviparity). Thus, the first vertebrates to
develop their embryos within the females (not
egg layers) were selecting for positive alleles in
the p63 gene. Positive selection of p73 alleles
occurred during diversification of mammals
between the Carnavora (cats, bears, and dogs)
and the Artiodactyla (pigs, sheep, and goats).
Thus, indications of positive selection of alleles
in the the p53, p63, and p73 genes have been
found in the late stages of vertebrate evolution.

THE DOMAIN STRUCTURE OF THE p53,
p63, AND p73 PROTEINS

Although this topic has been reviewed in detail
in another article, it is useful to outline the
domain structure of the p53 family proteins
here because it bears upon the methods employed
to compare these genes over large evolutionary
time frames and points out the limitations of
such studies. The human p53 gene encodes 393
amino acids for the full length isoform of the
protein. The amino-terminal residues one to 42
contain a transactivation domain with a couple
of residues (22 and 23) critical for this activity
(Lin et al. 1994; Chang et al. 1995; Teufel et al.
2007). The negative regulator of p53, MDM-2,
binds to these residues and induces an a-helical
conformation, blocking transcription and ubi-
quitinating lysine residues in the carboxy-
terminal domain region (Lin et al, 1994; Kussie
et al. 1996; Rippin et al. 2002). A second transac-
tivating domain at residues 43–63 presumably
activates transcription of different p53-regulated
genes in the genome. This is followed by a
proline-rich domain (residues 61–94) that is
involved in apoptosis and possibly protein–
protein interactions that are mediated by SH-3
signals, PXXP (Walker and Levine 1996).
Residues 102–292 make up the DNA binding
domain that recognizes a degenerate DNA
sequence near or in the introns of genes regulated
by p53 (el-Deiry et al. 1992). The p53 protein
functions as a dimer of a dimer and the tetramer-
ization domain spans amino acid residues 324–
355 (Jeffrey et al. 1995; Kitayner et al. 2006;
Veprintsev et al. 2006). This is followed by a
carboxy-terminal domain composed of residues
356–393, which regulates the stability and DNA
binding activity of the p53 protein (Jayaraman
and Prives 1995). Splicing at the amino-terminal
end of the genes for p53, p63, and p73 gives rise to
different isoforms that can act as repressors of
transcription (deletion of the amino-terminal
transactivation domains). Splicing at the
carboxy-terminal ends of the p53, p63, and p73
genes give rise to isoforms that regulate stability
of the protein and DNA binding (Pietsch et al.
2008; Yang et al. 1998; Melino et al. 2003; Moll
and Slade 2004; Bourdon et al. 2005). Thus
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p53, p63, and p73 each have many different
isoforms with a number of diverse properties.
The domain organizations of p53, p63, and
p73 are similar but the extended and different
carboxy-terminal ends of p63 and p73 provide
a larger diversity and more complex functions
to those proteins (reviewed in a later section).
Each of these three classes of proteins can
regulate the transcription of a subset of genes
in common and a subset of genes unique to
each protein and presumably each isoform of
each protein affects this specificity. The p53/
p63 and p73 proteins bind to similar or identical
DNA sequences, but there may well be quantitat-
ive differences between these family members
and proteins in cells that modify their specificity
to give rise to different regulatory functions
known to exist (Ortt and Sinha 2006; Vigano
et al. 2006; Smeenk et al. 2008; Tozluoglu et al.
2008).

Once the three genes, p53, p63, and p73,
had been incorporated into the genomes of
bony fish, the DNA binding domains of each
of these genes evolved at quite different rates,
indicating quite diverse functions (Table 3).
For example, the rodents had a common ances-
tor with primates about 100 million years ago
and the number of amino acid changes between
human and rodent p53 protein in the DNA
binding domain is 11–23, whereas for p63, it
is zero and, for p73, it is three to four. By the ele-
phant and the hyrax (the most distant mammals
from humans), these numbers are p53/p63/
p73; 19–28, zero, and six to seven. In bony fish,
these numbers become p53 ¼ 57–80 changes
in amino acids, p63 ¼ 7–11 changes, p73 ¼
18–21 changes. There were clearly different
selection pressures on these three genes with
p53 evolving at the fastest rate, p73 next, and
p63 quite slowly. In the section of this
article about the functional differences of
these proteins, it will become clear that both
the p63 and p73 functions took on important
roles in development of the organism, whereas
p53 was mainly employed for the surveillance
of genome integrity of somatic stem cells and
progenitor cells and plays less of an essential
role in development of the embryo’s differen-
tiated tissues.

THE LIMITATIONS OF EVOLUTIONARY
STUDIES

To determine if an organism contains one, two,
or three p53 family member genes, we rely up-
on protein sequences derived from the DNA
sequences obtained from whole genome se-
quencing of the organism (Karolchik et al.
2008; Hubbard et al. 2009). However, some

Table 3. Variation in the DNA binding domain of the
p53 family genes in bony vertebrates.

p53 p63 p73

Human 0 0 0
Chimp 0 0
Gorilla 1
Orangutan 1 0 0
Macaque 5 0 2
Bushbaby 4
Gray Mouse Lemur 11 0
Rat 18 0 3
Mouse 23 0 4
Kangaroo Rat 1
Squirrel 0
Guinea pig 21 0 4
Pika 18
Rabbit 10 0
Dolphin 15 0 6
Cow 18 4
Cat 22
Dog 19 0 6
Pteropus 1 9
Horse 0
Hedgehog 30 4
Elephant 19 7
Hyrax 28 0 6
Opossum 0
Platypus 0
Zebra Finch 0 7
Chicken 0 6
Frog 64 13
Stickleback 80 11 21
Medaka 77 8 21
Fugu 76 10 21
Tetraodon 79 11 21
Zebrafish 57 7 18

Each value corresponds to the net amino acid difference

between given species and human DNA binding domains

(total of 195 amino acids). Only domains with complete

sequences are shown. See Figure 1 for complete information

on p53 family gene homologs.
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genomes have only a low DNA sequence cover-
age and are surely missing some percentage of
genes, and others may have a poor assembly of
the genome. Other genomes in the evolutionary
tree have quite complete genome coverage and
give accurate numbers of paralogs or homologs
in a genome. One example of this is the p53
ortholog in chicken that has been identified
and sequenced (Soussi et al. 1988) yet cannot
be mapped to the current genome assembly
despite high sequencing coverage. Thus, gene
counts of p53 family members are estimates,
except in those organisms with a very complete
genome sequence. Second, this analysis com-
pares related genes over a billion years of evol-
ution. Over those distances in time, DNA
sequences are quite degenerate. Only those
amino acid residues that are highly selected for
at identical or similar positions in a domain of
a protein are truly conserved. This is true for
the DNA binding domains of p53, p63, and
p73, which are closely related to each other
(paralogs) in an organism and closely related
to their homologs between organisms. In the
DNA binding domain, there are critical amino
acids that contribute to the structure of the
domain and make the DNA contacts that give
specificity to the sequences recognized by this
domain (based upon the crystal structure of
both the Xenopus and the human p53 proteins)
(Kussie et al. 1996; Wang et al. 1995). Indeed,
the DNA binding domains from Drosophila
and humans have very similar residues in iden-
tical positions and very similar predicted
structures, and both will bind specifically to
the same DNA sequence (Jin et al. 2000). The
same is true for the p53-like protein from
Caenorhabditis elegans (Huyen et al. 2004).
For this reason, the amino acid sequence of
the DNA binding domains of p53, p63, and
p73 were employed to search for the homologs
of these genes in the genomes of the diverse
organisms under study, with information
about additional domains being used only when
available (Lu and Abrams 2006; Ou et al. 2007).
Although this is a conservative way to explore
evolutionary relationships, it may detect p53-
related DNA binding domains that are function-
ally different from the human p53, p63, and p73.

Moreover, all of the organisms that have been
sequenced and are to be compared for the pres-
ence of p53 family genes donate DNA from
only their contemporary representatives of each
class of evolutionary organism. This means that
some organisms may expand or contract the
number of p53 family genes later in evolutionary
times, well after the separation of common
ancestors leading to more complex or higher
organisms on a tree. Thus, the number of p53
family genes in an organism (1, 2, or 3) can arise
from later duplications or deletions. For these
reasons, the conclusions made about the evol-
utionary development of the p53 family of genes
should not be considered a definitive statement,
but rather a good estimate of past events.

THE PRESENCE OF HOMOLOGS OR
PARALOGS OF p53 FAMILY GENES OVER
EVOLUTIONARY TIME FRAMES

Figure 1 presents a consensus evolutionary tree
spanning the early Metazoa through the pri-
mates (Hubbard et al. 2009; Sayers et al. 2009).
What is clear from extensive DNA sequence
data is that prokaryotes and yeast as a represen-
tative of early single-cell–multicellular (depend-
ing upon their environment and physiology)
organisms have no detectible p53 family mem-
ber genes. Representatives of the most primitive
organisms with paralogs of p53/63/73 family
member genes (it is not possible to know
whether these genes are more closely related to
p63 or p73, but the amino acid sequences and
positions are not as close to p53) are the single-
cell choanoflagellates (two paralogs) (Nedelcu
and Tan 2007) and the sea anemone (three
paralogs) (Pankow and Bamberger 2007). The
sea anemone (and presumably related organ-
isms the hydra and coral) Nematostella vectensis
has a p63/p73 hybrid-like gene (the precursor
of p63 and p73) termed nvp-63 and it is
present and functions in the germ-line cells of
these hydra (Pankow and Bamberger 2007).
This is the earliest clear example of an ancestor
family member in evolutionarily primitive
organisms. Complete genome sequences from
the sponges, which precede the sea anemones
in evolution, are not yet available.
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The first set of complete sequence informa-
tion comes from the roundworms C. elegans
and the insects like the honey bee and multiple
species of the fruit fly Drosophila. All have a

single homolog of the p53 family genes (Jin
et al. 2000; Ollmann et al. 2000; Derry et al.
2001; Schumacher et al. 2001; Nedelcu and
Tan 2007). This homolog is more closely related
to a p63/p73 hybrid gene or ancestor gene and
much less closely related to p53 itself (Ou et al.
2007). Some mosquitos have two or three para-
logs of this p63/73 gene and show a tendency to
duplicate it and possibly develop new functions
(Nedelcu and Tan 2007). The sea urchin has a
single homolog of this p63/p73 hybrid gene.

Tetrapoda

Human p53 p63 p73

p53 p63 p73
p53 p63 p73
p53 p63 p73
p53 p63 p73
p53 p63 p73

p53 p63 p73
p53 p63 p73

p53 p63 p73

p53 p63 p73
p53 p63 p73
p53 p63 p73
p53 p63 p73

p53 p63 p73
p53 p63 p73

p53 p63 p73

p63 p73
p63 p73
p63 p73 also mRNA of p53

p53 p63 p73

p53 p63 p73
p53 p63 p73
p53 p63 p73
p53 p63 p73
p53 p63 p73
p53 p63 p73
p53 p63 p73
2 paralogs – p53 and p63/73?

1 homolog Ssp63/Ssp73
1 homolog Map73

1 homolog Dmp53
1 homolog Dmp53
1 homolog
1 homolog Cep1

3 novel paralogs

2 novel paralogs

no p53-family genes

3 novel paralogs
2 novel paralogs

3 paralogs
1 homolog
1 homolog
1 homolog
1 homolog

p53 p63 p73 one novel p53
p53 p73

p53 p63 p73

p53 p63
p53 p63
p53 p63

p53 p63

p53 p63

p63 p73
p63

p63

Chimp
Gorilla
Orangutan

Macaque
Bushbaby

Gray Mouse Lemur
Rat
Mouse
Kangaroo Rat
Squirrel
Guinea pig

Pika
Rabbit

Tree shrew
Alpaca
Dolphin
Cow

Cat
Dog

Pteropus
Bat

Horse
Theria Hedgehog

Tenrec
Elephant

Hyrax
Opossum

Platypus
Zebra finch
Chicken

Lizard
Frog

Mammalia

Amniota

Euteleostomi

Chordata

Coelomata

Fungi/Metazoa group

Clupeocephala

Cionidae

Mollusca

Diptera

Stickleback
Medaka

Fugu
Tetraodon

Zebrafish
Elephant Shark
Lamprey
Sea Squirt C. Intestinalis
Sea Squirt C. Savignyi
Lancelet
Sea Urcin
Surf Clam
Soft Shell Clam
Mosquito A. Aegypti
Mosquito A. Gambiae
Fruit fly D. Erecta
Fruit fly D. Melanogaster
Honey Bee
Roundworm

Sea Anemone

Choanoflagellate

Yeast

Sauria

Bilateria

Vertebrata

Metazoa

Figure 1. Consensus phylogenetic tree and evidence of p53 family genes, reconstructed from Ensembl database,
release 54, and NCBI taxonomy database. Tree branches are proportional to the genome-wide nucleotide
substitution rates for jawed vertebrates (euteleostomi), but are qualitative for more primitive species.
Evidence for p53 family genes was either extracted from Ensembl database or manually verified using BLAST
(for the most recent assemblies available�) (Altschul et al. 1990; Hubbard et al. 2009; Sayers et al. 2009).
Evidence for p53 family genes in clams comes from gene isolation by C. Walker and others (Kelley et al.
2001; Cox et al. 2003)

�Several species, such as lancelet and sea squirts, also have
tentative intronless paralogs; these could be pseudogenes
or candidate p53 family genes that are unlikely predecessors
for mammalian p53-family and are not shown in the tree.
One possible scenario is that they arose through indepen-
dent duplication events with intron loss (Mourier and
Jeffares 2003)
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Thanks to Charles Walker and his colleagues
(Kelley et al. 2001; Jessen-Eller et al. 2002; Cox
et al. 2003; Bottger et al. 2008; Holbrook et al.
2009; Siah et al. 2009), we know a great deal
about the p53 gene in clams. Mya arenaria, a
common clam species, has a single p63/p73
hybrid-like gene but can splice the transcripts
from this gene into a p53-like sequence and a
p63/p73-like sequence. The p53 isoform behaves
like a functional p53 because clams can develop
leukemia and in many cases p53 (in the p63/73
gene) mutations are found in the leukemic cells
from this organism (Kelley et al. 2001; Bottger
et al. 2008; Holbrook et al. 2009; Siah et al.
2009). It is also clear that a genera of clams,
such as the common surf clam, has been explor-
ing evolutionary expansions of splice variants
of the p63/p73 gene, producing a p97 and a
p120 set of isoforms with common DNA bin-
ding domains. Interestingly, the p120 isoform is
expressed only in the embryonic stages of clam
development and appears to be involved in
neuronal functions (like p73 in mice) (Jessen-
Eller et al. 2002; Cox et al. 2003).

As we move into the chordates and ver-
tebrates, the Lancelet or Amphioxus (the ear-
liest vertebrate) and the sea squirt have one
clear homolog for the p63/p73 hybrid gene.
Lampreys have three paralogs that are more dif-
ficult to classify. An example of a cartilaginous
fish, the elephant shark, has two paralogs that
are most like a p53 gene and a p63/p73 hybrid
gene but this is an example of a difficult assem-
bly and an incomplete genome sequence, so
other family members of these genes remain
possible. By the time we get to the bony fish
(zebra, fugu, stickleback, etc.), clear homologs
of p53, p63, and p73 genes are now observed
(Cheng et al. 1997; Lee and Kimelman 2002;
Pan et al. 2003). Thus, the bony fish are the
first time in vertebrate evolution that the three
gene family sisters p53, p63, and p73 are all
clearly present together. This pattern of these
three genes continues through the vertebrates
right to present-day primates, with some inter-
esting exceptions. There is a group of closely
related organisms, the rabbit, the tree shrew,
and the pika, which appear to harbor only p53
and p63 homologs in their genomes and no

p73 gene (Le Goas et al. 1997; Park et al. 2000;
Hsueh et al. 2004). Similarly, the Lemur and
the bat seem to have p53 and p63 homologs
but no evidence for a p73 homolog. The ele-
phant has a p53 homolog and a p73 homolog
but no evidence for a p63 gene. There are even
a few examples of a missing p53 homolog in
the zebra finch, the platypus (p63 and p73),
the kangaroo rat (p63 and p73), and the alpaca
(p63 only). Whether these are examples of
incomplete data for the analysis or a transfer
of functions to other family members remains
to be explored.

Casting aside these incomplete details, a
reasonable pattern emerges from these data.
Round worms and fruit flies appear to have a
single gene that is a combination of p63 and
p73. This gene appears as early as the sea anem-
one and possibly in the choanoflagellates. The
clam has this same gene and employs it to
produce different splice variants that resemble
p53 and a p63/p73 hybrid gene. As evolution
progresses up the ladder of complexity, organ-
isms use this gene to expand new paralogs,
possibly with different functions. The earliest
Chordates also appear to have this single p63/
p73 homolog. With the development of cartilag-
inous fish, there is a duplication of the p63/p73
gene, giving rise for the first time to a candidate
p53 gene and a homolog of the p63/p73 hybrid
gene (sometimes called p63 and sometimes
called p73) (see Fig. 2). The evidence that a
p53 gene separates from a p63/73 hybrid gene
as a first step comes from its greater sequence
separation from p63 and p73, which are much
more closely related to each other (at the amino
acid sequence level) than to p53 in these
vertebrate genomes. This first separation of
family members occurs in the early vertebrates
(sea squirt and cartilaginous fish). A second
separation of p63 from p73 is clearly observed
in the bony fish and all subsequent higher
organisms (Fig. 2). This genetic expansion of
the family tree was surely followed by a differen-
tiation of functions from which we can learn a
great deal about modern-day p53, p63, and
p73 functions. The evolutionary requirements
that first led to the creation and selection of a
p63/p73 hybrid gene, followed by its duplication
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and the splitting off of the p53 gene, and finally
the separation of p63 and p73 genes came about
because the functions acquired by these genes
over evolutionary time frames were useful.
This is reviewed in the next section.

THE EVOLUTION OF THE FUNCTIONS
OF THE p53 FAMILY OF GENES

The most primitive organisms for which we have
reliable functions for the p53 family genes are
the starlet sea anemone (Nematostella vectensis),
flies (Drosophila), and roundworms (Caenor-
habditis). In the sea anemome, a p63/p73
hybrid gene (called nvp63) acts in the hydra
gametes, responding to UV light and DNA
damage by causing apoptosis (Pankow and
Bamberger 2007). Thus, the most primitive
organism with a p53 family gene member pro-
motes apoptosis in response to DNA damage
in the germ line. These hydra are among the ear-
liest metazoans with a few differentiated cell
types but have separated gamete production
from the soma and they developed a p63/73
hybrid gene to watch over the fidelity of the
germ line. In adult flies, the p63/p73 hybrid
gene product (called dmp53) acts in the germ
line to initiate apoptosis in response to DNA
damage (Brodsky et al. 2000). The protein is
a transcription factor that binds to DNA se-
quences closely related to those that the human

p53, p63, and p73 proteins bind to in DNA. The
Drosophila reaper and sickle genes are transcrip-
tionally activated by this p63/p73 hybrid gene
product and these gene products initiate apop-
tosis in germ cells with damaged DNA (Sogame
et al. 2003).

During fly development, when cells are
actively dividing, the absence of dmp53 can
result in genomic instability, especially in re-
sponse to DNA damage. Adult flies are largely
postmitotic, with only a few cell types dividing
(immune phagocytes, gut cells, and germ cells).
Thus, the earliest functions for the p53 family
genes are used to ensure germ-line genome
integrity and the larval stages of fly develop-
ment, preventing birth defects and the pro-
duction of abnormal embryos and flies. The
fidelity of the developmental process ensures
that resources are employed only for those faith-
fully reproducing the species. Similarly, in
Caenorhabditis, the p63/73 hybrid gene (called
CEP-1) acts during development and in the
germ line of adults (Derry et al. 2001). In the
germ line, CEP-1 responds with apoptosis to
DNA damage, hypoxia, and starvation. It also
acts, along with EGL-1 and CED-13 (a CEP-1
regulated gene), during oogenesis to decrease
excess germ cell production by apoptosis to
maintain homeostasis for egg production (Con-
radt and Horvitz 1998; Schumacher et al. 2005).

In the worm, CEP-1 is negatively regulated
by the serine/threonine protein kinase AKT-1
(antiapoptotic) and the tyrosine kinase ABL-1
(there is no detectable MDM-2 in the genome)
(Deng et al. 2004; Quevedo et al. 2007). Thus,
the p63/73 gene in the worm has become inte-
grated into pathways that sense glucose use,
reproductive activities, oxygen availability, and
genome integrity, and it responds by providing
fidelity for developmental processes and germ-
line production. The decreased expression of
CEP-1 over the development and life of a
worm results in an increased life span of these
round worms (Arum and Johnson 2007;
Tavernarakis et al. 2008). Here, we see for the
first time the interplay between the availability
of food in the environment, the homeostatic
regulation of reproduction, the responses to a
variety of stress signals that can alter the fidelity

Invertebrates p53/p63/p73

Cartilaginous 
fishes

Bony fishes 

p53 p63/p73 

p53 p63 p73 

Figure 2. Scenario of the p53 family gene evolution.
The earliest indication of p53 family genes dates
back to invertebrates and unicellular choanofla-
gellae. Aside from independent gene duplications,
such as in sea anemone or mosquitos, the earliest
indication for mammalian gene splitting dates back
to cartilaginous fishes, with tentative orthologs
visible in elephant sharks, and all three mammalian
paralogs appearing in bony fishes.
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of the genome replication process, and the lon-
gevity of an organism. The first three (and pos-
sibly the fourth) of these functions are under
intense evolutionary selection pressures. These
selection pressures result from communication
between p63/73 stress responses and the insulin-
like growth factor (IGF-1) pathway, the com-
munication of food resources with the control
of egg production by p63/p73, the interactions
between p63/73 and DNA repair pathways, and
longevity regulated by the activity of the IGF-1
pathway (Nahor et al. 2005). This fixes in these
organisms a temporal relationship between the
age of attaining sexual maturity, the age at which
reproductive activities decline because of an
active homeostatic control (in the extreme
menopause), and the longevity of a species. As
cancers arise in the vertebrates, this, too, is con-
trolled by these same genes and their signal
transduction pathways.

As vertebrates emerged in evolution, they
introduced a new body plan. Unlike flies and
worms, which have adult organisms that are
largely postmitotic with the exception of pro-
ducing eggs and sperm for reproduction of
the species, vertebrates developed somatic stem
cells or progenitor cells that renew many tissues
and organs of the body throughout life. Here,
for the first time, the p63/73 hybrid gene is
duplicated to produce a p53 gene. This new
p53 gene now focuses upon the fidelity of
somatic stem cell or progenitor cell duplication
to prevent cancers arising from the high error
rate that occurs during replication of damaged
DNA. This is an extension of the germ-line sur-
veillance of the p63/73 hybrid gene observed in
sea anemones, flies, and worms to somatic cells
in fish. It is reasonable to assume that this new
p53 gene and its tumor suppressor activity
first appear in early vertebrates because some
somatic cells (stem cells or progenitor cells)
regenerate for the first time over the life of an
organism. This new stem cell compartment is
vulnerable to developing cancers because of
environmental stresses. Thus, the expansion of
the number of p53 family genes and selection
for new functions arises from a gene dedicated
to surveillance of germ-line fidelity by a p63/
73 hybrid ancestor into a p53 gene with the

function of surveillance of DNA fidelity in
somatic stem cells. This is a classical tumor-
suppressor function.

With bony fish, amphibians, reptiles, mam-
mals, and birds, the p63 and 73 genes separate
(Fig. 2) and undergo positive selection so as to
take on a set of functions critical to the differen-
tiation of different tissues: p63 produces epi-
thelial cell surfaces and selected organs, and
p73 controls immunological and neuronal cells
(Mills et al. 1999; Yang et al. 1999; Yang et al.
2000). There is good evidence that p63 and p73
gene functions continue in their role of female
germ-cell fidelity (Suh et al. 2006; Tomasini
et al. 2008). Shortly after the separation of the
p63 gene from the p73 gene, the insertions
into the introns of the p63 gene altered its size
dramatically. The size of the p63 gene in bony
fish (zebrafish and the medaka) is about 25 to
35kb. In mammals it expanded in the platypus
to 150kb, in the opossum to 234kb, and in
humans to 265kb. This large increase in size
results in a higher recombination frequency
across the gene and a much greater number of
haplotypes in a population (in Caucasians, the
p53 gene has 10 haplotypes, whereas the p63
gene has 386 haplotypes). This creates a larger
combination of haplotypes to be selected from
in a population (see Table 2).

There are a large number of different knock-
out mice that have probed the functions of p63
and p73 genes in mice. It is clear that the p63
gene has evolved into a master regulator of epi-
thelial cell production (Mills et al. 1999; Yang
et al. 1999). P63 knockout mice are born
without skin and related appendages (they die
shortly after birth). They have craniofacial and
limb abnormalities and have lost their prostate
lineage cells (Mills et al. 1999; Yang et al. 1999;
Signoretti et al. 2005). p63 is also employed in
neuronal cell apoptosis (Jacobs et al. 2005).
Isoform-specific knockout mice show that p63
isoforms play a role in female infertility and
even early menopause. p73 homozygous knock-
out mice can often die in utero and if born are
runted and have a high mortality rate (Yang
et al. 2000). They show a number of neuro-
logical defects including hippocampal dys-
genesis and hydrocephalus. They have chronic
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inflammation and defects that lead to male in-
fertility (lack of pherone detection). Specific
isoform deletions of p73 show female infertility
and less ovulated oocytes (Tomasini et al. 2008).
Spindle abnormalities were common during
oogenesis and genomic instability was observed.
Thus, it is clear that in mammals, p63 and p73
acquire important developmental roles in pro-
grams that develop tissues.

At the same time, p63 and p73 retain their
roles in germ-line integrity and regulation of
oogenesis. This is a function that p63/73 had
in worms. These mouse studies make it equally
clear that the heterozygous or homozygous loss
of p63 or p73 show some tumor suppressor
activity in selected tissues (Flores et al. 2005).
Compound heterozygotes of p53/p63 or p53/
p73 display a much higher tumor burden than
p53 heterozygotes alone (Flores et al. 2005). In
humans, p63 mutations (heterozygotes) result
in ectrodactyly, ectodermal dysplasia, and cleft
lip/palate or EEC syndrome (Celli et al. 1999;
van Bokhoven et al. 2001). These mutations are
also observed in families with nonsyndromic
split-hand/split-foot malformations. These fam-
ilies do not have a Li-Fraumeni phenotype or a
high cancer incidence, and somatic mutations
in cancers contain few if any p63 or p73 mutations
(Moll and Slade 2004).

THE ROLE OF p53, p63, AND p73
IN REGULATING DEVELOPMENT
OF THE ORGANISM

There is abundant evidence that the p53, 63,
and 73 family of genes regulates the male and
female germ-line production of gametes in
response to stress, especially genomic damage.
When male Drosophila (p63/73) or mice (p53)
are irradiated and the DNA in cells undergoing
spermatogenesis is damaged, there is a wave of
apoptosis, killing these cells and causing a tem-
porary sterility (Norimura et al. 1996; Ollmann
et al. 2000). This is eventually replaced by sperm
with nondamaged DNA that produce normal
offspring. In this fashion, the p53 familyof genes
protects against developmental abnormalities in
the progeny. Similarly, in worms (p63/p73) and
mice (p63 and p73), the oocytes are regulated

by these gene products so that DNA damage
results in cell death (Suh et al. 2006; Tomasini
et al. 2008). In addition to a stress signal com-
posed of DNA damage, the sensing of food
supplies in the environment is an important
signal to regulate homeostasis of egg pro-
duction, especially in organisms that do not
have a lot of time to reproduce. The restriction
of nutrition (glucose starvation) is sensed by
the m-TOR pathway and can, under certain cir-
cumstances, activate the p53 pathway, leading
to apoptosis and autophagy (Feng et al. 2005;
Levine et al. 2006; Lee et al. 2007). In a recipro-
cal fashion, the activation of the p53 pathway
induces the transcription of four gene products,
PTEN, TSC-2, the b subunit of the AMP kinase
gene, and the IGF-BP3 gene, which each modu-
late down the IGF-1 and mTor pathways, which
in turn regulate growth and cell division
through metabolic shifts (Feng et al. 2007).

The mTor kinase influences mitochondrial
biogenesis, angiogenesis, ribosomal biogene-
sis, and cell size. The p53 pathway not only
integrates these processes through modulating
mTor activity, but it directly can modulate down
aerobic glycolysis through the TIGAR gene
product it regulates, and it modulates up oxida-
tive phosphorylation through the control of the
SCO2 gene (Bensaad et al. 2006; Matoba et al.
2006). The rapid cell growth during develop-
ment requires a metabolic shift to high glucose
use and aerobic glycolysis (as is observed in
cancers, wound healing, and immunological
responses), and so responses to stress signals
and control of these metabolic pathways is an
important element of development. Abnormal
cell division signaling during development in
the retinoblastoma pathway (excessive E2F tran-
scription factors) or the Ras or myc pathways
result in the transcription of the ARF gene.
The ARF protein binds to the MDM-2 protein
and inhibits its activity, raising p53 levels and
shutting down cell division, initiating senes-
cence or apoptosis (Bates et al. 1996; de Stan-
china et al. 1998; Palmero et al. 1998; Honda
and Yasuda 1999). In this way, abnormal devel-
opment of the embryo is blocked by the p53
pathway. Indeed, p53-regulated gene products
can shut down a number of developmental
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pathways: (1) SIAH is a p53-regulated gene
that lowers the levels of b catenin in WNT
pathway signaling (Fiucci et al. 2004; Iwai
et al. 2004); (2) the ratio of p53 and GLI, the
transcription factor in the Hedgehog signaling
pathway, regulates neural stem cell renewal
(Stecca et al. 2009); and (3) the cell fate deter-
minant NUMB activates p53 and inhibits the
notch pathway cell determination (Carter and
Vousden 2008; Colaluca et al. 2008). It is clear
from these and other examples that the p53,
63, and 73 pathway genes play a role in integrat-
ing developmental steps with stress signals, and,
in vertebrates, guiding several developmental
pathways in the production of organisms.

CONCLUSIONS

The p63/73-like gene was first observed in early
metazoans such as the sea anemone (and pos-
sibly even single cell organisms such as the cho-
anoflagellates), in which the function of the gene
product was to protect the germ cells from envi-
ronmental damage and stress, especially geno-
mic instability. This function is so central to all
organisms that it has been preserved, using the
p53 family of genes, and extended over one
billion years of evolution. Whether studied in
detail in sea anemones, clams, fruit flies, round
worms, zebrafish, mice, or humans, the p53,
p63, and p73 genes appear to retain these func-
tions, whereas in higher organisms, they take on
additional attributes. With the advent of sexual
dimorphism in a species, the p63 and p73 genes
appear to play more important roles in the
female germ line than the male germ line. In
addition, some of the p53 family-member-regu-
lated genes themselves have developed sexually
dimorphic roles; i.e., LIF, WIP-1, and MDM-2
are estrogen and p53-regulated genes and
PERP is a progesterone and p53/63-regulated
gene that produces a tetraspanin protein impor-
tant for skin cell adhesion (Attardi et al. 2000;
Ihrie et al. 2005; Hu et al. 2007a; Hu et al.
2007b). In addition to germ-line surveillance
by the three sister genes, p53 has taken on the
role of regulating the production of LIF in the
uterus to regulate the implantation of the em-
bryo. This has been directly observed in mice,

and SNPs in the p53, MDM-2, MDM-4, and
HAUSP, and LIF genes in humans can affect
implantation in Caucasians (Kang et al. 2009).
These functions ensure that some alleles in
these genes will be under positive and negative
evolutionary selection pressures. This, in turn,
will have an impact upon development and
cancer incidence and outcome. Remarkably,
the functional role of germ-line surveillance
has been intact for more than one billion years.

The first change in the function of the p63/
p73 ancestral gene coincided with the develop-
ment of stem cells and progenitor cells designed
to regenerate somatic tissues over the life time
of the adult organism. As with germ cells, this
created the possibility of unlimited cell growth,
or cancers. At the evolutionary times in which
this happened and in which we have informa-
tion about the p53 family of genes (vertebrates),
a duplication of the parent p63/p73 hybrid gene
arose, creating the p53 gene, which evolved
functions of somatic stem cell surveillance of
genomic instability and other stress responses.
This is what made the p53 gene a tumor sup-
pressor gene. After this (the bony fish represen-
tative), the p63 and p73 genes were duplicated
(the second major change in the family) and
evolved some distinct developmental functions.
From the production of functional germ cells,
through the regulation of the implantation of
embryos into the uterus in mammals, through
development of the fetus into a newborn, the
p53, p63, and p73 proteins function at various
times and places to produce a normal organism.
Throughout the lifetime of the vertebrate
organism, one or more of these three genes con-
tinue to function in tissue regeneration and
monitoring stem cell and progenitor cell fi-
delity. There is some evidence that implicates
this family of genes in helping to set longevity
of the organism or species (Donehower and
Levine, 2008) and in implementing menopause
as part of a homoeostatic mechanism (observed
in worms and mice) (Rashidi 2008; Tavernara-
kis et al. 2008; Scrable et al. 2009). There is
good evidence that the frequency of mutations
and mistakes in genome segregation increases
with age in both males and females. The effi-
ciency of the p53-mediated surveillance of
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these mistakes declines with age (Feng et al.
2008). It may well be that the surveillance and
the prevention of these errors falls upon the
p53/p63/p73 family of genes.

The first indication of MDM-2 as the major
negative regulator of p53 is observed in ver-
tebrates. In fish through humans, so much of
the regulatory circuits of p53 go through the
MDM-2 protein (AKT-1, AMP kinase, ARF,
cyclin D-PP2A, etc.) (Harris and Levine 2005),
that there must have been a sizable reorgani-
zation of p53, p63/p73 regulation in the ver-
tebrates. In worms, the AKT kinase negatively
regulates the p53 ancestor directly, whereas in
vertebrates, the AKT kinase acts through
MDM-2 to regulate p53 (Zhou et al. 2001;
Gottlieb et al. 2002; Quevedo et al. 2007). In
worms, the ABL-1 protein regulates the p63/
73 gene after DNA damage, and in vertebrates,
DNA damage activates the ABL kinase, which
is known to phosphorylate the p73 protein,
which in turn is capable of initiating apoptosis
(Agami et al. 1999; Gong et al. 1999; Yuan
et al. 1999; Deng et al. 2004; Mantovani et al.
2004). The study of these genes permits us to
learn a great deal about the strategies employed
during evolutionary changes that permit critical
proteins to be smoothly regulated during the
rewiring of regulatory circuits. We need to
choose several interesting organisms in the evo-
lutionary tree and uncover their regulatory cir-
cuits for the p53 family of genes.

Clearly, this description of the evolutionary
events in the p53 family of genes depends upon
a selective and incomplete record. The descrip-
tion of evolutionary changes in genes and their
functions is therefore speculative and subject
to interpretation of what we know at this time.
It does help that the p53 family of genes and
their functions are the subject of over fifty
thousand articles and studies. When one finds
remarkable conservation of genes and functions
over a billion years of evolution and in organ-
isms as diverse as the sea anemone, flies, worms,
clams, fish, mice, and humans, the discussion
gains a good deal of credibility.

Many interesting questions remain: (1)
How many independent times did the p53 gene
arise from the p63/p73-hybrid-ancestor gene

and in what organisms? (2) Did this truly
coincide with the development of somatic stem
and progenitor cells in those organisms? (3)
Where did the duplication of the p63/p73
gene occur and how did the striking role of
p63 in epithelial cell development arise? (4)
What are the functional roles of p73 in the
immune and nervous systems? Does p53 play
a role in the central nervous system as well,
and if so, what is it? (5) How do the functions
of p53, p63, and p73 interface with the major
signal transduction pathways that control the
development of organisms? What is the extent
to which p53/p63/p73 regulate metabolic path-
ways in development, cancer, and in the adult
organism exposed to stress signals? (6) Are p63
and p73 true tumor suppressor genes in humans,
and if so, under what conditions do they act to
accomplish this? (7) What are the selective pres-
sures acting upon different alleles in the p53,
p63, and p73 genes in different human racial
groups or ethnic groups? (8) What is the role
of p53, p63, and p73 in the longevity of an
organism? And many more interesting ques-
tions will surely be formulated and studied.
What has become clear from this discussion is
that the three sisters in the p53 family of genes
have been shaped by evolutionary forces just
as these gene products themselves have played
a key role in shaping the evolution of organisms
by imparting germ-line fidelity and slowing
variation among offspring. Those who play a
role in ensuring the passage of information with
few errors from generation to generation shape
and guide the path that evolution takes. This is
yet another reason why we need to know just
how all of the genes in the pathways of these
three sisters function in many diverse organisms.

After this article was completed and in
print, a paper by Lane et al. (Lane et al. 2009)
was brought to our attention. This manuscript
identified p53 (38% identity to human) and
MDM-2 (22% identity to human) proteins in
the placozoans, whose origins and position in
invertebrate evolution are under some debate.
This brings up the possibility that p53 and
MDM-2 genes are present in some invertebrates
such as clams and placozoans and p63/p73
genes, with no detectable p53 or MDM-2
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genes observed in other invertebrates (flies with
25% identity to p63/p73 in humans and worms
with 15% identity to p63/p73 in humans).
Some of these three genes, p53, p63, and p73,
could have been lost, inter-converted, or gained
during the evolution of the invertebrates. The
closer relationships between p63 and p73
when compared to p53 and the more extensive
evolutionary changes in the p53 gene that
occurred in vertebrates suggest similar events
(duplications, losses, or inter-conversions) in
the vertebrates. Additional information will be
required to determine if there are two separate
lines of evolution (p53/MDM-2 or p63/p73
ancestor genes) in the invertebrates, one of
which may have led to the vertebrates.
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