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Abstract
The tumor suppressor p53 is critically important in
the cellular damage response and is the founding
member of a family of proteins. All three genes regulate
cell cycle and apoptosis after DNA damage. However,
despite a remarkable structural and partly functional
similarity among p53, p63, and p73, mouse knockout
studies revealed an unexpected functional diversity
among them. p63 and p73 knockouts exhibit severe
developmental abnormalities but no increased cancer
susceptibility, whereas this picture is reversed for
p53 knockouts. Neither p63 nor p73 is the target of
inactivating mutations in human cancers. Genomic
organization is more complex in p63 and p73, largely
the result of an alternative internal promoter
generating NH2-terminally deleted dominant-negative
proteins that engage in inhibitory circuits within the
family. Deregulated dominant-negative p73 isoforms
might play an active oncogenic role in some human
cancers. Moreover, COOH-terminal extensions specific
for p63 and p73 enable further unique protein-protein
interactions with regulatory pathways involved in
development, differentiation, proliferation, and damage
response. Thus, p53 family proteins take on functions
within a wide biological spectrum stretching from
development (p63 and p73), DNA damage response
via apoptosis and cell cycle arrest (p53, TAp63, and
TAp73), chemosensitivity of tumors (p53 and TAp73),
and immortalization and oncogenesis (#Np73).
(Mol Cancer Res 2004;2(7):371 – 86)

Introduction
p53 controls a powerful stress response by integrating
upstream signals from many types of DNA damage and inappropriate oncogenic stimulation, all of which lead to p53
activation. Activated p53 elicits apoptosis, cell cycle arrest, and,
in some circumstances, senescence, thereby preventing the
formation of tumors (Table 1). Hence, loss of p53 function is
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a preeminent finding in most human cancers, whether directly
through mutation of p53 itself, the most common mechanism
(1), impaired nuclear retention of p53 (2, 3), loss of the
upstream activator p14ARF, or amplification of the p53 antagonist HDM2 (4).
In 1997, two novel family members were identified and
termed p73 (5) and p63 (6-10). On the basis of their remarkable structural similarity with p53, p63 and p73 generated
instant excitement and quick expectations about their biological
functions. Seven years later, we have unearthed striking similarities but also surprising diversities. Both genes give rise to
proteins that have (a) entirely novel functions and (b) p53related functions. Moreover, the p53-related functions are of
either a p53-synergistic or a p53-interfering nature. Both p63
and p73 share >60% amino acid identity with the DNA binding
region of p53 (and even higher identity among themselves),
including conservation of all DNA contact and structural residues that are hotspots for p53 mutations in human tumors. In
addition, p73 shows 38% identity with the p53 tetramerization
domain and 29% identity with the p53 transactivation domain
(TA). In vertebrates, the p73 and p63 genes are ancestral to p53
and possibly evolved from a common p63/p73 archetype (5, 6).

Gene Architecture of the p53 Family
The gene structure of TP53, TP63, and TP73 is highly
conserved from mollusk to human (Fig. 1A and B). The three
most conserved domains in all three genes are the NH2-terminal
TA, the central DNA binding domain (DBD), and the COOHterminal oligomerization domain. TP53 currently has a single
promoter but encodes the full-length p53 as well as a long
overlooked alternative splice variant of 40 kDa called DNp53.
DNp53 is produced by an alternative splice product that retains
intron 2, but because it contains a premature stop codon, internal
translation starts at codon 40 (11). DNp53 oligomerizes with fulllength p53 and interferes with its transcriptional and apoptotic
functions. On the other hand, DNp53 does not respond to DNA
damage but becomes the predominant form during progression
into S phase after serum restimulation. Thus, DNp53 may play
a transient p53 counter-role during normal cell cycle (12). Its
potential role in tumors is currently unknown.
TP63 and TP73 have two promoters: P1 in the 5V untranslated
region upstream of the noncoding exon 1 and P2 within the 23 kb
spanning intron 3. P1 and P2 promoters produce two diametrically opposing classes of proteins: those containing the TA
(TAp63 and TAp73) and those lacking it (DNp63 and DNp73).
DNp63 and DNp73 occur in human and mouse. In addition,
alternative exon splicing of the P1 transcripts of TP63 and TP73
give rise to other isoforms lacking the transactivation (5)
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Table 1. p53 Gene Family

DNA damage
response
Apoptosis/cell
cycle arrest
Senescence
Developmental
function

p53

p63

+++

/+

+++

+

+++
Required for limb
and skin formation;
essential in stem cell
biology of epithelia

p73

main structures (22, 23). Other SAM-containing proteins are
the ETS transcription factor TEL that plays a role in leukemia, the polycomb group of homeotic transcription factors,
and the ephrin receptors. Despite predictions of homo- and

++
++
+
Required for central
nervous system
development of
hippocampus,
limbic telencephalon,
and vomeronasal
region; absence
of Cajal-Retzius
neurons

domain (e.g., DNVp73, Ex2Delp73, and Ex2/3Delp73; Fig. 1C;
refs. 13-15). Of importance, the DNp73 and DNVp73 transcripts
encode the same protein due to the use of a second translational
start site because of an upstream premature stop in DNVp73 (15).
TA proteins mimic p53 function in cell culture including
transactivating many p53 target genes and inducing apoptosis,
whereas (the collectively called) DTA proteins act as dominantnegative inhibitors of themselves and of other family members
in vivo in the mouse and in transfected human cells (6, 16, 17).
Strikingly, the TP63 locus is contained within a frequently
amplified region in squamous cell carcinoma (which led to the
alternate name of amplified in squamous carcinoma for TP63;
ref. 18), and squamous epithelium of the skin and squamous
carcinoma produce high levels of DNp6a (also called p68AIS).
Furthermore, DNp73 is the predominant TP73 product in the
developing mouse nervous system and is required to counteract
the proapoptotic action of p53 (see below; refs. 16, 17).
Additional complexity is generated at the COOH terminus:
TP73 and TP63 undergo multiple COOH-terminal splicings of
exons 10 to 14, skipping one or several exons. Thus far, nine
transcripts were found for TP73: a, h, g, y, q, ~, D, D1, and f
(a being full-length; refs. 15, 19, 20), and three were found for
TP63: a, h, and g (6). The p73 isoforms f, D, and D1 lack the
second COOH-terminal TA and the tetramerization domain
encoded by exon 10 (13, 15). In some COOH-terminal isoforms, exon splicing also leads to unique sequences due to
frameshifts. For TP63, three isotypes (a, h, and g) are made.
Splicing of different ‘‘tails’’ further modulates the p53-like
function of TA proteins, although they do not appear to vary
much in their role in tumorigenesis. Structurally, the g forms of
TP73 and TP63 most closely resemble p53 itself, harboring
just a small COOH-terminal extension beyond the last 30amino acid stretch of p53. Surprisingly, whereas TAp63g (also
called p51A) is as powerful as p53 in transactivation and
apoptosis assays (6), TAp7g is rather weak. The a forms of
TP73 and TP63 contain an additional highly conserved sterile
a motif (SAM). SAMs are protein-protein interaction modules
found in a wide variety of proteins implicated in development.
In addition, the p73 SAM domain can bind to anionic and
zwitterionic lipid membranes (21). The crystal and solution
structures of p73 SAM agree with each other and feature a
five-helix bundle fold that is characteristic of all SAM do-

FIGURE 1. A. Gene architecture of the p53 family. The p53 family
includes the three genes p53, p63, and p73. They have a modular structure consisting of the TA, the DBD, and the oligomerization domain. All
genes are expressed as two major types: full-length proteins containing
the TA domain and DN proteins missing the TA domain. The products of
p73 and p63 are more complex than p53 and contain a COOH-terminal
SAM domain and a transactivation inhibitory domain in their a isoforms.
p63 and p73 also contain two promoters. The P1 promoter in the 5V
untranslated region produces TA proteins that are transcriptionally active,
whereas the P2 promoter produces DN proteins with dominant-negative
functions toward themselves and toward wild-type p53. In addition, extensive COOH-terminal splicing and, in TP73, additional NH2-terminal splice
variants of the P1 transcript further modulate the p53-like functions of
the TA proteins. B. Amino acid alignment of human p53, p63, and p73.
C. Gene architecture of the NH2 terminus of p73. TAp73 and the NH2terminally truncated splice forms Ex2p73, Ex2/3p73, and DNVp73 (together
with DNp73 collectively called DTAp73 isoforms) are all generated from the
P1 promoter, whereas the P2 promoter in intron 3 produces the dominantnegative DNp73, starting with the unique exon 3V. Arrows, transcriptional
start sites.
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FIGURE 1 continued.

hetero-oligomerization of SAM-containing proteins, p73 SAM
appears monomeric by experimental analysis, casting doubt
whether this domain mediates interaction of p73 with
heterologous proteins (23). There are also functional differences
between TAp73a and TAp63a. Whereas TAp73a is comparable with p53 in potency in transactivation and apoptosis assays,
TAp63a (also called p51B) is very weak (6). One reason for
this difference could be that p63a isoforms contain a 27-kDa
COOH-terminal region that drastically reduces its transcriptional activity (24). This domain is necessary and sufficient for
transcriptional inhibition and acts by binding to a region in the
NH2-terminal TA of p63, which is homologous to the MDM2
binding site in p53. Of note, this transactivation inhibitory
domain is biologically important, because patients with deletions in this p63 domain have phenotypes very similar to patients with mutations in the DBD (24).
In summary, by using alternate exon splicing and an alternative promoter, TP73 and TP63 genes can generate an impressive modular complexity by combining a specific ‘‘head’’
with a particular ‘‘tail.’’ In practice, this means that our understanding of their biological roles will greatly depend on
knowing which forms get expressed under what circumstances.

TP63 and TP73 Play Important Roles in
Development and Differentiation
Both genes play important and, despite their structural
similarity, surprisingly unique roles in mouse and human development. This is powerfully revealed by the striking developmental phenotypes of p63- and p73-deficient mice (16, 25,
26) and is in contrast to p53-null mice, which are highly tumor
prone but lack a developmental phenotype.
TP63
TP63 expression is absolutely essential for limb formation
and epidermal morphogenesis (integument and tongue) including the formation of adnexa (teeth, hair, mammary and
prostate glands, and sweat and lacrimal glands). p63-null
animals show severe limb truncations or absence of limbs and
absence of skin and craniofacial malformations. They also fail
to develop skin and most epithelial tissues (e.g., prostate and
mammary glands). The animals do not survive beyond a
few days postnatally. Reminiscent of the knockout phenotype
in mice, heterozygous germ line point mutations of p63 in
humans cause six rare autosomal dominant developmental
disorders with a strong but not absolute genotype-phenotype
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FIGURE 2. Location of p63 point mutations (heterozygous, germ line) in six related human developmental disorders with autosomal dominant
transmission and various degrees of limb and facial malformations and ectodermal dysplasia. Mutations are found in the DBD or in the SAM domain/
transactivation inhibitory domain. Abbreviations: Pro , proline-rich domain; OD , oligomerization domain; TID , transactivation inhibitory domain.

correlation (with or without ectrodactyly; Fig. 2). Ectrodactyly-ectodermal dysplasia-clefting or the related yet distinct
ankyloblepharon-ectodermal dysplasia-clefting or Hay-Wells
syndrome was the first discovered. Among 29 p63 mutations
found in 90 affected families with ectrodactyly-ectodermal
dysplasia-clefting, 28 were missense mutations within the
DBD, some of which correspond to the p53 hotspot mutations.
These ectrodactyly-ectodermal dysplasia-clefting mutations
affect all six major proteins and inhibit DNA binding of the
TAp63 forms. Conversely, ectrodactyly-ectodermal dysplasiaclefting mutations in DNp63 proteins cause a loss of their
dominant-negative properties toward p53 and TAp63g (27).
In contrast, p63 mutations in the ankyloblepharon-ectodermal
dysplasia-clefting syndrome are in the SAM domain and affect only the two a isoforms. Ankyloblepharon-ectodermal
dysplasia-clefting mutants of p63a have lost interaction with
apobec-1 binding protein-1. Without this interaction, the
alternatively spliced K-SAM isoform of fibroblast growth
factor receptor-2 is not generated (essential for epithelial
differentiation), which in turn might lead to inhibition of
epithelial differentiation and could perhaps account for the
ankyloblepharon-ectodermal dysplasia-clefting phenotype
(28). There are four additional related human developmental
syndromes with p63 mutations (acro-dermato-ungual-lacrimaltooth syndrome, limb mammary syndrome, Rapp-Hodgkin syndrome, and split hand-split foot malformation) that extend the
genotype-phenotype correlation (29).
Importantly, basal cells of normal human epithelium including the epidermis strongly express p63 proteins, predominantly
the DNp63 isotype (ratio is f100:1 of DNp63 to TAp63; ref. 6),
but lose them as soon as these cells withdraw from the stem cell
compartment (30). Consistent with this notion, keratinocyte differentiation is associated with the disappearance of DNp63a
(31-33), whereas the expression of p53 target genes p21 and 143-j, mediating cell cycle arrest, increase. p63 binds p21 and 143-j promoters and represses them. This repression is reduced
in the mutated proteins found in ankyloblepharon-ectodermal
dysplasia-clefting syndrome (33). p63 is also indispensable for
the differentiation of a transitional urothelium and is expressed
in normal bladder urothelium. p63 is lost in most invasive
bladder cancers (34).

Together, these data clearly establish a fundamental role of
p63 in epithelial stem cell biology and in the apical ectodermal
ridge of the limb bud, where p63-expressing cells create a signaling center (30). Whether this role is one in stem cell selfrenewal or in stem cell differentiation into stratified epithelium
remains a matter of controversy (25, 26). In one model, p63 is
required for the ectoderm to commit to epidermal lineages (25,
26), whereas, in the other model, p63 is not required to commit
but to maintain the stem cell pool and prevent it from differentiation (29). What appears clearer is that p63 is probably
not simply required for the proliferative capacity of stem cells,
because their immediate progeny, the TAC cells, are equally
proliferative but have already lost p63 expression (30). Zebrafish
embryos require DNp63 to inhibit p53 and thus allow epidermal proliferation and limb development (35). This study shows
an essential and ancient role of DNp63 in skin development.
TP73
TP73 also has distinct developmental roles. TP73 expression
is required for neurogenesis of specific neural structures, for
pheromonal signaling, and for normal fluid dynamics of cerebrospinal fluid (16). The hippocampus is central to learning and
memory and continues to develop throughout adulthood. p73null animals exhibit hippocampal dysgenesis due to the selective
loss of large bipolar neurons called Cajal-Retzius in the marginal
zone of the cortex and the molecular layers of the hippocampus.
These Cajal-Retzius neurons are responsible for cortex organization and coexpress DNp73 and the secretory glycoprotein
reelin. In addition, p73-null mice have severe malformations of
the limbic telencephalon.3 They also suffer from hydrocephalus
(f20%) probably due to hypersecretion of cerebrospinal fluid
by the choroid plexus and from a hyperinflammatory response
(purulent but sterile excudates) of the respiratory mucosa likely
due to mucus hypersecretion. Moreover, the animals are runted
and show abnormal reproductive and social behavior due to
defects in pheromone detection. The latter abnormality is due to a
dysfunction of the vomeronasal organ, which normally expresses
high levels of p73.

3

G. Meyer, personal communication.
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Role of DNp73 in Mouse Development
DNp73 is the predominant form in the developing mouse
brain and might act as a repressor (6, 17). In situ hybridization
reveals strong DNp73 expression in E12.5 fetal mouse brain
in the preplate layer, bed nucleus of stria terminalis, choroid
plexus, vomeronasal area, and preoptic area (16). Moreover,
DNp73 is the only form of p73 found in mouse brain and
the sympathetic superior cervical ganglia in P10 neonatal mice
(17). Functional studies and knockout mice showed that
DNp73 plays an essential antiapoptotic role in vivo. DNp73 is
required to counteract p53-mediated neuronal death during the
normal ‘‘sculpting’’ of the developing mouse neuronal system
(17). Withdrawal of nerve growth factor, an obligate survival
factor for mouse sympathetic neurons, leads to p53 induction
and p53-dependent cell death. Conversely, nerve growth factor
withdrawal leads to a decrease of DNp73. Importantly, sympathetic neurons are rescued from cell death after nerve growth
factor withdrawal when DNp73 levels are maintained by viral
delivery. Likewise, sympathetic neurons are rescued from
Adp53-mediated neuronal death by coinfected AdDNp73. In
pull-down assays, mixed protein complexes of p53/DNp73
were demonstrated, suggesting one biochemical basis for
transdominance in addition to possible promoter competition.
Together, these data firmly put DNp73 downstream of nerve
growth factor in the nerve growth factor survival pathway. It
also explains why p73 / mice, missing all forms of p73
including protective DNp73, undergo accelerated neuronal
death in postnatal superior cervical ganglia (17).
In tissue culture models, p73 also plays a role in differentiation of several cell lineages. TP73 expression increases
during retinoic acid – induced and spontaneous differentiation
of neuroblastoma cells (36, 37). In addition, ectopic TAp73h but
not p53 induce morphologic and biochemical markers of neuroblastoma differentiation (36). Moreover, expression of specific
COOH-terminal isoforms correlates with normal myeloid differentiation. p73a and p73h are associated with normal myeloid
differentiation, whereas p73g, p73y, p73q, and p73u are associated with leukemic blasts. In fact, p73q is specific for leukemic
blast cells (38). Similarly, TAp73g and TAp73y may play a
role in the terminal differentiation of human skin keratinocytes
(39). This suggests a p73-specific differentiation role that is
not shared by p53 and, for the most part, not shared by p63 either.
p53 has an important developmental role in early mouse
embryogenesis (E7-8d) as revealed when the autoregulatory
feedback loop with MDM2 is removed and p53 levels remain
uncontrolled (40, 41). Nevertheless, in stark contrast to TP63and TP73-null mice, TP53-null mice make it through development with essentially no problems (with the exception of rare
exencephaly in females; refs. 42, 43). A commonly offered explanation is that p53 functions are covered by redundant p63 and
p73 functions. At least in theory, this idea could now be tested,
although generating double or even triple knockouts might be a
daunting task. The concept of substitution, however, is inconsistent with the finding that DN isoforms rather than TA isoforms
are the predominant proteins of TP63 and TP73 during development. Indeed, the very fact that TP63- and TP73-deficient mice
have a phenotype could be viewed as evidence for the important
in vivo role of DN isoforms during development because,
conversely, p53 cannot substitute for those forms.

Of note, p73-deficient mice lack spontaneous tumor
formation even after a 2-year observation period (16). Although
the tumor rate after mutagenic challenge or the tumor rate of
double p53/p73-null mice is currently unknown, this result
is another clear difference between p53 and the other family
members. It indicates that if TP73 and TP63 do have a role in
tumor formation, it might be a complex one, which is probably
not revealed by simply eliminating the entire gene.

p63 and p73 Expression in Normal Human
Tissues
p73 gene expression occurs at very low levels in all normal
human tissues studied (37, 44), making detection difficult.
p63, mainly its DN form, occurs at higher levels and is readily
detectable at the protein level. In embryonic epidermis, p63 is
the molecular switch for initiation of an epithelial stratification
program (45). In postnatal epidermis, p63 expression is restricted to the nuclei of basal cells of normal epithelia (skin,
esophagus, tonsil, prostate, urothelium, ectocervix, and vagina)
and to certain populations of basal cells in glandular structures
of prostate, breast, and bronchi (6, 46). Specifically, p63 is
expressed in myoepithelial cells of the breast and considered to
be the specific marker for those cells in normal breast tissue
(47, 48). p63 expression in prostate is restricted to basal cells,
making it an excellent diagnostic marker in prostate cancer. The
vast majority of prostate cancers and preinvasive prostate intraepithelial neoplasia lesions have lost p63 expression. Basal cells
play important roles in differentiation and carcinogenesis of
the prostate (49, 50).

Transcriptional and Apoptotic Activity of p63
and p73
In general, many functional parallels are found among p53,
TAp73, and TAp63 on the one hand and among DNp73 and
DNp63 on the other hand. When ectopically overexpressed in
cell culture, p73a and p73h closely mimic the transcriptional
activity and biological function of p53. p73h and, to a lesser
extent, p73a bind to canonical p53 DNA binding sites and
transactivate many p53-responsive promoters (51-54), although
relative efficiencies on a given p53 target promoter may differ from p53 and also differ among various COOH-terminal
isoforms of TAp73 and TAp63 (53, 54). In reporter assays,
p73-responsive promoters include well-known p53 target genes
involved in antiproliferative and proapoptotic cellular stress
responses such as p21WAF1, 14-3-3j, GADD45, BTG2, PIG3
(53), ribonucleotide reductase p53R2 (55), and IGFBP3 (56).
Bax transactivation is controversial (53, 56). TAp73a and
TAp73h also induce MDM2. Conversely, ectopic p73 overexpression leads to transcriptional repression of vascular
endothelial growth factor, analogous to the ability of p53 to
transcriptionally suppress vascular endothelial growth factor
(57). Although there are probably still dozens of common
targets that have not yet been described or discovered, it will
be important to identify p63/p73-preferred or p63/p73-specific
targets. For example, 14 novel target genes that are differentially regulated by various p53 family members were recently
identified (58). It is worth noting, however, that binding of
endogenous p63/p73 to their putative target gene promoters
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has not been demonstrated yet in vivo by chromatin immunoprecipitation (59). In summary, there are common and
perhaps preferred target genes for each p53 family member and
their isoforms. Small interfering RNA strategies specifically
designed against these isoforms will clarify the biological
functions of each p53 family member.
p73 has its own unique determinants for transactivation
and growth suppression. The domains of p73h (the most
potent form in transactivation and growth arrest) necessary for
inducing cell cycle arrest are the TA domain, the DBD, and the
tetramerization domain. However, unlike p53, p73-mediated
apoptosis does not require PXXP region adjacent to the TA
domain or the entire COOH-terminal region. Interestingly,
PXXP motifs, although dispensable for p73 function, render
p73 inactive in transactivation when deleted (60). DTAp73
could mediate hyperphosphorylation of retinoblastoma, resulting in enhanced E2F activity and thus possibly also interfering with the retinoblastoma tumor suppressor pathway (61).
A surprising ‘‘essential cooperativity’’ among family
members for transcriptional function was recently found. In
response to DNA damage, induction of p21WAF1 (mediating cell
cycle arrest) occurred normally in p63 / and p73 / single
null mouse embryo fibroblasts (MEFs) and p63/p73 / double
null MEFs. However, in double null MEFs, the induction of
Bax, Noxa, and PERP genes (thought to mediate apoptosis) was
suppressed. Chromatin immunoprecipitation assays confirmed
that there is no binding of p53 to the Bax, PERP, and NOXA
promoters in the absence of p63 or p73, whereas, conversely,
p63 still binds to them in p53 / single null MEFs. These
data demonstrate that either p63 or p73 are essential for p53induced apoptosis (62). Ectopic p73 promotes apoptosis in
human tumor cell lines independent of their p53 status (5, 51).
In fact, in a subset of cancer cell lines, p73h is more efficient
in inducing apoptosis than p53 itself (63). Potency differences
exist among the COOH-terminal isoforms. Overexpression
of p73a, p73h, and p73y suppresses focus formation of p53deficient Saos-2 cells, whereas p73g fails or suppresses only
very poorly (51, 63, 64). Similarly, TAp63a lacks significant
transcriptional and apoptotic ability, whereas TAp63g is very
potent in both (6). However, TAp63g activity is controversial.
Cells overexpressing TAp63g, TAp63a, DNp63a, and DNp63g
showed poor or no detectable apoptosis compared with overexpressed p53 or p73a. Although TAp63g yielded clear p21
induction, it showed only moderate activity for apoptosis
(65). Using gene profiling via microarrays, DNp63a and
TAp63a regulate a broad spectrum of genes with diverse roles
in cellular function but possess opposing regulatory effects
toward each other (66).

Regulation of p73 and p63 Protein Stability and
Transcriptional Activity
Proteasomes are mediating the turnover of p73 proteins
because proteasome inhibitors stabilize p73 isoforms (67). We
determined the individual half-lives of all NH2- and COOHterminal isoforms and found that they differ only moderately.
However, when coexpressed in various cell types, TAp73a/h
proteins become markedly stabilized by DNp73a/h but, in
doing so, render them functionally inactive. This is mediated

via hetero-oligomerization by the transdominant DNp73. In
contrast, p53 protein fails to accumulate via DNp73 coexpression. In the ongoing debate whether TAp73 is a relevant
tumor suppressor, we suggest that increased TAp73 protein
levels should be interpreted with caution when levels are the
only criteria that can be used to deduce TAp73 activity. This
is particularly the case in primary tumors in which functional
studies are not possible (68).
In sharp contrast to p53, however, p73 degradation is not
mediated by MDM2. The molecular basis for the MDM2
resistance of p73 was found by systematic motif swapping.
Region 92-112 of p53, which is absent in p73, was identified
to confer MDM2 degradability to p53 (69). p73 protein is also
resistant to human papillomavirus (HPV) E6, which together
with E6-AP mediates hyperactive degradation of p53 in HPVinfected cells (67, 70). This relationship might have some
bearing in tumors with increased p73 expression (see below).
Just as MDM2 does not mediate p73 degradation, p19ARF,
which stabilizes p53 levels by antagonizing the degrading
action of MDM2, has not been shown to stabilize p73 protein.
One potential consequence of the differential MDM2 sensitivity between p53 and p73 was seen in tissue culture: ectopic
coexpression of p73 leads to a selective decrease of ectopic p53
and endogenous induced p53 because p53 is susceptible to
MDM2, whereas p73 is not (71). This suggests a potential
down-modulation of p53 by high levels of TAp73 (because
MDM2 is also a p73 target), an interesting family twist to keep
in mind with respect to tumor formation. On a transcriptional
level, however, the negative feedback regulation between the
two genes is preserved. MDM2 is transcriptionally activated
by p73 and in turn negatively regulates the transcriptional
ability of p73, just as it functions toward p53 (67, 72, 73).
However, the mechanism is again distinct from p53. The binding to MDM2 causes the disruption of physical and functional
interaction with p300/cAMP-responsive element binding protein by competing with p73 for binding to the NH2 terminus
of p300/cAMP-responsive element binding protein (73).
Degradation of p73 might be linked to small ubiquitin-related
modifier-1 (74). On the other hand, the novel Hect domaincontaining NEDD4-like E3 ubiquitin ligase NEDL2 binds to
p73 via its PY motif in the COOH-terminal region (75). p53,
which lacks the PY motif, does not bind to NEDL2. Overexpression of NEDL2 results in the ubiquitination of p73;
however, rather than mediating degradation, it enhances the
steady-state level of p73 and its ability to transactivate
p53/p73-responsive promoters. The differential binding of
NEDL2 to p53 family members is thus another factor that
might contribute to their functional divergence. Likewise, the
NAD(P)H:quinone oxidoreductase-1 stabilizes p73a (as well as
p53) but not p73h by binding of its SAM domain to NQO1,
which protects p73a from 20S proteasomal degradation that
is independent of MDM2. This NQO1-mediated stabilization of
p73a and p53 provides one explanation why NQO1 knockout
mice have a cancer phenotype and humans with inactive NQO1
polymorphisms are susceptible to cancer (76).
The ankyrin-rich, Src holomogy 3 domain, proline-rich proteins ASPP1 and ASPP2 stimulate the apoptotic function of
p53, p63, and p73 (77, 78). By binding to the DBD of p53,
p63, and p73, ASPP1 and ASPP2 stimulate the transactivation
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function of all three proteins on the promoters of Bax, PIG3,
and PUMA but not MDM2 or p21WAF-1/CIP1. Hence, ASPP1
and ASPP2 are the first two identified common activators of
all p53 family members. The transcriptional coactivator Yesassociated protein potentiates TAp73-mediated transactivation
of Bax after DNA damage. Conversely, Akt phosphorylates
Yes-associated protein, which induces interaction with 14-3-3,
relocation of Yes-associated protein to the cytoplasm, and attenuation of p73-mediated apoptosis (Fig. 3; ref. 79).
SAM-containing p63a forms are more stable because the
transactivation inhibitory domain, intramolecularly bound to
the TA domain, interferes with p63a degradation. This pool of
protein is ready to be used in case of a stimulus such as DNA
damage or a developmental signal (24). In general, TAp63
isoforms (half-life f6 minutes in vitro) are much less stable
than DNp63 isoforms (half-lifes >5 hours). The specific DNA
binding activity of TAp63 must be essential for its protein
stability because the disease-related DNA binding mutants of
TAp63 are very stable. Whereas MDM2 binds to TAp63,
MDM2 is unlikely to be the E3 ubiquitin ligase for p63 because ectopic delivery of MDM2 has no significant effect on
TAp63 levels (80). However, p63a and p63g are exported from
the nucleus to the cytoplasm when coexpressed with MDM2,
suggesting that MDM2 is capable of inhibiting the apoptotic
function of p63 by removing it from the nucleus but not by
directing its degradation (80). Rather, as seen in p73, p63
degradation might also be linked to a COOH-terminal small
ubiquitin-related modifier-1 site. In an additional family twist,
however, DNp63 isoform stability may also be regulated independently of proteasomes. A protein complex between DNp63a
and p53, mediated by both DBDs, promotes p63 degradation
via a caspase-1-specific pathway (81). This result may explain
the observation that UV irradiation of cultured keratinocytes
suppresses DNp63 levels (82). Of note, a check-and-balance
system may exist: whereas DNp63 is a transcriptional inhibitor

of p53, p53 is a stability inhibitor of DNp63. This relationship
also points toward another level of intimate functional crosstalk among p53 family members, a theme that will surface again
and again. In summary, the respective E3 ubiquitin ligases for
p63 and p73 remain to be identified.

Post-Translational Modifications During Activation
p53 stabilization and activation by genotoxic stress is
associated with multiple post-translational modifications at
the NH2 and COOH termini of p53 in vivo. In close temporal
relationship to stress, the NH2 terminus undergoes heavy
phosphorylation (Ser15, Ser20, Ser33, Ser37, Ser46, Thr18, and
Thr81), which is thought to stabilize the protein by interfering
with MDM2 binding, thereby disrupting the constitutively
targeted degradation. The COOH terminus also undergoes sitespecific phosphorylation (Ser315 and Ser392), acetylation
(Lys320, Lys373, and Lys382), and sumoylation (Lys386). The
COOH-terminal modifications are thought to activate the
transcriptional activity of p53 (83). So-called stress kinases
(e.g., ATM, ATR, and Chk2), which detect genotoxic stress and
initiate signal transduction, are in vivo kinases for specific p53
serine residues, whereas the histone acetyltransferases p300/
cAMP-responsive element binding protein and PCAF (which
at the same time are transcriptional coactivators) acetylate p53.
Modification differences for p73 are starting to be worked
out (Fig. 3). Serine phosphorylation has been reported for
p73 (84). In addition, p73a undergoes phosphorylation at Tyr99
by c-abl in response to g-IR that in turn activates p73 for
apoptosis (85, 86). This is due to a direct interaction between
the PXXP motifs of p73 and the Src holomogy 3 domain of
c-abl. Interestingly, Tyr99 phosphorylation activates p73 but
does not stabilize the protein. On the other hand, cisplatin also
activates p73 function and stabilizes the protein but does
not tyrosine phosphorylate it. Sumoylation of COOH-terminal

FIGURE 3. Post-translational modifications of p73 and proteins interacting with p73.
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Lys627 occurs specifically in p73a but not in p73h in vitro.
However, in contrast to sumoylation of p53, which activates
its transcriptional activity, sumoylation of p73 promotes its
degradation (74). p63 does not have PXXP motifs, and modification studies for p63 have not been reported.
p73 proteins may also play a role in the regulation of cell
growth. p73 physically interacts with various cyclins and
certain cyclin-CDK complexes (cyclin A-CDK1/2, cyclin BCDK1/2, and cyclin E-CDK2), which can phosphorylate
various p73 isoforms in vitro at Thr86. This cell cycle –
dependent phosphorylation inhibits p73 to induce endogenous
p21 expression (87). p73 is a physiologic target of the cyclin
B-CDK1 mitotic kinase complex in vivo, which results in a
decreased ability of p73 to bind DNA and activate transcription in mitotic cells. Both p73a and p73h isoforms are hyperphosphorylated in normal mitotic cells (88). Recently, the
receptor for activated C kinase-1 was found to interact with
the extreme COOH terminus of p73a, although receptor for
activated C kinase is notorious for being ‘‘fished’’ out in yeast
two hybrids by a wide variety of baits. Nevertheless, when
overexpressed, receptor for activated C kinase-1 inhibits p73amediated transcription of p73 target genes and p73a-dependent
apoptosis (89). DNA damage induces acetylation of p73 at
Lys321, Lys327, and Lys331 by the acetyltransferase p300/
cAMP-responsive element binding protein. Nonacetylated
p73 is defective in inducing proapoptotic genes such as
p53AIP1 but retains the ability to activate other target genes
such as p21. This indicates that DNA damage-dependent p73
acetylation, like in p53, potentiates the apoptotic function of
p73 by selectively increasing its ability to induce the
transcription of proapoptotic target genes (90).

Role of p73 and p63 in Tumors: p73 Is Not a
Classic Knudson-Type Tumor Suppressor
p73 maps to chromosome 1p36.33, which frequently
undergoes loss of heterozygosity in breast and colon cancer,
neuroblastoma, oligodendroglioma, and melanoma. This fact,
in conjunction with the functional similarity to p53, originally
led to the proposal that p73 is a tumor suppressor gene (5).
Genetic data on most cancer types (with the notable exception
of leukemias and lymphomas), however, exclude p73 as a
classic Knudson-type tumor suppressor, which by definition
is targeted to undergo loss of expression or function during
tumorigenesis. To date, in a total of >1,100 primary tumors, loss
of function mutations in p73 are vanishingly rare (0.6%).
Moreover, imprinting of the p73 locus, initially thought to
be an epigenetic explanation to satisfy the two-hit hypothesis
(because it would only require one hit of loss of heterozygosity against the transcribed allele), is rather uncommon and,
if present, varies from tissue to tissue and person to person
and does not correlate with p73 expression levels (37, 91-93).
In fact, in lung, esophageal, and renal carcinoma, the second
p73 allele is specifically activated in tumors (loss of imprinting; refs. 94-96). As an additional difference from p53, p73
protein fails to be inactivated by most of the major viral
oncoproteins that inactivate p53 [i.e., SV40 T-antigen (97) and
Ad E1B 55 kDa (98)]. For HPV E6, although clearly not
inducing p73 degradation (67, 70, 99), controversy exists

whether E6 of low- and high-risk strains inactivates the transcription function of p73 (99, 100). However, some viral protein products do target p73. p73 transcriptional activity is
inhibited by Ad E4orf6 (101) and human T-cell lymphotrophic
virus 1 Tax (102). p63 also fails to interact with SV40 T-antigen
and the HPV E6 protein (103).

Alteration of p73 Expression in Human Cancer
Surprisingly, work on multiple primary tumor types and
cell lines from our laboratory and confirmed by others showed
that the most common identifiable cancer-specific alteration
is overexpression of various isoforms of the wild-type TP73
rather than a loss of expression (5). This suggests that TP73
plays an oncogenic role in tumorigenesis. The single exceptions to this picture might be lymphoid malignancies and,
possibly, bladder cancer. Although overexpression of p73
gene was found in B-cell chronic lymphocytic leukemia (104)
and during differentiation of myeloid leukemic cells (38), TP73
has been found to be transcriptionally silenced in some
lymphoblastic leukemias and lymphomas due to hypermethylation (105, 106). Likewise, based on one immunocytochemical study with prognostic analysis, invasive high-grade bladder
cancers, which had lost p73 (and p63) staining, had a poorer
clinical outcome (107).
To date, significant prevalence of p73 overexpression has
been found in 12 different tumor types including tumors of
breast (91), neuroblastoma (37), lung (95, 108), esophagus (96),
stomach (109), colon (110), bladder (111, 112), ovarian cancer
(70% of cases in one cohort; refs. 113-115), ependymoma
(115), liver cancer (116), cholangiocellular carcinoma (117),
chronic myelogenous leukemia blast crisis and acute myelogenous leukemia (118, 119), colon carcinoma (120, 121), and
head and neck squamous carcinoma (associated with distant
metastasis; refs. 122-124). Most studies measure overexpression of full-length p73 mRNA (TAp73) by reverse transcription-PCR, but a few studies also measure overexpression of
TAp73 protein(s) by either immunoblot or immunocytochemistry. For example, we found overexpression of TAp73
transcripts (5- to 25-fold) in 38% of 77 invasive breast cancers
relative to normal breast tissue and in five of seven breast
cancer cell lines (13- to 73-fold; ref. 91). Likewise, we
found overexpression of TAp73 transcripts in a subset of
neuroblastoma (8- to 80-fold) and in 12 of 14 neuroblastoma
cell lines (8- to 90-fold; ref. 37). A close correlation between
p73 mRNA levels and protein levels was shown in ovarian
carcinoma cell lines (113). In a series of 193 patients with
hepatocellular carcinoma, 32% of tumors showed detectable
(high) p73 by immunocytochemistry and in situ hybridization,
whereas all normal tissue had undetectable levels (low; ref.
116). Of note, primary tumors and tumor cell lines with p73
overexpression tend to simultaneously overexpress a complex
profile of shorter COOH-terminal splice variants (p73g, p73y,
p73q, and p73f), whereas the normal tissue of origin is limited
to the expression of p73a and p73h (91). Importantly, patients
with high global p73 protein expression had a worse survival
than patients with undetectable levels (116, 121).
There is an emerging sense that the dominant-negative
DTAp73 isoforms rather than TAp73 might be the physiologically relevant components of tumor-associated p73
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overexpression, functionally overriding an often concomitant
increase in TAp73 expression. This might have escaped notice
because many of the early p73 overexpression studies in
human cancers determined total p73 levels (all isoforms).
Therefore, up-regulation of DTAp73 forms likely contributed
to the elevated total p73 levels found previously in human
cancers. Although, to date, only a few limited studies of tumors
(breast cancer, gynecologic cancers, hepatocellular carcinoma,
and neuroblastoma) focused on DTAp73, highly prevalent,
tumor-specific up-regulation of DNp73 or DNVp73 (producing the same protein) has already been found in all of them
(125-131). For example, in a study of 100 ovarian carcinomas,
we found that DNVp73 transcripts are overexpressed in 91%
(126). In hepatocellular carcinoma, DTAp73 is up-regulated
compared with normal liver (127), and in various gynecologic
cancers, we found that DNp73 is overexpressed in 73% of
cases compared with the patients’ matched normal tissues of
origin (125). Moreover, 31% of 52 breast cancers overexpressed DNp73 compared with normal breast tissue (125). Of
note, DNp73 overexpression appears to have a clinical impact
at least in some cancer types. DNp73 was found to be an
independent prognostic marker for reduced progression-free
and overall survival in neuroblastoma patients (130).

Alteration of p63 Expression in Human Cancer
TP63 is not a tumor suppressor. The analysis of p63 in
cancers of patients with germ line mutations or somatic mutations indicates similar lack of mutations but up-regulation of
dominant-negative forms. For example, no p63 mutations were
found in 47 bladder cancers (132) or 68 squamous cell carcinoma of the head and neck (124). Only 1 missense mutation
(Ala148Pro) of 66 various human tumors and 2 missense
mutations in 35 tumor cell lines were found (8).
The human TP63 gene is on chromosome 3q27-28 within
a region that is frequently amplified in squamous cell,
cervical, and prostate carcinomas. Some lung cancers and
squamous cell carcinomas of the head and neck show p63
overexpression associated with a modest increase in TP63
copy numbers (18).4 Importantly, although many amplified in
squamous carcinoma isoforms are produced in those tumors,
the majority are dominant-negative DNp63 forms (mainly
p40AIS). p40AIS acts like an oncogene in nude mice and in
Rat1a focus formation assays (18). Similar findings exist in
nasopharyngeal carcinoma, which almost always has functional wild-type p53. In 25 primary nasopharyngeal carcinomas, all tumor cells overexpressed predominantly DNp63,
which in normal nasopharyngeal epithelium is limited to
proliferating basal and suprabasal cells (133). In esophageal
squamous cell carcinoma, DNp63 is the major isotype
expressed throughout. In contrast, in normal esophagus, p63
staining is restricted to the basal and suprabasal cell layers
(122, 134). Thus, the maintenance of the DNp63 isoforms in
squamous cancers may contribute to keeping the cells in a
stem cell – like phenotype, thereby promoting tumor growth.
On the other hand, DNp63a (also known as chronic ulcerative

4
The authors therefore named the amplified locus amplified in squamous
carcinoma.

stomatitis protein) is frequently undetectable in cutaneous
lesions like basal cell carcinoma, basal cell nevus syndrome,
and nevus sebaceous in contrast to normal skin where it is
strongly expressed in basal cells (135).
In prostate, p63 staining is a reliable marker of basal
cells (49, 136) and stains positively in basal cell hyperplasia;
however, prostatic adenocarcinoma, devoid of basal cells, is
negative. This can be used clinically for differential diagnosis
(136).
Up-regulation of DNp63 was also found in 30 of 47 bladder
cancers (132). Interestingly, TAp63 was concomitantly downregulated in 25 of those 47 tumors. However, another study
on 160 bladder transitional cell carcinomas examined this
relationship more closely. Whereas 93% of low-grade papillary
superficial tumors expressed p63, only 68% of intermediateand high-grade superficial tumors were positive. Moreover,
there was a striking drop to 16% when tumors progressed in
stage from superficial to invasive. Thus, loss of p63 in
transitional cell carcinoma occurs with a progressive loss of
urothelial differentiation associated with stage and grade
(34, 137). p63 is expressed in myoeptithelial cells of ducts
in the breast (48). p63 is expressed in a minority of breast
carcinoma (mainly ductal carcinomas, rarely in carcinoma in
situ) and is not expressed in invasive carcinoma (34, 47, 48,
138, 139). However, lack of p63 expression cannot be used
as a reliable marker of invasiveness in breast ductal
carcinoma in situ (140). In less differentiated gastric carcinoma, p63 is highly expressed in both TA and DN forms,
suggesting that it can promote neoplastic growth in gastric
epithelium (141).

Upstream Components That Signal to p73 and
p63
p73 is able to mediate death stimuli from three different
tumor surveillance pathways in vivo: oncogenes, DNA damage,
and T-cell receptor hyperactivation.
p73 Is Activated to Mediate Apoptosis by Cellular and
Viral Oncogenes
We and others recently established that the cellular and viral
oncogenes E2F1, c-Myc, and E1A can induce and activate the
endogenous TAp73a and TAp73h proteins for target gene
transactivation, apoptosis, and growth suppression in p53deficient human tumor cells (142-145). E2F1 is a direct
transcriptional activator by binding to several E2F1-responsive
elements within the P1 promoter of TP73 (143, 145). This is
specific for TP73 because E2F1 does not activate the TP63
promoter, suggesting that this promoter is devoid of an E2F1
response element (145). Because oncogene deregulation of E2F1
and c-Myc are one of the most common genetic alterations in
human tumors, these findings might provide a physiologic
mechanism for TAp73 overexpression in tumors. Taken together,
these data establish another important link between p73 and
human cancer.
Moreover, during E2F1-mediated apoptosis in primary
MEFs, a striking nonadditive cooperation between wild-type
p53 and p73 exists (145). Whereas wild-type MEFs show
77% apoptosis after forced E2F1 expression, p53 / MEFs
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(containing p73) and p73 / MEFs (containing p53) both show
reduced apoptosis after forced E2F1 expression with 12% and
15%, respectively. This reduced apoptosis of p73 / MEFs,
despite the presence of wild-type p53, is consistent with an
important synergistic but independent signal emanating from
TAp73 that cooperates with p53 to induce oncogene-triggered
death in a tumor surveillance pathway.
p73 is required for antigen-induced death of circulating
peripheral T cells after T-cell receptor activation and for
tumor necrosis factor-a-induced death of thymocytes (immature
T cells). This death pathway is mediated via the E2F1-p73 (144,
146). Conversely, the survival of antigen-stimulated T cells
requires nuclear factor nB – mediated inhibition of p73
expression (146). Consistent with this notion, E2F1-null mice
exhibit a marked disruption of lymphatic homeostasis with
increased numbers of T cells and splenomegaly, suggesting that
p73 plays a role in tumor surveillance pathways of lymphoid
cells (147, 148). Moreover, the p73 gene is transcriptionally
silenced in acute lymphoblastic leukemia and Burkitt’s
lymphoma due to hypermethylation (105, 106, 149, 150). This
appears to be restricted to lymphoid tumors because neither
other hematopoietic malignancies nor solid tumors show p73
hypermethylation (105, 149). Interestingly, in radiation-induced
T-cell lymphomas of the mouse, the p73 locus undergoes loss
of heterozygosity in 33% of the cases (151). Thus, in lymphoid
tumors, p73 shows some genetic features of a classic tumor
suppressor gene. Early growth response factor-1, an immediate
early gene that is activated by mitogens in quiescent postmitotic neurons, induces apoptosis in neuroblastoma cells.
This apoptosis seems to be mediated by p73, which is elevated in cells overexpressing early growth response factor-1
(152).
Very scant data are available on the activation of p63 by
oncogenes. Both epidermal growth factor receptor and p63
are overexpressed in a significant number of head and neck
squamous cell carcinoma. A pharmacologic inhibitor of epidermal growth factor receptor in a head and neck squamous cell
carcinoma line led to a decrease on p63 levels, suggesting that
p63 is a downstream target of epidermal growth factor receptor
signaling (153).
p73 and p63 Are Activated to Mediate Apoptosis by a
Spectrum of DNA Damage
Endogenous p73 is activated for apoptosis in response to
cisplatin, taxol, and g-IR in a pathway that depends on the
nonreceptor tyrosine kinase c-abl (85, 86, 154), supporting a
model in which some DNA damage signals are channeled
through c-abl to p73. Hence, one would predict that p73deficient cells should have defective DNA damage checkpoint
controls. This seems to be borne out by the observation
that p53/p73 double null MEFs are more resistant to killing
by cisplatin and taxol than p53 single null MEFs (62).
Endogenous p73 protein is also rapidly induced by camptothecin treatment,5 etoposide, cisplatin, and doxorubicin (155-157).
Thus, DNA damage-dependent activation of p73 might be
partly responsible for p53-independent apoptosis.

5

U.M. Moll, unpublished observation.

Ectopic TAp63g in a mouse erythroleukemia line is
rapidly stabilized and induces WAF1 after treatment with
UV, g-IR, or actinomycin D (158). Surprisingly, stabilized
TAp63g was associated with erythroid differentiation rather
than apoptosis, as was seen with ectopic p53. Because ectopic
TAp63g without additional DNA damage caused apoptosis in
baby hamster kidney cells (6), it hints at a functional versatility of TAp63g to induce differentiation under genotoxic
circumstances.

Mechanisms of Transdominance: Heterocomplex Formation and Promoter Competition
Previously, we and others demonstrated physical interaction
between oncogenic and antioncogenic family members as one
of two mechanisms for their transdominant interference with
the suppressor functions of wild-type p53 and TAp73 (20, 61,
125, 159). Mixed protein complexes were found between endogenous DNp73a or DNp73ah on the one hand and either
wild-type p53, TAp73a, orTAp73h on the other hand in
primary human tumors, cultured human tumor cells, and mouse
neurons. The stoichiometric ratio of TA/DNp73 could be a
determinant in tumor formation. The slightest decrease in this
ratio might be sufficient to convert TAp73 from a tumor
suppressor to an oncogene.
Concerning p53 mutants, physical interactions between
certain but not all human p53 mutants and TAp73 or TAp63
proteins were found in coimmunoprecipitation assays, and these
interactions correlate with functional transdominance. In
contrast, complexes between wild-type p53 and p73 are not
observed in mammalian cells (17, 52, 160, 161). Unexpectedly,
protein contact occurs between the DBD of mutant p53 and the
DBD plus oligomerization domain of p73 (162-164) rather than
between the respective oligomerization domains. In cotransfections, mixed heterocomplexes were shown between p53
mutants p53Ala 143 , p53Leu 173 , p53His 175 , p53Cys 220 ,
p53Trp248, or p53Gly281 and TAp73a, TAp73g, and TAp73y
(52, 160, 162, 164) or TAp63 (164). Physiologic complexes
were found in five tumor cell lines between endogenous mutant
p53 and p73 (160, 162). Functionally, formation of such stable
complexes leads to a loss of p73- and p63-mediated transactivation and proapoptotic abilities. Moreover, E2F1-induced
p73 transactivation, apoptosis, and colony suppression was
inhibited by coexpressed p53His175 (143). Interestingly, the
Arg/Pro polymorphism at codon 72 of mutant p53 is a biological determinant for binding and inactivation of p73, with
72R mutants of p53 being inhibitory, whereas 72P mutants are
not (160, 165).
This functional inhibition of TAp73/p73 by some p53
mutants mirrors the ability of many transdominant missense
p53 mutants to abrogate wild-type p53 function (166, 167). It
suggests that in tumors that express both TAp73 and mutant
p53 (typically at very high levels due to deficient MDM2mediated degradation), the function of TAp73 and TAp63
might be inactivated. Moreover, these functional interactions
define a network that could result in a ‘‘two birds with one
stone’’ effect for at least some inactivating p53 mutations. If
this occurs in primary human tumors, it might have far-reaching
consequences because (a ) it argues for a transdominant
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inhibition of the tumor suppressor function of TAp73 isoforms
during tumor development, (b) it could be the underlying
mechanism for the gain-of-function activity of certain p53
mutants, and (c) it might further increase chemoresistance in
cancer therapy of established tumors. p53 is exceptional
among tumor suppressors in that it selects for the overexpression of missense mutants rather than for loss of
expression as most other suppressor genes do. This gain-offunction results in increased tumorigenicity compared with
p53-null parental cells, increased resistance to cancer agents,
and increased genomic instability due to abrogation of the
mitotic spindle checkpoint (168-170). Conceivably, p63 also
participates in this network. On the other hand, it should be
noted that some p53 mutants clearly are recessive toward
TAp73 (e.g., p53His283 and p53Tyr277; ref. 164) and do not
interfere with its action.
With respect to p63, tumor-derived p53 mutants can
associate with p63 through their core domains. This interaction
impairs transcriptional activity of p63 and could contribute in
promoting tumorigenesis and conferring selective survival
advantage to cancer cells (162).
Promoter competition by DNp73 at TAp73/p53 response
elements is another transdominant mechanism (20, 171). It is
conceivable that DNp73 or DNp63 homo-oligomers might have
a stronger affinity to certain target gene promoters than wildtype p53. In those cases, p53 inhibition could occur due to
competition at the level of target gene access. In the wild-type
p53-containing ovarian carcinoma cell line A2780, coexpression of increasing amounts of either TAp73a, TAp73h,
TAp73g, or TAp73q inhibits specific DNA binding and transcriptional activity of p53 in the absence of hetero-oligomer
formation (161, 172).

In short, the biological consequences of deregulated TP73
and TP63 expression might be diametrically different depending on the isoform stoichometry (DNp73/p63 versus TAp73/
p63) and presence or absence of mutant p53.

An Autoregulatory Feedback Loop Exists
Among p53, TAp73, and #Np73
p53 and TAp73 regulate DNp73 but not DNp63 levels by
binding to the p73 P2 promoter and inducing its transcription.
A p73-specific responsive element was mapped within the
P2 region (159). This generates a negative feedback loop
analogous to the p53-MDM2 loop that in turn negatively
regulates the activity of p53 and p73 (159, 171, 173, 174).
DNp73 blocks p53 and TAp73 activity through heterocomplex
formation (20, 125, 159) or through promoter competition
(20, 171) and thus contributes to the termination of the p53/p73
response in cells that do not undergo apoptosis. In contrast to
DNp73, DNp63 expression is transcriptionally repressed by
p53 (175).

p73 and Chemosensitivity
Endogenous p73 protein levels increase in response to
cisplatin and Adriamycin (86, 90, 154). Although originally
thought to respond only to a limited spectrum, it is now clear that
TAp73 (a more than h) is induced by a wider variety of
chemotherapeutic agents (Adriamycin, cisplatin, taxol, and
etoposide) in different tumor cell lines (157, 165). p73
accumulation is due to increased transcription and increased
protein stabilization and leads to induction of apoptotic target
genes such as apoptosis-induced protein-1. Conversely, blocking

FIGURE 4. DNp73-expressing primary cells are tumorigenic in nude mice. A. Nude mice injected with DNp73 and oncogenic Ras-expressing MEFs
develop tumors. B. Immunohistochemical examination shows nuclear DNp73 expression in tumor cells from A. C and D. Histologically, DNp73 and Rascoexpressing tumors from A are anaplastic fibrosarcomas and resemble fibrosarcomas produced in MEF control cells injected with mutant p53 R175H and
oncogenic Ras.
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FIGURE 5. Proposed mechanism of the action of DNp73 in tumor promotion. DNp73 promotes immortalization of primary MEF cells by a factor of 103 and
cooperates with oncogenic Ras in their transformation. Mechanistically, DNp73 counteracts the growth-restraining actions of p53 and TAp73 either temporarily or permanently, thus creating a window of opportunity for the acquisition of secondary mutations and/or genomic instability.

TAp73 function (either by the inhibitory p73DD fragment or by
p73 small interfering RNA) leads to enhanced chemoresistance,
which is independent of the p53 gene status. Of note, whereas
the presence of p73 is essential for p53 to induce apoptosis in
fibroblasts (62), p73 on the other hand can induce apoptosis in
cells that lack functional p53 (157). This confirms the importance
of p73 in the response to chemotherapeutic agents (165).
In cell culture, overexpression of antiapoptotic p73 isoforms
can also block chemotherapy-induced apoptosis in wild-type
p53 tumor cells (125, 173). Moreover, overproduction of
certain p53 mutants can block p73 function and chemotherapyinduced apoptosis (52, 164, 176). This effect is most strongly
linked to the Arg72 polymorphism of the p53 gene (157, 160,
165) and is mediated by stable hetero-oligomers involving the
DBDs. Bergamaschi et al. have used different cell lines forced
to express a series of p53 mutants as either Arg (72R) or Pro
(72P) versions at codon 72. Only Arg mutants correlated with
chemoresistance. These data were mirrored in a series of
polymorphic head and neck cancer patients with the same p53
mutants: 72R patients showed poor response to chemotherapy
and shorter survival (165). Conversely, down-modulation of
endogenous p53 mutants enhances chemosensitivity in p53defective mutant cells (157). Consequently, a promising therapeutic approach includes the use of small interfering RNA
specifically directed against particular p53 mutants, which
might restore chemosensitivity of tumor.

Potential Application of p63/p73 in Gene Therapy of p53-Inactivated Tumors
Some authors suggest the use of p73h in gene therapy as a
substitute for p53. For example, cervical cancers caused by
HPV are resistant to p53 gene therapy possibly because HPV
E6 protein degrades p53 by ubiquitin-mediated proteolysis.
However, p73h is resistant to HPV E6-mediated proteolysis,
induces apoptosis, and is a potent inhibitor of cancer colony
growth in vitro (p73a was a less effective suppressor of the cell
growth; ref. 100). Furthermore, colorectal cancer cells that are
resistant to p53-mediated cell death undergo apoptosis after
adenovirus-mediated p73h and p63g gene transfer (177). In
addition, some pancreatic adenocarcinoma lines lacking functional wild-type p53 are completely resistant to p53-mediated
apoptosis. However, p73h is capable of efficiently kill these
cells (178). This p73-mediated cell death is probably mediated
by p53AIP1, an important mediator of p53/p73-dependent
apoptosis. p53AIP1 is not activated by p53 because, in these
particular cells, p53 is not phosphorylated at Ser46, which is
essential for transcriptional activation of p53AIP1 by p53.

p73 and p63 Appear to Play a Role in Cancer—
but as an Oncogene or as a Suppressor Gene?
Clearly, p73 plays an important role in human tumors
in vivo. However, the current picture of the role of p73 in
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human cancer is a puzzling ying-yang, given the diametrically
opposing functions of the two types of concomitantly expressed
gene products and inhibitory family network of interactions.
However, some observations seem to fall into place now: the
p53-synergistic action of TAp73 after DNA damage or
oncogene deregulation in primary cells might be an additional
fail-safe mechanism against neoplastic transformation. This,
however, makes the frequent overexpression of TAp73 in many
human tumors all the more puzzling. On the other hand, there is
striking evidence that DTAp73/p63 forms are overexpressed in
human tumors (91, 125) and perhaps preferably in wild-type
p53 tumors (126) and could act as oncogenes in vivo. DTAp73/
p63 inactivates p53, TAp73, and TAp63 in their role to induce
apoptosis and cell cycle arrest and inhibits their suppressive
activity in colony formation (125). In addition, TAp73 is
inactivated by dominant-negative interference from mutant p53.
Moreover, DNp73 functions as an immortalizing oncogene. We
recently showed that DNp73 promotes immortalization of
primary MEFs and cooperates with Ras in driving their
transformation in vivo (Figs. 4 and 5; ref. 179). Stiewe et al.
have found that DTAp73 overexpression results in malignant
transformation of NIH3T3 fibroblasts and tumor growth in
nude mice (127). How can we decide on the true role? We feel
that, ultimately, the fact that TP73 is virtually never targeted
by inactivating mutations in vivo strongly suggests that it is
indeed the oncogenic DTAp73 forms that are the truly critical
ones during tumor formation and progression. However, a large
body of primary tumor analysis will be required to test if
overexpression of DTAp73 isoforms can be linked to p53 status
and clinical outcome.

2. Moll UM, LaQuaglia M, Benard J, Riou G. Wild-type p53 protein undergoes
cytoplasmic sequestration in undifferentiated neuroblastomas but not in differentiated tumors. Proc Natl Acad Sci USA 1995;92:4407-11.

Conclusions

17. Pozniak CD, Radinovic S, Yang A, McKeon F, Kaplan DR, Miller FD. An
anti-apoptotic role for the p53 family member, p73, during developmental neuron
death. Science 2000;289:304-6.

Inactivation of the p53 tumor suppressor is the single most
common genetic defect in human cancer. The discovery of two
close structural homologues, p63 and p73, generated instant
excitement and quick expectations about their biological
functions. We now know that, in development, both genes
clearly have novel p53-independent functions. p63 is involved
in epithelial stem cell regeneration, and p73 is involved in
hippocampal neurogenesis, pheromonal pathways, and ependymal cell function. To determine the role of these p53 homologues in tumor biology is still a challenge, but we have made
progress. It is already clear that they are not classic Knudsontype tumor suppressors. However, the existence of p53-like and
p53-inhibitory versions of TP73 and TP63, plus intimate
functional cross-talk among all family members, endows these
genes with both tumor suppressor and oncogenic roles. To
determine which of these ying-yang roles are important in
cancer, more future clinicopathologic studies correlating
relative overexpression ratios of these opposing subgroups,
p53 mutation status, and clinical outcome might be one of the
best available tools.

Acknowledgments
We thank P. Pancoska for technical assistance. We apologize to our colleagues
in the field whose contributions were not cited due to space limitations.

References
1. Vogelstein B, Lane D, Levine AJ. Surfing the p53 network. Nature 2000;
408:307-10.

3. Nikolaev AY, Muyang L, Puskad JQ, Gu W. Parc: a cytoplasmic anchor for
p53. Cell 2003;112:29-40.
4. Oliner JD, Kinzler KW, Meltzer PS, George DL, Vogelstein B. Amplification of
a gene encoding a p53-associated protein in human sarcomas. Nature 1992;358:80-3.
5. Kaghad M, Bonnet H, Yang A, et al. Monoallelically expressed gene related
to p53 at 1p36, a region frequently deleted in neuroblastoma and other human
cancers. Cell 1997;90:809-19.
6. Yang A, Kaghad M, Wang Y, et al. p63, a p53 homolog at 3q27-29, encodes
multiple products with transactivating, death-inducing, and dominant-negative
activities. Mol Cell 1998;2:305-16.
7. Schmale H, Bamberger C. A novel protein with strong homology to the tumor
suppressor p53. Oncogene 1997;15:1363-7.
8. Osada M, Ohba M, Kawahara C, et al. Cloning and functional analysis of
human p51, which structurally and functionally resembles p53. Nat Med 1998;
4:839-43.
9. Trink B, Okami K, Wu L, Sriuranpong V, Jen J, Sidransky D. A new human
p53 homologue. Nat Med 1998;4:747-8.
10. Zeng X, Zhu Y, Lu H. NBP is the p53 homolog p63. Carcinogenesis 2001;
22:215-9.
11. Courtois S, Verhaegh G, North S, et al. DNVp53, a natural isoform of p53
lacking the first transactivation domain, counteracts growth suppression by wildtype p53. Oncogene 2002;21:6722-8.
12. Courtois S, de Fromentel CC, Hainaut P. p53 protein variants: structural and
functional similarities with p63 and p73 isoforms. Oncogene 2004;23:631-8.
13. Stiewe T, Putzer BM. Role of p73 in malignancy: tumor suppressor or
oncogene? Cell Death Differ 2002;9:237-45.
14. Fillippovich I, Sorokina N, Gatei M, et al. Transactivation-deficient p73a
(p73Dexon2) inhibits apoptosis and competes with p53. Oncogene 2001;514-22.
15. Ishimoto O, Kawahara C, Enjo K, Obinata M, Nukiwa T, Ikawa S. Possible
oncogenic potential of DNp73: a newly identified isoform of human p73. Cancer
Res 2002;62:636-41.
16. Yang A, Walker N, Bronson R, et al. p73-deficient mice have neurological,
pheromonal and inflammatory defects but lack spontaneous tumors. Nature 2000;
404:99-103.

18. Hibi K, Trink B, Patturajan M, et al. AIS is an oncogene amplified in
squamous cell carcinoma. Proc Natl Acad Sci USA 2000;97:5462-7.
19. Kaghad M, Bonnet H, Yang A, et al. Monoallelically expressed gene related
to p53 at 1p36, a region frequently deleted in neuroblastoma and other human
cancers. Cell 1997;90:809-19.
20. Stiewe T, Theseling CC, Putzer BM. Transactivation-deficient DTA-p73
inhibits p53 by direct competition for DNA binding: implications for tumorigenesis. J Biol Chem 2002;277:14177-85.
21. Barrera FN, Poveda JA, Gonzalez-Ros JM, Neira JL. Binding of the
C-terminal sterile a motif (SAM) domain of human p73 to lipid membranes.
J Biol Chem 2003;278:46878-85.
22. Chi SW, Ayed A, Arrowsmith CH. Solution structure of a conserved
C-terminal domain of p73 with structural homology to the SAM domain. EMBO J
1999;18:4438-45.
23. Wang WK, Bycroft M, Foster NW, Buckle AM, Fersht AR, Chen YW. Structure of the C-terminal sterile a-motif (SAM) domain of human p73a. Acta
Crystallogr D Biol Crystallogr 2001;57:545-51.
24. Serber Z, Lai HC, Yang A, et al. A C-terminal inhibitory domain controls
the activity of p63 by an intramolecular mechanism. Mol Cell Biol 2002;22:
8601-11.
25. Yang A, Schweitzer R, Sun D, et al. p63 is essential for regenerative proliferation in limb, craniofacial and epithelial development. Nature 1999;398:714-8.
26. Mills AA, Zheng B, Wang XJ, Vogel H, Roop DR, Bradley A. p63 is a p53
homologue required for limb and epidermal morphogenesis. Nature 1999;398:
708-13.
27. Celli J, Duijf P, Hamel BC, et al. Heterozygous germline mutations in the
p53 homolog p63 are the cause of EEC syndrome. Cell 1999;99:143-53.
28. Fomenkov A, Huang YP, Topaloglu O, et al. P63 a mutations lead to aberrant
splicing of keratinocyte growth factor receptor in the Hay-Wells syndrome. J Biol
Chem 2003;278:23906-14.

Mol Cancer Res 2004;2(7). July 2004

Downloaded from mcr.aacrjournals.org on September 27, 2021. © 2004 American Association for Cancer
Research.

383

384 Moll and Slade

29. Brunner HG, Hamel BC, Bokhoven Hv H. P63 gene mutations and human
developmental syndromes. Am J Med Genet 2002;112:284-90.
30. Pellegrini G, Dellambra E, Golisano O, et al. p63 identifies keratinocyte stem
cells. Proc Natl Acad Sci USA 2001;98:3156-61.
31. Parsa R, Yang A, McKeon F, Green H. Association of p63 with proliferative
potential in normal and neoplastic human keratinocytes. J Invest Dermatol 1999;
113:1099-105.
32. Nylander K, Coates PJ, Hall PA. Characterization of the expression pattern
of p63a and DNp63a in benign and malignant oral epithelial lesions. Int J Cancer
2000;87:368-72.
33. Westfall MD, Mays DJ, Sniezek JC, Pietenpol JA. The DNp63a phosphoprotein binds the p21 and 14-3-3j promoters in vivo and has transcriptional
repressor activity that is reduced by Hay-Wells syndrome-derived mutations. Mol
Cell Biol 2003;23:2264-76.

58. Chen X, Liu G, Zhu J, Jiang J, Nozell S, Willis A. Isolation and characterization of fourteen novel putative and nine known target genes of the p53 family.
Cancer Biol Ther 2003;2:55-62.
59. Benard J, Douc-Rasy S, Ahomadegbe JC. TP53 family members and human
cancers. Hum Mutat 2003;21:182-91.
60. Nozell S, Wu Y, McNaughton K, et al. Characterization of p73 functional
domains necessary for transactivation and growth suppression. Oncogene 2003;
22:4333-47.
61. Stiewe T, Stanelle J, Theseling CC, Pollmeier B, Beitzinger M, Putzer BM.
Inactivation of retinoblastoma (RB) tumor suppressor by oncogenic isoforms of
the p53 family member p73. J Biol Chem 2003;278:14230-6.
62. Flores ER, Tsai KY, Crowley D, et al. p63 and p73 are required for p53dependent apoptosis in response to DNA damage. Nature 2002;416:560-4.

34. Urist MJ, Di Como CJ, Lu ML, et al. Loss of p63 expression is associated
with tumor progression in bladder cancer. Am J Pathol 2002;161:1199-206.

63. Ishida S, Yamashita T, Nakaya U, Tokino T. Adenovirus-mediated transfer
of p53-related genes induces apoptosis of human cancer cells. Jpn J Cancer
Res 2000;91:174-80.

35. Lee H, Kimelman D. A dominant-negative form of p63 is required for
epidermal proliferation in zebrafish. Dev Cell 2002;2:607-16.

64. De Laurenzi V, Costanzo A, Barcaroli D, et al. Two new p73 splice variants,
g and y, with different transcriptional activity. J Exp Med 1998;188:1763-8.

36. De Laurenzi V, Raschella G, Barcaroli D, et al. Induction of neuronal differentiation by p73 in a neuroblastoma cell line. J Biol Chem 2000;275:15226-31.

65. Dietz S, Rother K, Bamberger C, Schmale H, Mossner J, Engeland K. Differential regulation of transcription and induction of programmed cell death by
human p53-family members p63 and p73. FEBS Lett 2002;525:93-9.

37. Kovalev S, Marchenko N, Swendeman S, LaQuaglia M, Moll UM. Expression level, allelic origin, and mutation analysis of the p73 gene in neuroblastoma
tumors and cell lines. Cell Growth & Differ 1998;9:897-903.

66. Wu M, Wang B, Gil J, et al. p63 and TTF-1 immunostaining. A useful marker
panel for distinguishing small cell carcinoma of lung from poorly differentiated
squamous cell carcinoma of lung. Am J Clin Pathol 2003;119:696-702.

38. Tschan MP, Grob TJ, Peters UR, et al. Enhanced p73 expression during
differentiation and complex p73 isoforms in myeloid leukemia. Biochem Biophys
Res Commun 2000;277:62-5.

67. Balint E, Bates S, Vousden KH. Mdm2 binds p73 a without targeting
degradation. Oncogene 1999;18:3923-9.

39. De Laurenzi V, Rossi A, Terrinoni A, et al. p63 and p73 transactivate
differentiation gene promoters in human keratinocytes. Biochem Biophys Res
Commun 2000;273:342-6.

68. Slade N, Zaika AI, Erster S, Moll UM. DeltaNp73 stabilises TAp73 proteins
but compromises their function due to inhibitory hetero-oligomer formation. Cell
Death Differ 2004;3:357-60.

40. Montes de Oca Luna R, Wagner DS, Lozano G. Rescue of early embryonic
lethality in mdm2-deficient mice by deletion of p53. Nature 1995;378:203-6.

69. Gu J, Chen D, Rosenblum J, Rubin RM, Yuan ZM. Identification of a
sequence element from p53 that signals for Mdm2-targeted degradation. Mol Cell
Biol 2000;20:1243-53.

41. Jones SN, Roe AE, Donehower LA, Bradley A. Rescue of embryonic lethality in Mdm2-deficient mice by absence of p53. Nature 1995;378:206-8.
42. Donehower LA, Harvey M, Slagle BL, et al. Mice deficient for p53 are
developmentally normal but susceptible to spontaneous tumors. Nature 1992;356:
215-21.
43. Jacks T, Remington L, Williams BO, et al. Tumor spectrum analysis in p53mutant mice. Curr Biol 1994;4:1-7.
44. Ikawa S, Nakagawara A, Ikawa Y. p53 family genes: structural comparison,
expression and mutation. Cell Death Differ 1999;6:1154-61.
45. Koster MI, Kim S, Mills AA, DeMayo FJ, Roop DR. p63 is the molecular
switch for initiation of an epithelial stratification program. Genes Dev 2004;18:
126-31.
46. Di Como CJ, Urist MJ, Babayan I, et al. p63 expression profiles in human
normal and tumor tissues. Clin Cancer Res 2002;8:494-501.
47. Ribeiro-Silva A, Zambelli Ramalho LN, Britto Garcia S, Zucoloto S. The
relationship between p63 and p53 expression in normal and neoplastic breast
tissue. Arch Pathol Lab Med 2003;127:336-40.
48. Reis-Filho JS, Milanezi F, Amendoeira I, Albergaria A, Schmitt FC. Distribution of p63, a novel myoepithelial marker, in fine-needle aspiration biopsies
of the breast: an analysis of 82 samples. Cancer 2003;99:172-9.

70. Marin MC, Jost CA, Irwin MS, et al. Viral oncoproteins discriminate
between p53 and the p53 homolog p73. Mol Cell Biol 1998;18:6316-24.
71. Wang XQ, Ongkeko WM, Lau AW, Leung KM, Poon RY. A possible role
of p73 on the modulation of p53 level through MDM2. Cancer Res 2001;61:
1598-603.
72. Dobbelstein M, Wienzek S, Konig C, Roth J. Inactivation of the p53homologue p73 by the mdm2-oncoprotein. Oncogene 1999;18:2101-6.
73. Zeng X, Chen L, Jost CA, et al. MDM2 suppresses p73 function without
promoting p73 degradation. Mol Cell Biol 1999;19:3257-66.
74. Minty A, Dumont X, Kaghad M, Caput D. Covalent modification of p73a by
SUMO-1. Two-hybrid screening with p73 identifies novel SUMO-1-interacting
proteins and a SUMO-1 interaction motif. J Biol Chem 2000;275:36316-23.
75. Miyazaki K, Ozaki T, Kato C, et al. A novel HECT-type E3 ubiquitin ligase,
NEDL2, stabilizes p73 and enhances its transcriptional activity. Biochem Biophys
Res Commun 2003;308:106-13.
76. Asher G, Lotem J, Sachs L, Kahana C, Shaul Y. Mdm-2 and ubiquitinindependent p53 proteasomal degradation regulated by NQO1. Proc Natl Acad
Sci USA 2002;99:13125-30.

49. Davis LD, Zhang W, Merseburger A, et al. p63 expression profile in normal
and malignant prostate epithelial cells. Anticancer Res 2002;22:3819-25.

77. Bergamaschi D, Samuels Y, Jin B, Duraisingham S, Crook T, Lu X. ASPP1
and ASPP2: common activators of p53 family members. Mol Cell Biol 2004;24:
1341-50.

50. Garraway LA, Lin D, Signoretti S, et al. Intermediate basal cells of the
prostate: in vitro and in vivo characterization. Prostate 2003;55:206-18.

78. Samuels-Lev Y, O’Connor DJ, Bergamaschi D, et al. ASPP proteins specifically stimulate the apoptotic function of p53. Mol Cell 2001;8:781-94.

51. Jost CA, Marin MC, Kaelin WG Jr. p73 is a simian [correction of human]
p53-related protein that can induce apoptosis. Nature 1997;389:191-4.

79. Basu S, Totty NF, Irwin MS, Sudol M, Downward J. Akt phosphorylates the
Yes-associated protein, YAP, to induce interaction with 14-3-3 and attenuation of
p73-mediated apoptosis. Mol Cell 2003;11:11-23.

52. Di Como CJ, Gaiddon C, Prives C. p73 function is inhibited by tumorderived p53 mutants in mammalian cells. Mol Cell Biol 1999;19:1438-49.
53. Zhu J, Jiang J, Zhou W, Chen X. The potential tumor suppressor p73 differentially regulates cellular p53 target genes. Cancer Res 1998;58:5061-5.
54. Lee CW, La Thangue NB. Promoter specificity and stability control of the
p53-related protein p73. Oncogene 1999;18:4171-81.
55. Nakano K, Balint E, Ashcroft M, Vousden KH. A ribonucleotide reductase
gene is a transcriptional target of p53 and p73. Oncogene 2000;19:4283-9.
56. Steegenga WT, Shvarts A, Riteco N, Bos JL, Jochemsen AG. Distinct regulation of p53 and p73 activity by adenovirus E1A, E1B, and E4orf6 proteins.
Mol Cell Biol 1999;19:3885-94.
57. Salimath B, Marme D, Finkenzeller G. Expression of the vascular endothelial
growth factor gene is inhibited by p73. Oncogene 2000;19:3470-6.

80. Kadakia M, Slader C, Berberich SJ. Regulation of p63 function by Mdm2
and MdmX. DNA Cell Biol 2001;20:321-30.
81. Ratovitski EA, Patturajan M, Hibi K, Trink B, Yamaguchi K, Sidransky D.
p53 associates with and targets DNp63 into a protein degradation pathway. Proc
Natl Acad Sci USA 2001;98:1817-22.
82. Liefer KM, Koster MI, Wang XJ, Yang A, McKeon F, Roop DR. Downregulation of p63 is required for epidermal UV-B-induced apoptosis. Cancer Res
2000;60:4016-20.
83. Appella E. Modulation of p53 function in cellular regulation. Eur J Biochem
2001;268:2763.
84. Gonzalez S, Prives C, Cordon-Cardo C. p73a regulation by Chk1 in response
to DNA damage. Mol Cell Biol 2003;23:8161-71.

Mol Cancer Res 2004;2(7). July 2004

Downloaded from mcr.aacrjournals.org on September 27, 2021. © 2004 American Association for Cancer
Research.

p63 and p73 Proteins

85. Yuan ZM, Shioya H, Ishiko T, et al. p73 is regulated by tyrosine kinase c-Abl
in the apoptotic response to DNA damage. Nature 1999;399:814-7.

expression of p73 is associated with progression of human bladder cancer. Cancer
Res 1999;12:2791-3.

86. Agami R, Blandino G, Oren M, Shaul Y. Interaction of c-Abl and p73a and
their collaboration to induce apoptosis. Nature 1999;399:809-13.

112. Yokomizo A, Mai M, Tindall DJ, et al. Overexpression of the wild type p73
gene in human bladder cancer. Oncogene 1999;18:1629-33.

87. Gaiddon C, Lokshin M, Gross I, et al. Cyclin-dependent kinases phosphorylate p73 at threonine 86 in a cell cycle-dependent manner and negatively
regulate p73. J Biol Chem 2003;278:27421-31.

113. Ng SW, Yiu GK, Liu Y, et al. Analysis of p73 in human borderline and
invasive ovarian tumor. Oncogene 2000;19:1885-90.

88. Fulco M, Costanzo A, Merlo P, et al. p73 is regulated by phosphorylation
at the G2/M transition. J Biol Chem 2003;278:49196-202.
89. Ozaki T, Watanabe K, Nakagawa T, Miyazaki K, Takahashi M, Nakagawara A.
Function of p73, not of p53, is inhibited by the physical interaction with RACK1
and its inhibitory effect is counteracted by pRB. Oncogene 2003;22:3231-42.
90. Costanzo A, Merlo P, Pediconi N, et al. DNA damage-dependent acetylation
of p73 dictates the selective activation of apoptotic target genes. Mol Cell 2002;
9:175-86.
91. Zaika AI, Kovalev S, Marchenko ND, Moll UM. Overexpression of the wild
type p73 gene in breast cancer tissues and cell lines. Cancer Res 1999;59:3257-63.
92. Tsao H, Zhang X, Majewski P, Haluska FG. Mutational and expression
analysis of the p73 gene in melanoma cell lines. Cancer Res 1999;59:172-4.
93. Nomoto S, Haruki N, Kondo M, Konishi H, Takahashi T. Search for mutations and examination of allelic expression imbalance of the p73 gene at 1p36.33
in human lung cancers. Cancer Res 1998;58:1380-3.

114. Chen CL, Ip SM, Cheng D, Wong LC, Ngan HY. P73 gene expression in
ovarian cancer tissues and cell lines. Clin Cancer Res 2000;6:3910-5.
115. Zwahlen D, Tschan MP, Grob TJ, et al. Differential expression of p73 splice
variants and protein in benign and malignant ovarian tumors. Int J Cancer 2000;
88:66-70.
116. Tannapfel A, Wasner M, Krause K, et al. Expression of p73 and its relation
to histopathology and prognosis in hepatocellular carcinoma. J Natl Cancer Inst
1999;91:1154-8.
117. Tannapfel A, Engeland K, Weinans L, et al. Expression of p73, a novel
protein related to the p53 tumor suppressor p53, and apoptosis in cholangiocellular carcinoma of the liver. Br J Cancer 1999;80:1069-74.
118. Tschan MP, Grob TJ, Peters UR, et al. Enhanced p73 expression during
differentiation and complex p73 isoforms in myeloid leukemia. Biochem Biophys
Res Commun 2000;277:62-5.

94. Mai M, Qian C, Yokomizo A, et al. Loss of imprinting and allele switching
of p73 in renal cell carcinoma. Oncogene 1998;17:1739-41.

119. Peters UR, Tschan MP, Kreuzer KA, et al. Distinct expression patterns of
the p53-homologue p73 in malignant and normal hematopoiesis assessed by a
novel real-time reverse transcription-polymerase chain reaction assay and protein
analysis. Cancer Res 1999;59:4233-6.

95. Mai M, Yokomizo A, Qian C, et al. Activation of p73 silent allele in lung
cancer. Cancer Res 1998;58:2347-49.

120. Guan M, Peng HX, Yu B, Lu Y. p73 Overexpression and angiogenesis in
human colorectal carcinoma. Jpn J Clin Oncol 2003;33:215-20.

96. Cai YC, Yang GY, Nie Y, et al. Molecular alterations of p73 in human
esophageal squamous cell carcinomas: loss of heterozygosity occurs frequently;
loss of imprinting and elevation of p73 expression may be related to defective
p53. Carcinogenesis 2000;21:683-9.

121. Sun XF. p73 overexpression is a prognostic factor in patients with colorectal
adenocarcinoma. Clin Cancer Res 2002;8:165-70.

97. Reichelt M, Zang KD, Seifert M, Welter C, Ruffing, T. The yeast two-hybrid
system reveals no interaction between p73a and SV40 large T-antigen. Arch Virol
1999;144:621-6.
98. Wienzek S, Roth J, Dobbelstein M. E1B 55-kilodalton oncoproteins of
adenovirus types 5 and 12 inactivate and relocalize p53, but not p51 or p73, and
cooperate with E4orf6 proteins to destabilize p53. J Virol 2000;74:193-202.
99. Park JS, Kim EJ, Lee JY, Sin HS, Namkoong SE, Um SJ. Functional
inactivation of p73, a homolog of p53 tumor suppressor protein, by human
papillomavirus E6 proteins. Int J Cancer 2001;91:822-7.
100. Prabhu NS, Somasundaram K, Satyamoorthy K, Herlyn M, El-Deiry WS.
p73h, unlike p53, suppresses growth and induces apoptosis of human papillomavirus E6-expressing cancer cells. Int J Oncol 1998;13:5-9.

122. Choi HR, Batsakis JG, Zhan F, Sturgis E, Luna MA, El-Naggar AK. Differential expression of p53 gene family members p63 and p73 in head and neck
squamous tumorigenesis. Hum Pathol 2002;33:158-64.
123. Weber MKZ, Clavien PA. Low recurrence rate of hepatocellular carcinoma
after liver transplantation: better patient selection or lower immunosuppression?
Transplantation 2002;74:1664-5.
124. Weber A, Bellmann U, Bootz F, Wittekind C, Tannapfel A. Expression of
p53 and its homologues in primary and recurrent squamous cell carcinomas of
the head and neck. Int J Cancer 2002;99:22-8.
125. Zaika AI, Slade N, Erster SH, et al. DNp73, a dominant-negative inhibitor
of wild-type p53 and TAp73, is up-regulated in human tumors. J Exp Med 2002;
196:765-80.
126. Concin N, Becker K, Slade N, Erster S, et al. Transdominant DeltaTAp73
isoforms are frequently up-regulated in ovarian cancer. Evidence for their role as
epigenetic p53 inhibitors in vivo . Cancer Res 2004;7:2449-60.

101. Higashino F, Pipas JM, Shenk T. Adenovirus E4orf6 oncoprotein modulates
the function of the p53-related protein, p73. Proc Natl Acad Sci USA 1998;95:
15683-7.

127. Stiewe T, Zimmermann S, Frilling A, Esche H, Putzer BM. Transactivationdeficient DTA-p73 acts as an oncogene. Cancer Res 2002;62:3598-602.

102. Kaida A, Ariumi Y, Ueda Y, et al. Functional impairment of p73 and
p51, the p53-related proteins, by the human T-cell leukemia virus type 1 Tax
oncoprotein. Oncogene 2000;19:827-30.

128. Putzer BM, Tuve S, Tannapfel A, Stiewe T. Increased DNVp73 expression in
tumors by upregulation of the E2F1-regulated, TA-promoter-derived DNV-p73
transcript. Cell Death Differ 2003;10:612-4.

103. Roth J, Dobbelstein M. Failure of viral oncoproteins to target the p53homologue p51A. J Gen Virol 1999;80:3251-5.

129. Sayan AE, Sayan BS, Findikli N, Ozturk M. Acquired expression of transcriptionally active p73 in hepatocellular carcinoma cells. Oncogene 2001;20:5111-7.

104. Novak U, Grob TJ, Baskaynak G, et al. Overexpression of the p73 gene is a
novel finding in high-risk B-cell chronic lymphocytic leukemia. Ann Oncol 2001;
12:981-6.

130. Casciano I, Mazzocco K, Boni L, et al. Expression of DNp73 is a molecular
marker for adverse outcome in neuroblastoma patients. Cell Death Differ 2002;
9:246-51.

105. Corn PG, Kuerbitz SJ, van Noesel MM, et al. Transcriptional silencing
of the p73 gene in acute lymphoblastic leukemia and Burkitt’s lymphoma is
associated with 5V CpG island methylation. Cancer Res 1999;59:3352-6.

131. Douc-Rasy S, Barrois M, Echeynne M, et al. DNVp73a accumulates in
human neuroblastic tumors. Am J Pathol 2002;160:631-9.

106. Kawano S, Miller CW, Gombart AF, et al. Loss of p73 gene expression
in leukemias/lymphomas due to hypermethylation. Blood 1999;94:1113-20.

132. Park BJ, Lee SJ, Kim JI, et al. Frequent alteration of p63 expression in
human primary bladder carcinomas. Cancer Res 2000;60:3370-4.

107. Puig P, Capodieci P, Drobnjak M, et al. p73 Expression in human normal
and tumor tissues: loss of p73a expression is associated with tumor progression
in bladder cancer. Clin Cancer Res 2003;9:5642-51.

133. Crook T, Nicholls JM, Brooks L, O’Nions J, Allday MJ. High level expression of DNVp63: a mechanism for the inactivation of p53 in undifferentiated
nasopharyngeal carcinoma (NPC)? Oncogene 2000;19:3439-44.

108. Tokuchi YHT, Kobayashi Y, Hayashi M, et al. The expression of p73 is
increased in lung cancer, independent of p53 gene alteration. Br J Cancer 1999;
80:1623-9.

134. Hu H, Xia SH, Li AD, et al. Elevated expression of p63 protein in human
esophageal squamous cell carcinomas. Int J Cancer 2002;102:580-3.

109. Kang MJ, Park BJ, Byun DS, et al. Loss of imprinting and elevated
expression of wild-type p73 in human gastric adenocarcinoma. Clin Cancer Res
2000;6:1767-71.
110. Sunahara M, Ichimiya S, Nimura Y, et al. Mutational analysis of the p73
gene localized at chromosome 1p36.3 in colorectal carcinomas. Int J Oncol 1998;
13:319-23.
111. Chi SG, Chang SG, Lee SJ, Lee CH, Kim JI, Park JH. Elevated and biallelic

135. Dellavalle RP, Walsh P, Marchbank A, et al. CUSP/p63 expression in basal
cell carcinoma. Exp Dermatol 2002;11:203-8.
136. Weinstein MH, Signoretti S, Loda M. Diagnostic utility of immunohistochemical staining for p63, a sensitive marker of prostatic basal cells. Mod Pathol
2002;15:1302-8.
137. Koga F, Kawakami S, Kumagai J, et al. Impaired DNp63 expression
associates with reduced h-catenin and aggressive phenotypes of urothelial
neoplasms. Br J Cancer 2003;88:740-7.

Mol Cancer Res 2004;2(7). July 2004

Downloaded from mcr.aacrjournals.org on September 27, 2021. © 2004 American Association for Cancer
Research.

385

386 Moll and Slade

138. Wang JH, Ye ZG, Sun AX, et al. Reversal of anti-apoptotic action by tetrandrine in human breast carcinoma multidrug-resistant MCF-7 cells. Zhongguo
Zhong Yao Za Zhi 2003;27:46-50.

160. Marin MC, Jost CA, Brooks LA, et al. A common polymorphism acts
as an intragenic modifier of mutant p53 behavior. Nat Genet 2000;25:47-54.

139. Wang X, Mori I, Tang W, et al. p63 expression in normal, hyperplastic and
malignant breast tissues. Breast Cancer 2002;9:216-9.

161. Vikhanskaya F, D’Incalci M, Broggini M. p73 competes with p53 and
attenuates its response in a human ovarian cancer cell line. Nucleic Acids Res
2000;28:513-9.

140. Ribeiro-Silva A, Zamzelli Ramalho LN, Garcia SB, Zucoloto S. Is p63
reliable in detecting microinvasion in ductal carcinoma in situ of the breast?
Pathol Oncol Res 2003;9:20-3.

162. Strano S, Munarriz E, Rossi M, et al. Physical and functional interaction
between p53 mutants and different isoforms of p73. J Biol Chem 2000;275:
29503-12.

141. Tannapfel A, Schmelzer S, Benicke M, et al. Expression of the p53 homologues p63 and p73 in multiple simultaneous gastric cancer. J Pathol 2001;195:163-70.

163. Davison TS, Vagner C, Kaghad M, Ayed A, Caput D, Arrowsmith CH. p73
and p63 are homotetramers capable of weak heterotypic interactions with each
other but not with p53. J Biol Chem 1999;274:18709-14.

142. Zaika A, Irwin M, Sansome C, Moll UM. Oncogenes induce and activate
endogenous p73 protein. J Biol Chem 2001;276:11310-6.
143. Stiewe T, Putzer BM. Role of the p53-homologue p73 in E2F1-induced
apoptosis. Nat Genet 2000;26:464-9.

164. Gaiddon C, Lokshin M, Ahn J, Zhang T, Prives C. A subset of tumorderived mutant forms of p53 down-regulate p63 and p73 through a direct interaction with the p53 core domain. Mol Cell Biol 2001;21:1874-87.

144. Lissy NA, Davis PK, Irwin M, Kaelin WG, Dowdy SF. A common E2F-1
and p73 pathway mediates cell death induced by TCR activation. Nature 2000;
407:642-5.

165. Bergamaschi D, Gasco M, Hiller L, et al. p53 polymorphism influences
response in cancer chemotherapy via modulation of p73-dependent apoptosis.
Cancer Cell 2003;3:387-402.

145. Irwin M, Marin MC, Phillips AC, et al. Role for the p53 homologue p73
in E2F-1-induced apoptosis. Nature 2000;407:645-8.

166. Kern SE, Pietenpol JA, Thiagalingam S, Seymour A, Kinzler KW,
Vogelstein B. Oncogenic forms of p53 inhibit p53-regulated gene expression.
Science 1992;256:827-30.

146. Wan YY, DeGregori J. The survival of antigen-stimulated T cells requires
NFnB-mediated inhibition of p73 expression. Immunity 2003;18:331-42.
147. Yamasaki L, Jacks T, Bronson R, Goillot E, Harlow E, Dyson NJ. Tumor
induction and tissue atrophy in mice lacking E2F-1. Cell 1996;85:537-48.

167. Unger T, Nau MM, Segal S, Minna JD. p53: a transdominant regulator of
transcription whose function is ablated by mutations occurring in human cancer.
EMBO J 1992;11:1383-90.

148. Field SJ, Tsai FY, Kuo F, et al. E2F-1 functions in mice to promote
apoptosis and suppress proliferation. Cell 1996;85:549-61.

168. Dittmer D, Pati S, Zambetti G, et al. Gain of function mutations in p53. Nat
Genet 1993;4:42-6.

149. Liu M, Taketani T, Li R, et al. Loss of p73 gene expression in lymphoid
leukemia cell lines is associated with hypermethylation. Leuk Res 2001; 25:441-7.

169. Shaulsky G, Goldfinger N, Rotter V. Alterations in tumor development
in vivo mediated by expression of wild type or mutant p53 proteins. Cancer Res
1991;51:5232-7.

150. Scaruffi P, Casciano I, Masiero L, Basso G, Romani M, Tonini GP. Lack of
p73 expression in mature B-ALL and identification of three new splicing variants
restricted to pre B and C-ALL indicate a role of p73 in B cell ALL differentiation.
Leukemia 2000;14:518-9.
151. Herranz M, Santos J, Salido E, Fernandez-Piqueras J, Serrano M. Mouse
p73 gene maps to the distal part of chromosome 4 and might be involved in
the progression of g-radiation-induced T-cell lymphomas. Cancer Res 1999;59:
2068-71.
152. Pignatelli M, Luna-Medina R, Perez-Rendon A, Santos A, Perez-Castillo A.
The transcription factor early growth response factor-1 (EGR-1) promotes
apoptosis of neuroblastoma cells. Biochem J 2003;373:739-46.
153. Matheny KE, Barbieri CE, Sniezek JC, Arteaga CL, Pietenpol JA. Inhibition of epidermal growth factor receptor signaling decreases p63 expression in
head and neck squamous carcinoma cells. Laryngoscope 2003;113:936-9.
154. Gong JG, Costanzo A, Yang HQ, et al. The tyrosine kinase c-Abl regulates p73
in apoptotic response to cisplatin-induced DNA damage. Nature 1999;399:806-9.
155. Chen X, Zheng Y, Zhu J, Jiang J, Wang J. p73 is transcriptionally regulated
by DNA damage, p53, and p73. Oncogene 2001;20:769-74.
156. Zhu J, Nozell S, Wang J, Jiang J, Zhou W, Chen X. p73 cooperates with
DNA damage agents to induce apoptosis in MCF7 cells in a p53-dependent
manner. Oncogene 2001;20:4050-7.
157. Irwin MS, Kondo K, Marin MC, Cheng LS, Hahn WC, Kaelin WG.
Chemosensitivity linked to p73 function. Cancer Cell 2003;3:403-10.
158. Katoh I, Aisaki KI, Kurata SI, Ikawa S, Ikawa Y. p51A (TAp63g), a p53
homolog, accumulates in response to DNA damage for cell regulation. Oncogene
2000;19:3126-30.
159. Nakagawa T, Takahashi M, Ozaki T, et al. Autoinhibitory regulation of
p73 by DNp73 to modulate cell survival and death through a p73-specific target
element within the DNp73 promoter. Mol Cell Biol 2002;22:2575-85.

170. Halevy O, Michalovitz D, Oren M. Different tumor-derived p53 mutants
exhibit distinct biological activities. Science 1990;250:113-6.
171. Kartasheva NN, Contente A, Lenz-Stoppler C, Roth J, Dobbelstein M. p53
induces the expression of its antagonist p73DN, establishing an autoregulatory
feedback loop. Oncogene 2002;21:4715-27.
172. Ueda Y, Hijikata M, Takagi S, Chiba T, Shimotohno K. New p73 variants
with altered C-terminal structures have varied transcriptional activities. Oncogene
1999;18:4993-8.
173. Vossio S, Palescandolo E, Pediconi N, et al. DN-p73 is activated after DNA
damage in a p53-dependent manner to regulate p53-induced cell cycle arrest.
Oncogene 2002;21:3796-803.
174. Grob TJ, Novak U, Maisse C, et al. Human DNp73 regulates a dominant negative feedback loop for TAp73 and p53. Cell Death Differ 2001;8:
1213-23.
175. Waltermann A, Kartasheva NN, Dobbelstein M. Differential regulation of
p63 and p73 expression. Oncogene 2003;22:5686-93.
176. Blandino G, Levine AJ, Oren M. Mutant p53 gain of function: differential
effects of different p53 mutants on resistance of cultured cells to chemotherapy.
Oncogene 1999;18:477-85.
177. Sasaki Y, Morimoto I, Ishida S, Yamashita T, Imai K, Tokino T.
Adenovirus-mediated transfer of the p53 family genes, p73 and p51/p63 induces
cell cycle arrest and apoptosis in colorectal cancer cell lines: potential application
to gene therapy of colorectal cancer. Gene Ther 2001;8:1401-8.
178. Rodicker F, Putzer BM. p73 is effective in p53-null pancreatic cancer cells
resistant to wild-type TP53 gene replacement. Cancer Res 2003;63:2737-41.
179. Petrenko O, Zaika A, Moll UM. DNp73 facilitates cell immortalization and
cooperates with oncogenic Ras in cellular transformation in vivo . Mol Cell Biol
2003;23:5540-55.

Mol Cancer Res 2004;2(7). July 2004

Downloaded from mcr.aacrjournals.org on September 27, 2021. © 2004 American Association for Cancer
Research.

p63 and p73: Roles in Development and Tumor Formation11
National Cancer Institute.
Ute M. Moll and Neda Slade
Mol Cancer Res 2004;2:371-386.

Updated version

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
http://mcr.aacrjournals.org/content/2/7/371

This article cites 176 articles, 59 of which you can access for free at:
http://mcr.aacrjournals.org/content/2/7/371.full#ref-list-1
This article has been cited by 61 HighWire-hosted articles. Access the articles at:
http://mcr.aacrjournals.org/content/2/7/371.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://mcr.aacrjournals.org/content/2/7/371.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's
(CCC)
Rightslink site.

Downloaded from mcr.aacrjournals.org on September 27, 2021. © 2004 American Association for Cancer
Research.

