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Abstract

Molecular links between apoptosis, tumorigenesis and drug resistance provide starting points for new therapeutic approaches and for a
targeted cancer therapy. The discovery of the p53-related genes p63 and p73 raised the possibility that they may be cancer-associated genes
and as a consequence that p53 is not the only component in predicting prognosis and response to chemotherapy, but instead the status of a
network that contains p53, p73 and p63. This review focuses on the status and interrelationship of the p53 family members in human cancer
as critical elements for tumor progression and response to therapy. Literature up to December 2006 is reviewed.

p63 and p73 — as well as p5S3 — each use multiple promoters and alternative splicing to generate an array of isoforms, including full-
length isoforms with a transactivation (TA-) domain homologous to that of full-length p53, and amino-terminally truncated (AN-) isoforms.
Whereas the full-length TA isoforms of p63 and p73 can activate downstream target genes and induce apoptosis, the AN isoforms which lack
the transactivation domain can act as dominant inhibitors of the full-length forms of p53, p63 and p73, inhibiting transactivation of target genes
and induction of apoptosis. Deregulated dominant negative p63 and p73 isoforms play an oncogenic role in human cancer and contribute to
chemoresistance.

Thus, therapeutic modulation of TAp63/ANp63, TAp73/ANp73 and mutant p53 levels might be used to target the large percentage of
human tumors that harbor p53 mutations and/or overexpress ANp63 or ANp73. Interfering with the expression or function of ANp63 and/or
ANp73 and/or mutant p53 in tumor cells may render such tumors more responsive to therapy and reduce their aggressiveness and metastatic
capacity.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Tumor progression usually involves blockage of normally
regulated cell cycle control and apoptosis mediated by tumor
suppressor genes. Inactivation of tumor suppressor genes or
activation of protooncogenes can lead to a lack of proper
control, especially under stress, leading to clonal outgrowth
and tumor progression. These oncogenic events are evolving
as important determinants in the response of human tumors
to commonly used DNA damaging treatments (Johnstone et
al., 2002).

The transcription factor p53 regulates many target genes
that induce cell cycle arrest, apoptosis, senescence, DNA
repair or alter metabolism, in response to diverse stresses
(including DNA damage, overexpressed oncogenes and var-
ious metabolic limitations) (Vousden, 2000; Harms et al.,
2004; Harris and Levine, 2005; Mashima and Tsuruo, 2005;
Green and Chipuk, 2006). In addition, pS3 has also been
shown to induce apoptosis through non-transcriptional, cyto-
plasmic processes (Mihara et al., 2003).

The recent identification of the p53-p63—p73 axis has
opened a new chapter in cancer research (Zaika and Fl Rifai,
2006). p63 and p73 play important roles in normal develop-
ment, but are also clearly implicated in human tumorigenesis
and tumor response to therapy. This review focuses on
recent developments in our understanding of the role of p53-
homologs in tumorigenesis. We need to describe the dynamic
changes that occur in the network of interactions between the
multiple isoforms of p73 and p63, as well as wild-type and
mutant p53 in tumor tissues to provide the foundation for new
therapeutic approaches.

Indeed, there is mounting evidence that p63 and p73
play an important role in human cancer (Flores et al., 2002;
Casciano et al., 2002; Melino et al., 2003, 2004; Westfall
and Pietenpol, 2004; Moll and Slade, 2004; Wu et al., 2005;
Mills, 2006; Murray-Zmijewski et al., 2006), although their
precise roles in tumorigenesis remain to be clarified.

p63 and p73 give rise to proteins that have p53-agonistic
as well as p53-antagonistic functions and new functions. One
reason for this diversity in pS3/p63/p73 function lies in their
gene structure (Figs. 1, 2 and 4). Hence, p63 and p73 share
some p53 functions, such as induction of cell cycle arrest
and apoptosis (Osada et al., 1998; Vousden, 2000; Melino
et al., 2003, 2004; Moll and Slade, 2004). However, there

are many functional differences between p53, p63 and p73.
Studies of p53-, p63- and p73-deficient mice established that
the expression of p63 and p73 is more important for mouse
development than the expression of p53. In addition, the loss
of p73 does not predispose mice to cancer (Yang et al., 1999,
2000, 2002).

Knockout p63 mice are not viable and show severe struc-
tural deficiencies, such as the complete absence of skin
(Candi et al., 2005), lack of limbs as well as other epithelial
structures (Yang et al., 1998, 1999, 2002; Mills et al., 1999)
and severe craniofacial dysplasia (Yang et al., 1999; Mills
et al., 1999; Celli et al., 1999). In humans, heterozygous
germ-line mutations of p63 cause the autosomal dominant
disorders ectrodactyly, ectodermal dysplasia, facial clefts
(EEC) (Celli et al., 1999) and ankyloblepharon, ectodermal
dysplasia, clefting (AEC) (Fomenkov et al., 2003). The rea-
son for these deficiencies lies in the lack of stem cells that
are required for the development and differentiation of such
complex epithelial structures (Yang et al., 1999, 2002). p63
is the only gene known to be of essential relevance for the
survival of epithelial stem cells (Pellegrini et al., 2001).

There is also intense debate on whether and how p63 and
p73 interact with p53 in apoptosis and tumor suppression.
The p53/p63/p73 family members are capable of interacting
in many ways that involve direct or indirect protein interac-
tions, regulation of common target genes and regulation of
each other’s promoters. The p53 family members and their
isoforms can bind differentially to promoters and it may well
be that the ratio of the isoforms is an important cell fate deter-
minant deciding about normal cell cycling, senescence and
the onset of tumor formation.

The involvement of p63 and p73 in p53-mediated apop-
tosis is controversial (Benchimol, 2004). An example of
cooperativity among the three p53 family members has been
reported in E1 A-expressing mouse embryo fibroblasts and in
primary neuronal cultures (Flores et al., 2002). In these cel-
lular systems p63 and p73 expression is required to induce
p53-dependent apoptosis in response to doxorubicin, cis-
platin and +v-radiation. However, results of another study
indicate, that at least in thymocytes, p53-dependent apopto-
sis occurs independently of p63 and p73 (Senoo et al., 2004).
The dispensability of p63 and p73 for T cell death does not
preclude interactions among p53 family members, which are
supported by evolutionary, genetic and biochemical consid-
erations (Benchimol, 2004).
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Fig. 1. Human p53. (A) Structure of the p53 gene: the alternative promoters (P1, P1’ and P2) and the alternative splicing variants (a, B, y) are shown. (B)
p53 protein isoforms: p53, p53B and p53+y proteins encoded from the P1 or P1’ promoter contain the conserved N-terminal domain of transactivation. A40p53
protein isoforms encoded from P1 or P1’ have lost the conserved N-terminal domain of transactivation but still contain part of the transactivation domain.
A133p53 isoforms encoded from P2 lack the entire transactivation domain and part of the DNA binding domain. Translation is initiated at ATG-133 (modified
according to Murray-Zmijewski et al., 20006).
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Fig. 2. Human p63. (A) Structure of the p63 gene: the alternative promoters (P1 and P2) and the alternative splicing variants (o, {3, y) are shown. (B) TAp63
protein isoforms p63a, p633 and p63vy encoded from P1 contain the N-terminal transactivation domain. ANp63 proteins ANp63a, ANp633 and ANp63y
encoded from P2 are amino-truncated proteins. Numbers indicate the exons encoding p63 protein isoforms (modified according to Murray-Zmijewski et al.,
2006).
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2. p53

The human p53 gene is composed of 19,200bp, span-
ning over 11 exons on chromosome 17p13.1 (Fig. 1). Recent
results revealed that the human p53 gene has indeed a dual
gene structure similar to p73 and p63 genes (Bourdon et
al., 2005). p53 gene transcription can be initiated from two
distinct sites upstream of exon 1 and from an internal pro-
moter located in intron 4. The alternative promoter leads to
the expression of an amino-terminally truncated p53 protein
initiated at codon 133 (A133p53). The intron 9 can be alter-
natively spliced to generate three isoforms, p53, p53 and
p537y. The p533 and p53+y isoforms lack the oligomerization
domain. Thus, the human p53 gene can encode at least nine
different p53 protein isoforms, pS3, p533, p53y, A133p53,
A133p53p3 and A133p53+y due to alternative splicing of the
intron 9 and usage of the alternative promoter in intron 4, and
also A40p53, A40p53B, A40p53y due to alternative splic-
ing of the intron 9 and alternative initiation of translation
or alternative splicing of the intron 2 (Ghosh et al., 2004;
Bourdon et al., 2005; Murray-Zmijewski et al., 2006). p53
isoforms can exert distinct biochemical activities. p53[3 pref-
erentially binds the p53-responsive promoters p21 and Bax
rather than MDM2, while p53 binds preferentially to MDM?2
and p21 rather than Bax promoters (Murray-Zmijewski et al.,
2006). Co-transfection of p53 with pS3f increases slightly
pS53-mediated apoptosis, while co-transfection of p53 with
A133p53 strongly inhibits p5S3-mediated apoptosis. This sug-
gests that the ratio/balance of the different p53 isoforms
may regulate cellular outcome in response to p53 activation
(Bourdon et al., 2005). The clinical relevance of the newly
described p53 isoforms remains to be investigated; it will be
essential to analyze their expression in different human tumor
entities.

p53 is a modular protein with an N-terminal transac-
tivation domain (TA), a potential conformational element
consisting of a proline-rich domain (PRD) adjacent to the
TA, aDNA-binding domain (DBD), a tetramerization domain
(4D) and a basic C-terminal domain (CTD). The primary
amino-acid sequence of p53 contains many conserved serine,
threonine and lysine residues that are of potential regula-
tory significance. In vitro transfection studies have suggested
that p53 post-translational modifications at these conserved
residues have a role in p53 stabilization and activation
(Ashcroft et al., 1999; Brooks and Gu, 2003; Bode and Dong,
2004; Toledo and Wahl, 2006). In contrast, recent in vivo
data show that the related proteins MDM2 and MDM4 (also
known as MDMX) may even have more profound roles in
p53 regulation (Francoz et al., 2006; Toledo et al., 2006).

2.1. p53in cancer

TP53 is the prototype tumor suppressor gene in human
cancer due to its pro-apoptotic and antiproliferative func-
tion in response to oncogenic stress (Vousden, 2000; Levine
et al., 2004; Dimri, 2005; Harris and Levine, 2005; Green

and Chipuk, 2006). Depending on the severity of damage
to the genome, p53 can activate genetic programs that halt
cell proliferation transiently (G1 and G2 cell cycle arrest)
or permanently (senescence), or eliminate the cell altogether
(apoptosis). The p53 pathway is inactivated in the majority
of human malignancies (Oren, 1992; Vousden and Lu, 2002;
Harris and Levine, 2005) and increased levels of its negative
regulators MDM?2 and MDM4 downregulate pS3 function in
many of the rest (Toledo and Wahl, 2006). Thus, the p53
pathway is most likely disrupted also in a large fraction of
wild-type p53-carrying tumors.

2.2. p53 and chemosensitivity

Understanding p53 regulation remains a crucial goal to
design anticancer strategies based on this pathway. Recon-
stitution of the p5S3 tumor suppressor pathway is one of the
most exciting novel concepts for improved cancer therapy.
Adenoviral vectors are used to deliver intact 7P53 cDNA to
tumor cells carrying mutant 7P53 or lacking TP53. This strat-
egy has already been tested clinically and shown antitumor
effect in a subset of patients (Clayman et al., 1998; Swisher et
al., 1999; Nemunaitis et al., 2000; Bykov and Wiman, 2003;
Swisher et al., 2003; Wiman, 2006; Yu, 2006; Roth, 2006).
One molecule, RITA (reactivation of p53 and induction of
tumor cell apoptosis), was described to induce the expression
of p53 target genes and apoptosis in wild-type p53-expressing
cell lines and could coordinate an antitumor response upon
oncogene expression (Issaeva et al., 2004; Chipuk and Green,
2006). RITA was identified in a screen of the Diversity set
from the National Cancer Institute and functions by abrogat-
ing the p53/MDM2 interaction via binding the N-terminus of
p53. A family of small molecules aimed at targeting the p53
binding domain of MDM?2, the Nutlins, were also able to
induce robust p53-dependent apoptosis in tumor xenograft
models (Vassilev et al., 2004). The Nutlins provide both
in vitro and in vivo ‘proof of principle’ evidence that the
p53/MDM?2 interface is a key drug target (Vassilev, 2004,
2005). In a screen of a chemical library from the National
Cancer Institute, Bykov et al. (2002, 2005b) identified a
small molecule, PRIMA-1, that induces apoptosis preferen-
tially in mutant p53-expressing human tumor cells. PRIMA-1
restores wild-type conformation and transcriptional transac-
tivation to mutant p53 in vitro. MIRA-1 represents a novel
family of small molecules that target mutant p53 (Bykov
et al., 2005a). These compounds are structurally different
from PRIMA-1 but have similar potency and mutant p53
selectivity in cellular assays (Wiman, 2006). The list of p53-
based therapeutic strategies under preclinical development
is growing and novel p53-based therapeutic strategies may
also be combined with conventional cancer therapy. Wang et
al. (2006) performed a chemical library screen by a strategy
using bioluminescence imaging to identify small molecules
that can induce a p53-responsive transcriptional activity and
subsequent apoptosis in tumor cells deficient in p53. They
obtained a number of small molecules, which stimulated a
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strong p53 response not only in p53 wild-type tumor cells
but also in p53-deficient cells, including p53-null and p53
mutant cells. These compounds activated p53 reporter activ-
ity and increased expression of p53 target genes such as
p21 or TRAIL-R2 or TNF-related apoptosis-inducing lig-
and (TRAIL). Of note, some of the compounds activated
a p53 response by increasing p73 expression, and knock-
down of transactivating isoforms of p73 by small interfering
RNA reduced their induction of p53-responsive transcrip-
tional activity. These results demonstrate that it is possible to
restore p53 responses in p53-deficient cancer cells, and that
this may occur by targeting p53 family members such as p73.
Further studies are required to determine whether p73 is the
only target responsible for the observed antitumor effects in
pS53-null tumors.

3. p63

The human p63 gene is composed of 15 exons, span-
ning over 270,000 bp on chromosome 3q27 (McKeon, 2004;
Murray-Zmijewski et al., 2006). The discovery of an inter-
nal promoter within the p53 family was first made with p63
(Yang et al., 1998). The human p63 genes expresses at least
three alternatively spliced C-terminal isoforms (o, 3, vy), and
can be transcribed from an alternative promoter located in the
intron 3 (Fig. 2). The transactivating isoforms (TAp63) are
generated by the activity of the promoter upstream of exon 1
while the alternative promoter in intron 3 leads to the expres-
sion of amino-terminally truncated isoforms (ANp63) which
lack the transactivation domain. In summary, the p63 gene
expresses at least six mRNA variants which encode for six
different p63 protein isoforms (TAp63a, TAp633, TAp63Yy,
ANp63a, ANp633 and ANp63y).

nucleus

11—

nitiator
caspases

4DIsSC

P> BH3 family| Cyt c/casp-9
Apaf-1/dATP

The TAp63 isoforms are able to bind DNA trough p53-
responsive elements and activate transcription of many p53
target genes. Thus, these p63 isoforms are described as ‘p53-
like’. Recent studies indicate that p63 proteins can bind
DNA through response elements (p63RE) slightly different to
p53RE conferring responsiveness to p63 but not p53 proteins
(Osada et al., 2005; Sasaki et al., 2005; Murray-Zmijewski
et al., 2006). The ANp63 isoforms can bind DNA through
pS3RE and can exert dominant negative effects over p53,
p73 and p63 activities by either competing for DNA bind-
ing sites or by direct protein interaction (Flores et al., 2002;
Bakkers et al., 2002; Benard et al., 2003; Westfall et al.,
2003; Barbieri et al., 2005; Murray-Zmijewski et al., 2006).
ANp63 isoforms were also shown to directly activate spe-
cific gene targets not induced by TA isoforms (Dohn et al.,
2001; Wu et al., 2003). By expressing TAp63 and ANp63
isoforms, p63 has the ability to regulate a number of genes
and possesses opposing regulatory effects depending on the
form used.

3.1. p63 and apoptosis

We have recently described the downstream mechanisms
of TAp63a-induced apoptosis in different cellular systems. In
summary, TAp63a activates genes exerting roles in different
steps of the apoptosis program (Fig. 3). We demonstrated that
TAp63a, like p53, is involved in more than one apoptotic
operation, being capable of transactivating genes encoding
death receptors, for example, CD95, TNF-R1 and TRAIL-R1
and -R2 as well as genes encoding mitochondrial proteins,
e.g. Bax, BCL2L11 and the genes encoding RAD9, DAP3
and APAF1 (Gressner et al., 2005). Thus, like it is the case
for p53, p63 may simultaneously recruit several genes within
the same cell, probably acting additively or synergistically,

M Ligands

Death Receptors

Bcl2— %
family

:

Effector caspases

/1 1\

Substrates

L1

Apoptosis

Fig. 3. Model of p53 family regulated apoptosis. Upon DNA damage, the pS3 family members can activate both, the death receptor pathway and the mitochondrial

apoptosis pathway. ANp73 and ANp63 are inhibitors of both pathways.
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whereas others may be more cell type-restricted with regard
to their requirement for p63-mediated apoptosis.

ANp63 negatively regulates apoptosis: HSP70, an anti-
apoptotic stress response protein associated with malignancy,
is induced by ANp63a but not by TAp63a (Wu et al., 2003)
consistent with the proposed oncogenic role of ANp63 (Wu
et al., 2005). By contrast, the pro-apoptotic gene IGFBP-3
is transcriptionally repressed by ANp63a (Barbieri et al.,
2005).

3.2. p63 in cancer
The identification of the p53—p63—p73 network empha-

sizes particularly that there is a tight link between
developmental processes and tumorigenesis (Zaika and El

Rifai, 2006). With regards to classical characteristics of a
tumor suppressor, p63 contrasts markedly with p53: p63 is
rarely mutated in human cancers. The majority of tumors
maintain p63 expression, and in many cases p63 appears to
be over expressed or the p63 locus is amplified, consistent
with p63 performing a pro-proliferative or oncogenic role
(Mills, 2006; Murray-Zmijewski et al., 2006).

A potential role for p63 in tumorigenesis is supported
by the finding that p63 is a target of genomic amplifica-
tion and/or over expression in >80% of primary head and
neck squamous cell carcinomas (HNSCC) as well as other
squamous epithelial malignancies (Hibi et al., 2000; Massion
et al., 2003; Sniezek et al., 2004; DeYoung et al., 2006)
(Table 1). A genome-wide micro-array screen of non-small
cell lung cancer revealed that the 3q26-29 locus encompass-

Table 1
p63 expression in human cancer

Organ/tissue

Isoform expressed

Comment

References

Esophagus: esophageal
adenocarcinoma squamous cell
carcinoma (ESCC), esophageal
adenocarcinoma (EA), Barrett’s
esophagus (BE)

Gastric cancer

Pancreatic cancer

Bladder cancer

Urothelial cancer

Lung cancer

Breast cancer

Ovarian cancer

Head and neck cancer

Prostate cancer

Cervix cancer

Uterine cancer

ANpDP63
Not determined
Not determined

TAp63 and ANp63
ANp63
TAp63 and Np63

TAp63 and ANp63
TAp63

Not determined
Not determined

TAp63 and ANp63

TAp63 and ANp63

TAp63 and ANp63
Not determined
ANp63

TAp63
TAp63 and ANp63

ANp63

ANp63
TAp63 and ANp63

TAp63 and ANp63

ANp63

Not determined ANp63

Not determined

ANp63 expression in all squamous tissues
Protein expression in squamous cell carcinoma

Nuclear expression increases with severity of neoplastic

changes in BE

Protein and mRNA expression of TAp63 and ANp63
ANp63 mRNA expression

TAp63 and ANp63 overexpressed in ESCC but not in
EA

Tumor specific upregulation of TAp63 and ANp63
Tumor specific upregulation of TAp63y

Tumor specific upregulation
Only in metastatic pancreatic adenocarcinoma

Expression of ANp63 only in tumor tissue
Impaired TAp63 and ANp63 expression is associated
with tumor grade, tumor stage and lymph node

metastasis
Protein expression

Squamous cell carcinoma
Overexpression of ANp63 in tumor tissue

No p63 mutations
Protein expression of TAp63 and ANp63

Overexpression of ANp63

Protein expression

Expression of ANp63 is correlated with clinical
response to chemotherapy

Expression of TAp63 and ANp63 in Squamous cell
carcinoma

Expression of ANp63

Squamous cell carcinoma protein expression

Protein expression

Glickman et al. (2001)
Hara et al. (2004)
Hall et al. (2000)

Geddert et al. (2003)
Hu et al. (2002)
Cui et al. (2005)

Tannapfel et al. (2001)
Huang and Xie (2002)

Tto et al. (2001)
Hornick et al. (2005)

Park et al. (2000), Urist et al.
(2002)
Koga et al. (2003a)

Koga et al. (2003b)

Reis-Filho et al. (2003), Tonon et
al. (2005)

Valerie and Povirk (2003)

Tani et al. (1999)

Hibi et al. (2000), Yamaguchi et
al. (2000), Wang et al. (2002a),
Massion et al. (2003)

Barbareschi et al. (2001), Wang
et al. (2002b), Ribeiro-Silva et al.
(2003), Reis-Filho et al. (2003)
Reis-Filho et al. (2003)

Zangen et al. (2005)

Hibi et al. (2000), Yamaguchi et
al. (2000), Crook et al. (2000),
Choi et al. (2002)

Weinstein et al. (2002), Davis et
al. (2002), Iczkowski et al. (2003)
Nishi et al. (1999), Cviko et al.
(2000), Wang et al. (2001),
Quade et al. (2001), Cho et al.
(2003), Lin et al. (2006)

Koga et al. (2003b)
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Table 2
Effect of chemotherapy on endogenous p63
Treatment Isoform Organ/tissue/cell line Comments References
Bleomycin, doxorubicin, TAp63at Hepatocellular carcinoma cell Chemotherapy induces expression of Gressner et al. (2005)
mitoxantrone lines TAp63a
Cisplatin ANp63a], Squamous cell carcinoma of head Downregulation of ANp63a and Rocco et al. (2006)

and neck

Doxorubicin, etoposide TAp63at, ANp63—

Hepatocellular carcinoma cell
lines, primary hepatocytes

increase of TAp73 levels after DNA
damage

Increase of TAp63a mRNA and
protein, no change of ANp63 status
after chemotherapy

Petitjean et al. (2005)

ing p63 is frequently amplified in squamous cell carcinomas
of the lung, suggesting that over expression of p63 facilitates
tumorigenesis (Tonon et al., 2005).

A study of 245 esophageal tumors demonstrated that both
Tap63 and ANp63 isoforms are specifically upregulated at
the transcript level in squamous cell carcinoma, and ANp63
was the predominant isoform expressed at the protein level
(Cui et al., 2005). Some tumor types have been reported
to lose p63 expression, suggesting that p63 loss accelerates
tumorigenesis (Urist et al., 2002; Koga et al., 2003a). This is
supported by in vitro data which reveal that disruption of p63
in squamous cell lines resulted in upregulation of genes asso-
ciated with increased capacity for invasion and metastasis in
tumors (Barbieri et al., 2006). Table 1 gives an overview of
p63 expression in different human tumor entities.

Differences between p63 and p53 were revealed by the
phenotypes of mice deficient for these proteins: p63-deficient
mice have several developmental abnormalities, whereas
p53-deficient mice are viable and predispose to malignancy.
Some p63 £ mice are cancer-prone (Flores et al., 2005)
while other genetic background p63 & mice show premature
aging but no cancer (Keyes et al., 2005, 2006). Keyes et al.
(2006) reported that p63 heterozygosity does not acceler-
ate tumorigenesis, even when p53 is compromised. This is
in contrast to an independent analysis of the role of p63 in
spontaneous tumorigenesis by Flores et al. (2005), who con-
cluded that p63 functions as a tumor suppressor. It should
be noted that distinct p63 models were used in these two
studies (Mills, 2006). The two studies used mice heterozy-
gous for distinct p63 alleles (Yang et al., 1999; Mills et
al., 1999), one of which retains the reading frame in the
targeted allele (Yang et al., 1999). The generation of isoform-
specific knockout mice may be a further step to solve this
controversy.

Our understanding of the role of p63 in tumorigenesis is
still preliminary. Future studies are needed to study the com-
plex network of interactions between different p63 isoforms,
in addition to determining how these proteins impact other
members of the p53 protein family.

3.3. p63 and chemosensitivity

We have recently shown a relevant role for TAp63a in
chemosensitivity of hepatocellular carcinoma cell lines. Of
clinical importance, we found that endogenous TAp63a is
induced by many chemotherapeutic agents (Table 2). Block-
ing endogenous TAp63 by an siRNA approach conferred
protection against a variety of cytostatic drugs due to inhi-
bition of apoptosis (Table 3). Our findings indicate that
downregulation of endogenous TAp63 leads to chemoresis-
tance of cancer cells (Gressner et al., 2005). To our knowledge
this is the first study to link chemosensitivity to TAp63«
function. These data are consistent with observations that
p63 participates in pS3-mediated DNA damage responses
(Flores et al., 2002; Petitjean et al., 2005). Our in vitro
data have been confirmed by a recent report which shows
that ANp63a expression is directly correlated with the clin-
ical response to cisplatin in patients with head and neck
tumors (Zangen et al., 2005). A critical role of p63 in cell
death following DNA damage is further substantiated by a
study in head and neck squamous cell carcinoma (HNSCC),
cells which demonstrated that ANp63a is an essential sur-
vival factor in HNSCC. These data define a pathway in
which ANp63a promotes survival in squamous epithelial
malignancy by repressing a p73-dependent pro-apoptotic
transcriptional program, suggesting that p63 levels and p73
status may be key determinants of therapeutic response in
patients with HNSCC. Of clinical importance, in addition

Table 3
Effect of p63 on chemosensitivity
Treatment Isoform  Chemosensitivity ~ Organ/tissue/cell line Comments References
Bleomycin, doxorubicin, TAp63a || Hepatocellular carcinoma Blocking TAp63 function by siRNA Gressner et al. (2005)
mitoxantrone cell lines TAp63 inhibits
chemotherapy-induced apoptosis
Bleomycin, doxorubicin, TAp63a 11 Hepatocellular carcinoma Adenoviral gene transfer of TAp63a Gressner et al. (2005)

cisplatin, mitoxantrone cell lines

and chemotherapeutic agents
synergize in the induction of
apoptosis

doi:10.1016/j.drup.2007.01.001
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to the known role of p53, both p63 (ANp63a) and p73 are
critical mediators of cell death following chemotherapy in
HNSCC (Rocco et al., 2006).

Thus, chemosensitivity is determined by a complex web
of interactions between different p63 isoforms and p53 and
p73 isoforms.

4. p73

The human p73 gene is composed of 15 exons span-
ning over 80,000bp on chromosome 1p36.3 (Ozaki and
Nakagawara, 2005; Murray-Zmijewski et al., 2006). The
expression of the TP73 gene is complicated by the presence
of at least seven alternatively spliced C-terminal isoforms
(p73a-m) (Kaghad et al., 1997; De Laurenzi et al., 1998;
Melino et al., 2002; Moll and Slade, 2004) and of at least four
alternatively spliced N-terminal isoforms initiated at differ-
ent ATG (Murray-Zmijewski et al., 2006) (Fig. 4). Like p63,
the p73 gene can be transcribed from two distinct promot-
ers, driving the expression of p53-like proteins containing the
transactivation domain (TAp73), and inhibitory proteins lack-
ing TA, called ATAp73 (the collective name for four different
p73 TA-deficient forms, mainly ANp73). The transactivat-
ing isoforms are generated by the activity of the promoter
upstream of exon 1 while the alternative promoter in intron 3
leads to the expression of the amino-terminally truncated iso-
forms (ANp73). Altogether, the p73 gene expresses at least
35mRNA variants, which can encode theoretically 29 differ-
ent p73 protein isoforms. So far, 14 different p73 isoforms
have been described (Murray-Zmijewski et al., 2006). The
TAp73 isoforms are able to bind specifically to DNA through
PS3RE and activate transcription of target genes. Like p53,
such activation can induce cell cycle arrest or apoptosis.
ANp73 acts as a potent transdominant inhibitor of TAp63,
TAp73 and wild-type p53 (Zaikaet al., 2002; Nakagawa et al.,
2002; Moll and Slade, 2004). Thus, the TP73 locus encodes
both a tumor suppressor (TAp73) and a putative oncogene
(ANp73) (Melino et al., 2002).

4.1. p73 and apoptosis

We have previously investigated the mechanisms by
which TAp733 and dominant negative p73 (ANp73) reg-
ulate apoptosis. Our results support a two-pathway model
for the TAp73-apoptotic response in hepatoma cells.
TAp73p is involved in the activation of both, the extrin-
sic/death receptor-mediated apoptosis pathway as well
as the intrinsic/mitochondria-mediated apoptosis pathway,
pathways 1 and 2, respectively. Endogenous TAp73 was
upregulated in response to DNA damage by chemotherapeu-
tic drugs. On the contrary, ANp73 conferred resistance to
chemotherapy. Inhibition of CD95 gene transactivation was
one mechanism by which ANp73 functionally inactivated the
tumor suppressor action of p53 and TAp733. Concomitantly,
ANp73 inhibited apoptosis emanating from mitochondria.

Thus, ANp73 expression in tumors selects against both the
death receptor and the mitochondrial apoptosis activity of
TAp73B (Melino et al., 2004; Terrinoni et al., 2004; Ramadan
et al., 2005; Miiller et al., 2005).

4.2. p73 in cancer

TP73, despite significant homology to p53, is not a clas-
sic Knudson-type tumor suppressor gene (Melino et al., 2002;
Moll and Slade, 2004; Ramadan et al., 2005). TP73-deficient
mice lack a tumor phenotype (Yang et al., 2000) and inactivat-
ing mutations in patients suffering from cancer are extremely
rare (Moll and Slade, 2004). Though mutated rarely, the p73
gene, does show a significant incidence of loss of heterozy-
gosity in a number of different cancers.

The finding that a significant percentage of tumors specif-
ically select for dominant negative p73 isoforms strongly
argues for their oncogenic role during tumorigenesis (Zaika
et al., 2002; Casciano et al., 2002; Dominguez et al., 2006a).
ANp73 cooperates with oncogenic Ras in transforming pri-
mary mouse embryo fibroblasts (MEFs) in vitro and in
inducing MEF-derived fibrosarcomas in nude mice in vivo
(Petrenko et al., 2003).

Preferential upregulation of ANp73 human tumors might
impose oncogenic activity that specifically interferes with
the tumor suppressor function of wild-type p53, TAp63 and
TAp73 disabling major apoptosis pathways.

Emerging evidence from the analysis of primary human
tumors shows that deregulated ANp73 expression is rather
frequent (Zaika et al., 2002; Casciano et al., 2002). In neu-
roblastoma, which is almost exclusively wild-type for p53,
a correlation of ANp73 status with the clinical outcome was
seen (Casciano et al., 2002). Childhood acute lymphoblas-
tic leukaemia (ALL) was found to be associated with a
high expression of ATAp73, which may contribute to cel-
lular resistance to DNA-damaging drugs in children at initial
diagnosis of T-ALL (Meier et al., 2006).

Many of the (early) p73 overexpression studies in human
cancers determined total p73 levels, because the antibodies
used could not distinguish between TA and ANp73 (Table 4).
Using highly specific antibodies (Sayan et al., 2005) we
could show for the first time that it is the ANp73 isoform,
which is upregulated in hepatocellular carcinoma (Fig. 5).
Importantly, the upregulation of ANp73 in hepatocellular
carcinoma was correlated with a poor prognosis. This is an
important and clinically relevant finding which suggests the
use of ANp73 status as a prognostic marker for patients
with hepatocellular carcinoma (Miiller et al., 2005). Table 4
summarizes currently available data on p73 and ANp73
expression in human cancer.

4.3. p73 and chemosensitivity
There have been several reports which have demonstrated

that p73 is essential for apoptosis induced by many cyto-
toxic agents (Tables 5 and 6) and that inactivation of p73 by

doi:10.1016/j.drup.2007.01.001
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Fig. 4. Human p73. (A) Structure of the p73 gene: the alternative promoters (P1 and P2) and the alternative splicing variants (c, B, vy, 9, €, £, 1) are shown. (B)
TAp73 proteins encoded from P1 contain the conserved N-terminal domain of transactivation. Ex2p73 proteins are due to alternative splicing of exons 2 and 3.
They have entirely lost the transactivation domain. ANp73 proteins encoded from P2 are amino-truncated proteins containing an N-terminal domain different
from TA proteins. Numbers indicate the exons encoding p73 protein isoforms (modified according to Murray-Zmijewski et al., 2006).
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p73 expression in human cancer
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Organ/tissue

Isoform

Comment

References

Esophagus: esophageal adenocarcinoma
squamous cell carcinoma (ESCC)
esophageal adenocarcinoma adenocarcinoma
(EA), Barrett’s esophagus (BE)

Gastric cancer

Pancreatic cancer

Colorectal cancer

Hepatocellular carcinoma (HCC)

Lung cancer

Breast cancer

Ovarian cancer

Head and neck cancer

Leukemia

Glial tumors

Not determined
TAp73

Not determined
TAp73 and ANp73

p73

TAp73
p73

TAp73 and ANp73
TAp73 and ANp73
TAp73

Not determined

TAp73
TAp73

TAp73 and ANp73

Not determined
ANp73

p73

ANp73

p73
TAp73 and ANp73

TAp73
p73

ANp73
Not determined
TAp73

ANp73

TAp73 and ANp73

Tumor-specific upregulation of p73
TAp73a>TAp73B

mRNA and protein expression

Overexpression of TAp73 and ANp73 in ESCC
and EA

Tumor specific upregulation of p73

Tumor specific upregulation of TAp73
Expression of p73

Expression of ANp73 is correlated with poor
prognosis

Tumor specific expression of TAp73 and AN'p73
TAp73a>TAp738 No difference in TAp73
mRNA expression between tumor and normal
tissue

T>N

Tumor specific upregulation of TAp73mRNA
Tumor specific upregulation of TAp73

Expression of ANp73 is correlated with a poor
prognosis

AT/AT polymorphism in p73 is linked to disease
Expression of ANp73 is correlated with poor
prognosis

Tumor specific expression of TAp73

Expression of ANp73 is correlated with poor
prognosis
Expression of wt p73

Expression of AN'p73 and ANp73 are correlated
with poor prognosis

Expression of wt p73

Tumor specific expression of p73

Expression of ANp73 is correlated with poor
prognosis in neuroblastoma

Acute lymphoblastic leukemia, chronic
lymphoblastic leukemia

Acute myeloblastic leukemia, tumor specific
expression of TAp73e

Expression of ANp73 is correlated with poor
prognosis

Expression of TAp73/ANp73 is correlated with
tumor grade

Masuda et al. (2003)
Nimura et al. (1998)
Cai et al. (2000)
Cui et al. (2005)

Kang et al. (2000), Tannapfel
et al. (2001), Huang and Xie
(2002)

Tto et al. (2001)

Sun (2002), Liu et al. (2001),
Guan et al. (2003), Pfeifer et
al. (2005)

Dominguez et al. (2006a,b)

Stiewe et al. (2003)
Mihara et al. (1999)

Fukushima et al. (2001), Pan et
al. (2002)

Herath et al. (2000)

Tannapfel et al. (1999), Sayan
et al. (2001), Qin et al. (2005)
Miiller et al. (2005)

Li et al. (2004)
Reis-Filho et al. (2003)

Mai et al. (1998), Tokuchi et
al. (1999)
Dominguez et al. (2006a)

Zaika et al. (1999)
Concin et al. (2004, 2005)
Ng et al. (2000)

Chen et al. (2000)
Casciano et al. (2002)

Sahu and Das (2005)

Peters et al. (1999), Tschan et
al. (2000)

Rizzo et al. (2004),
Bueso-Ramos et al. (2005),
Meier et al. (2006)

‘Wagner et al. (2006)

T: tumor; N: normal tissue.

a dominant negative mutation or RNA interference leads to
resistance of cells to apoptosis induced by genotoxic agents
(Yuan et al., 1999; White and Prives, 1999; Gong et al., 1999;
Agami et al., 1999; Costanzo et al., 2002; Bergamaschi et
al., 2003; Irwin et al., 2003; Ben Yehoyada et al., 2003;
Gonzalez et al., 2003; Miiller et al., 2005; Vayssade et al.,
2005). Endogenous TAp73 is activated in response to a
variety of chemotherapeutic drugs and y-irradiation in a path-

way that depends on the non-receptor tyrosine kinase c-Abl
(Gong et al., 1999; Agami et al., 1999). In addition, a recent
study indicated that also c-Abl-independent p73 stabilization
pathways could account for gemcitabine-induced apoptosis
(Thottassery et al., 2006). Furthermore, certain human tumor-
derived p53 mutants are able to bind and inhibit TAp73
function (Di Como et al., 1999; Strano et al., 2000; Gaiddon et
al.,2001; Bergamaschi etal., 2003; Monti et al., 2003; Concin
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Fig. 5. Immunohistochemical demonstration of ANp73 protein in hepatocellular carcinoma (HCC) but not in non-neoplastic liver tissue (original magnification
x20). The ANp73 staining signal is localized within tumor cell nuclei (original magnification x20). Positive tumor cell nuclei with a perinuclear staining during
mitosis (arrowhead): ANp73 immunoreactivity occurs also in the cytoplasm. Sinus endothelial cells are ANp73 negative (asterisk) (original magnification

x100).

The Western blot analysis shows the distinct expression of ANp73 and TAp73 in tumor tissue of six HCCs (‘T’) but not in non-neoplastic liver tissue (‘N”).

Table 5

Effect of chemotherapy on endogenous p73

Treatment

Isoform

Organ/tissue/cell line

Comments

References

Adriamycin, cisplatin, taxol,

etoposide, doxorubicin,
camptothecin

Bleomycin, doxorubicin,
mitoxantrone

Cisplatin

Cisplatin, taxol

Cisplatin

Cisplatin

Gemcitabine T-ara-C

Adriamycin

Cisplatin

TAp73att, TAp73B1

TAp731, ANp731
TAp73at
TAp73B+
TAp73at

TAp73

TAp734

TAp734

TAp73at, TAP73B1

Different tumor cell lines (colon
cancer, squamous carcinoma cell
lines, Saos2, a.0.)

Hepatocellular carcinoma cell
lines

Neuroblastoma and astrocytoma
cell lines

Saos2, Cos7 cells

Primary pancreatic acinar cells
Colorectal cancer cell lines

Colorectal cancer cell lines
Breast cancer cell lines

HeLa cells

Expression of TAp73a/f in
response to chemotherapy

Chemotherapy induces
expression of TAp73 and ANp73
Accumulation of TAp73a in
response to cytostatic drug

Drug induces TAp73f3
Accumulation of TAp73a

PMS2 stabilizes TAp73 in
response to DNA damage
Increase of TAp73 and apoptosis
via c-Abl-independent pathways
Drug activates TAp73 and
induces apoptosis

TAp73a and TAp73p lead to an
increase in caspase 1 gene
transcriptional activity

Gong et al. (1999),
Costanzo et al. (2002),
Bergamaschi et al.
(2003), Irwin et al.
(2003), Moll and Slade
(2004)

Miiller et al. (2005)

Terrasson et al. (2005),
Hosoda et al. (2005)
Lin et al. (2004)
Sphyris et al. (2004)
Shimodaira et al. (2003)
Thottassery et al. (2006)
Vayssade et al. (2005)

Jain et al. (2005)
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Table 6
Effect of p73 on chemosensitivity
Treatment Isoform Chemosensitivity ~ Organ/tissue/cell line Comments References
Adriamycin, cisplatin and TAp73B ™M Human malignant Overexpression of Tuve et al. (2006)
adenoviral gene transfer melanoma cell lines TAp73( enhances
chemosensitivity
Adriamycin, cisplatin TAp73a ™M Human lung Overexpression of He et al. (2006)
adenocarcinoma cell lines ~ TAp73f enhances
chemosensitivity
Bleomycin TAp73B ™M Hepatocellular carcinoma Overexpression of Miiller et al. (2005)
cell lines and Saos2 cells TAp73p sensitizes
carcinoma cells to
chemotherapy
Bleomycin ANp73 W Hepatocellular carcinoma Overexpression of Miiller et al. (2005)
cell lines ANp73 leads to
chemoresistance
Platinum-based AN'p73 I Ovarian cancer High levels of AN'p73 Concin et al. (2005)
chemotherapy lead to chemoresistance
Cisplatin ANp73a I Neuroblastoma and ANp73a inhibits Terrasson et al. (2005)
astrocytoma cell lines Fas-mediated apoptosis
Cisplatin ANp73a I Neuroblastoma and Human cytomegalovirus Allart et al. (2002)
astrocytoma cell lines induces drug resistance by
accumulation of ANp73a
Adriamycin TAp73a ™M Breast cancer cell lines TAp73a-dependent Sang et al. (2006)
induction of 14-3-36
increases
chemosensitivity
Daunorubicin ANp73ex2 A Childhood T-ALL ANp73ex2 leads to Meier et al. (2006)
chemoresistance
Fludarabine TAp73a ™M CLL CD154-expressing cells Dicker et al. (2006)
induce TAp73a and

5-Aza-CdR epirubicine
etoposide

TAp73a, TAP73R 1

Epithelial cell lines 293
and HeLa

induces chemosensitivity
Expression of TAp73 o/
after DNA damage

Schmelz et al. (2005)

et al., 2005). It has been shown that these p53 mutants, at
least partly, confer cellular resistance through abrogation of
TAp73 function (Irwin et al., 2003). A polymorphism encod-
ing either arginine (72R) or proline (72P) at codon 72 of p53
influences inhibition of p73 by a range of p53 mutants iden-
tified in squamous cancers. Patients whose cancers express
pS53 mutants with mutation in the 72arginine (72R) variant
have a worse response to therapy than those expressing p53
mutants encoding proline at position 72 (72P). Expression of
72R mutants that efficiently inhibit p73 was associated with
a particular poor outcome to therapy (Bergamaschi et al.,
2003). Thus, mutant p53 or N-terminally truncated p73 may
cause resistance to anticancer agents through inhibition of
wild-type pS3 and TAp73 (Bergamaschi et al., 2003; Gasco
and Crook, 2003; Strano and Blandino, 2003; Irwin, 2004;
Miiller et al., 2005; Meier et al., 2006).

5. Degradation pathways of p63 and p73: future
potential drug targets?

Recent work has allowed the identification of the
degradation pathway of p63 and p73. This involves the
ubiquitin-proteasome degradation pathway, and in particu-
lar the E3 ligase Itch. Interestingly, the physical interaction

involves an area that is absent in p53, and consequently Itch
is specific for p63/p73 and does not bind and degrade p53
(Fig. 6).

Itch belongs to the HECT domain family of ubiquitin
E3 ligases. Itch mutant mice (Itchy) develop a fatal disease
characterized by inflammation of several epithelia, includ-
ing the skin, and hyperplasia of epithelial and hemopoietic
cells (Perry et al., 1998). At the cellular level, Itch promotes
the ubiquitination of several proteins involved in the regula-
tion of cell death, such as p63 (Rossi et al., 2006) and p73
(Rossi et al., 2005). Itch-dependent ubiquitination of c-Jun
in lymphoid cells is triggered by the activation of the JNK
pathway, which results in suppression of cytokine produc-
tion and could potentially explain the immunological defects
observed in the Itchy mice. Interestingly, we have also shown
that Itch is downregulated in tumor cell lines upon treatment
with chemotherapeutic drugs, and this correlates with the
induction of p73.

The promyelocytic leukemia protein PML also regu-
lates the stability of p63 (Bernassola et al., 2005) and p73
(Bernassola et al., 2004) (Fig. 7), but this seems to be part
of a strictly regulated sequence of events involving also a
kinase-dependent phosphorylation (Gong et al., 1999).

The identification of a specific degradation pathway
is of vital importance for p63/p73 biology as the rele-
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Fig. 6. The E3 ligase ITCH regulates p73 stability. (A) The PR domain of p73 physically interacts with the WW domain of the E3 ligase Itch. Itch is an ubiquitin
E3 ligase, part of the Nedd4 family, containing an HECT domain. Itch protein includes several domains: the C2 domain is a calcium-dependent region able
to interact also with lipids, the WW domain is a protein-protein interacting region, able to bind PY motif, such as the PR region of p73, the HECT domain is
the catalytic domain transferring ubiquitin to the specific substrate, in this case p73. Itch degrades p73, p63 and also c-Jun, Jun-B, Notch and Flip, therefore
suggesting a relevant role in cancer development and chemosensitivity. A natural mouse knockout of Itch is available, the 18H aguty mice, that shows specific
immune defects and atrophin-related defects. (B) Itch specifically binds (left panel), ubiquitylates (central panel) and degrades (right panel) p73. These data
are extracted from Rossi et al. (2005); relevant controls are omitted to facilitate the presentation.
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Fig. 7. Regulation of p73 stability and transcriptional activation. (A) The p73 protein is degraded via the ubiquitinin-proteasome degradation pathway, regulated
by the E3 ligase Itch. Additional E3 ligases are also involved, even though their identification and specificity is still under evaluation. The PML protein is able
to attenuate protein degradation by diverting the protein to the transcription pathway. (B) The transcription pathway of p73 follows a very strict regulation
involving several steps: (i) phosphorylation by a specific kinase such as MAP p38 and c-Abl, (ii) prolyl-isomerization by the enzyme Pin-1, (iii) recruitment
and activation by PML into the PML-nuclear body and (iv) acethylation by the CBP/p300 complex. The protein that is phosphorylated, pro-isomerised and
acethylated is transcriptionally competent. During this pathway the protein seems less sensitive to the degradation process.
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vant E3 ligase may be an ideal pharmacological target e The AN isoforms can oppose the transactivation capabili-
for a potential clinical therapy. This is even more impor- ties of the full-length proteins.

tant for transcription factors (like p53/p63/p73) that are e p63 and p73 are important for normal development and
traditionally very bad pharmaceutical targets. Indeed, as differentiation, but are also implicated in human carcino-
detailed above, MDM2 inhibitors have been developed to genesis.

stabilize the protein and function of p53. Similarly, Itch e The finding that a significant percentage of tumors select
inhibitors could have an effect on p63/p73 stability in for dominant negative p63 and/or p73 isoforms argues for
cancer. their oncogenic role.

e Like p53, TAp63 and TAp73 activate genes exerting roles
in different steps of the apoptosis program.

6. Conclusions e Accordingly, chemosensitivity is determined by the inter-
actions between the different isoforms of the p53 family
e The identification and characterization of the p53- members.
p63—p73 network provides evidence of a tight link between e Defining the exact repertoire of isoforms expressed in
developmental processes and tumorigenesis. a given cell type/tumor entity is needed to determine
e The p53 family genes produce multiple isoforms that vary their precise roles in tumor suppression/tumorigenesis and
in composition of the NH;- and C-termini. development.

Please cite this article in press as: Miiller, M. et al., One, two, three—p53, p63, p73 and chemosensitivity, Drug Resist. Updat. (2007),
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e Studies are also needed to determine which p53 family iso-
forms are activated in response to specific stresses (DNA
damage or others).

e Furthermore, the novel p53 isoforms require studies on the
mechanisms involved in promoter choice and alternative
splicing.

e Distinct post-translational modifications and interactions
with cofactors further modulate the transcriptional activity
of the p53 family members in response to particular stress
signals.

e The identification of a specific degradation pathway is of
clinical importance for p63/p73 biology as the relevant E3
ligase Itch may be an ideal pharmacological target.

e We believe that manipulation of the apoptotic pathways
with the p53 family members as central targets show long-
term promise in treating human cancer.

Acknowledgements

This work was supported by grants of the Tumorzentrum
Heidelberg/Mannheim to M.M. and P.H.K., the Deutsche
Krebshilfe to PH.K. and the Forschungsschwerpunktpro-
gramm Baden-Wiirttemberg to M.M.

References

Agami, R., Blandino, G., Oren, M., Shaul, Y., 1999. Interaction of c-Abl
and p73alpha and their collaboration to induce apoptosis. Nature 399,
809-813.

Allart, S., Martin, H., Detraves, C., Terrasson, J., Caput, D., Davrinche, C.,
2002. Human cytomegalovirus induces drug resistance and alteration
of programmed cell death by accumulation of deltaN-p73alpha. J. Biol.
Chem. 277, 29063-29068.

Ashcroft, M., Kubbutat, M.H., Vousden, K.H., 1999. Regulation of p53 func-
tion and stability by phosphorylation. Mol. Cell Biol. 19, 1751-1758.

Bakkers, J., Hild, M., Kramer, C., Furutani-Seiki, M., Hammerschmidt,
M., 2002. Zebrafish DeltaNp63 is a direct target of Bmp signaling and
encodes a transcriptional repressor blocking neural specification in the
ventral ectoderm. Dev. Cell 2, 617-627.

Barbareschi, M., Pecciarini, L., Cangi, M.G., Macri, E., Rizzo, A., Viale,
G., Doglioni, C., 2001. p63, a p53 homologue, is a selective nuclear
marker of myoepithelial cells of the human breast. Am. J. Surg. Pathol.
25, 1054-1060.

Barbieri, C.E., Perez, C.A., Johnson, K.N., Ely, K.A., Billheimer, D., Pieten-
pol,J.A.,2005. IGFBP-3 is a direct target of transcriptional regulation by
DeltaNp63alpha in squamous epithelium. Cancer Res. 65, 2314-2320.

Barbieri, C.E., Tang, L.J., Brown, K.A., Pietenpol, J.A., 2006. Loss of p63
leads to increased cell migration and up-regulation of genes involved in
invasion and metastasis. Cancer Res. 66, 7589-7597.

Ben Yehoyada, M., Ben Dor, 1., Shaul, Y., 2003. c-Abl tyrosine kinase
selectively regulates p73 nuclear matrix association. J. Biol. Chem. 278,
34475-34482.

Benard, J., Douc-Rasy, S., Ahomadegbe, J.C., 2003. TP53 family members
and human cancers. Hum. Mutat. 21, 182-191.

Benchimol, S., 2004. p5S3—an examination of sibling support in apoptosis
control. Cancer Cell 6, 3-4.

Bergamaschi, D., Gasco, M., Hiller, L., Sullivan, A., Syed, N., Trigiante, G.,
Yulug, I., Merlano, M., Numico, G., Comino, A., Attard, M., Reelfs, O.,
Gusterson, B., Bell, A K., Heath, V., Tavassoli, M., Farrell, P.J., Smith, P.,

Lu, X., Crook, T., 2003. p53 polymorphism influences response in cancer
chemotherapy via modulation of p73-dependent apoptosis. Cancer Cell
3, 387-402.

Bernassola, F., Oberst, A., Melino, G., Pandolfi, P.P., 2005. The promyelo-
cytic leukaemia protein tumour suppressor functions as a transcriptional
regulator of p63. Oncogene 24, 6982-6986.

Bernassola, F., Salomoni, P., Oberst, A., Di Como, C.J., Pagano, M., Melino,
G., Pandolfi, P.P., 2004. Ubiquitin-dependent degradation of p73 is inhib-
ited by PML. J. Exp. Med. 199, 1545-1557.

Bode, A.M., Dong, Z., 2004. Post-translational modification of p53 in
tumorigenesis. Nat. Rev. Cancer 4, 793-805.

Bourdon, J.C., Fernandes, K., Murray-Zmijewski, F., Liu, G., Diot, A.,
Xirodimas, D.P.,, Saville, M.K., Lane, D.P., 2005. p53 isoforms can
regulate p53 transcriptional activity. Genes Dev. 19, 2122-2137.

Brooks, C.L., Gu, W., 2003. Ubiquitination, phosphorylation and acetyla-
tion: the molecular basis for p53 regulation. Curr. Opin. Cell Biol. 15,
164-171.

Bueso-Ramos, C., Xu, Y., McDonnell, T.J., Brisbay, S., Pierce, S., Kantar-
jian, H., Rosner, G., Garcia-Manero, G., 2005. Protein expression of a
triad of frequently methylated genes, p73, p57Kip2, and p15, has prog-
nostic value in adult acute lymphocytic leukemia independently of its
methylation status. J. Clin. Oncol. 23, 3932-3939.

Bykov, V.J., Issaeva, N., Shilov, A., Hultcrantz, M., Pugacheva, E., Chu-
makov, P.,, Bergman, J., Wiman, K.G., Selivanova, G., 2002. Restoration
of the tumor suppressor function to mutant p53 by a low-molecular-
weight compound. Nat. Med. 8, 282-288.

Bykov, V.J., Issaeva, N., Zache, N., Shilov, A., Hultcrantz, M., Bergman,
J., Selivanova, G., Wiman, K.G., 2005a. Reactivation of mutant p53 and
induction of apoptosis in human tumor cells by maleimide analogs. J.
Biol. Chem. 280, 30384-30391.

Bykov, V.J., Wiman, K.G., 2003. Novel cancer therapy by reactivation of
the p53 apoptosis pathway. Ann. Med. 35, 458-465.

Bykov, V.J., Zache, N., Stridh, H., Westman, J., Bergman, J., Selivanova,
G., Wiman, K.G., 2005b. PRIMA-1(MET) synergizes with cisplatin to
induce tumor cell apoptosis. Oncogene 24, 3484-3491.

Cai, Y.C., Yang, G.Y., Nie, Y., Wang, L.D., Zhao, X., Song, Y.L., Seril, D.N.,
Liao, J., Xing, E.P,, Yang, C.S., 2000. 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 21, 683—689.

Candi, E., Schmidt, R., Melino, G., 2005. The cornified envelope: a model
of cell death in the skin. Nat. Rev. Mol. Cell Biol. 6, 328-340.

Casciano, I., Mazzocco, K., Boni, L., Pagnan, G., Banelli, B., Allemanni, G.,
Ponzoni, M., Tonini, G.P., Romani, M., 2002. Expression of DeltaNp73
is a molecular marker for adverse outcome in neuroblastoma patients.
Cell Death Differ. 9, 246-251.

Celli, J., Duijf, P., Hamel, B.C., Bamshad, M., Kramer, B., Smits, A.P,,
Newbury-Ecob, R., Hennekam, R.C., Van Buggenhout, G., van Haerin-
gen, A., Woods, C.G., van Essen, A.J., de Waal, R., Vriend, G., Haber,
D.A., Yang, A., McKeon, F., Brunner, H.G., van Bokhoven, H., 1999.
Heterozygous germline mutations in the p53 homolog p63 are the cause
of EEC syndrome. Cell 99, 143-153.

Chen, C.L., Ip, S.M., Cheng, D., Wong, L.C., Ngan, H.Y., 2000. P73 gene
expression in ovarian cancer tissues and cell lines. Clin. Cancer Res. 6,
3910-3915.

Chipuk, J.E., Green, D.R., 2006. Dissecting p53-dependent apoptosis. Cell
Death Differ. 13, 994-1002.

Cho, N.H., Kim, Y.B., Park, T.K., Kim, G.E., Park, K., Song, K.J., 2003.
P63 and EGFR as prognostic predictors in stage IIB radiation-treated
cervical squamous cell carcinoma. Gynecol. Oncol. 91, 346-353.

Choi, H.R., Batsakis, J.G., Zhan, F., Sturgis, E., Luna, M.A., el Naggar,
A K., 2002. Differential expression of p53 gene family members p63
and p73 in head and neck squamous tumorigenesis. Hum. Pathol. 33,
158-164.

Clayman, G.L.,el Naggar, A.K., Lippman, S.M., Henderson, Y.C., Frederick,
M., Merritt, J.A., Zumstein, L.A., Timmons, T.M., Liu, T.J., Ginsberg,
L., Roth, J.A., Hong, W.K., Bruso, P., Goepfert, H., 1998. Adenovirus-

doi:10.1016/j.drup.2007.01.001

Please cite this article in press as: Miiller, M. et al., One, two, three—p53, p63, p73 and chemosensitivity, Drug Resist. Updat. (2007),



dx.doi.org/10.1016/j.drup.2007.01.001

YDRUP-391; No.of Pages 19

M. Miiller et al. / Drug Resistance Updates xxx (2007 ) xxx—xxx 15

mediated p53 gene transfer in patients with advanced recurrent head and
neck squamous cell carcinoma. J. Clin. Oncol. 16, 2221-2232.

Concin, N., Becker, K., Slade, N., Erster, S., Mueller-Holzner, E., Ulmer,
H., Daxenbichler, G., Zeimet, A., Zeillinger, R., Marth, C., Moll, UM.,
2004. Transdominant DeltaTAp73 isoforms are frequently up-regulated
in ovarian cancer. Evidence for their role as epigenetic p53 inhibitors in
vivo. Cancer Res. 64, 2449-2460.

Concin, N., Hofstetter, G., Berger, A., Gehmacher, A., Reimer, D.,
Watrowski, R., Tong, D., Schuster, E., Hefler, L., Heim, K., Mueller-
Holzner, E., Marth, C., Moll, U.M., Zeimet, A.G., Zeillinger, R., 2005.
Clinical relevance of dominant-negative p73 isoforms for responsiveness
to chemotherapy and survival in ovarian cancer: evidence for a crucial
p53-p73 cross-talk in vivo. Clin. Cancer Res. 11, 8372-8383.

Costanzo, A., Merlo, P., Pediconi, N., Fulco, M., Sartorelli, V., Cole, P.A.,
Fontemaggi, G., Fanciulli, M., Schiltz, L., Blandino, G., Balsano, C.,
Levrero, M., 2002. DNA damage-dependent acetylation of p73 dic-
tates the selective activation of apoptotic target genes. Mol. Cell 9,
175-186.

Crook, T., Nicholls, J.M., Brooks, L., O’Nions, J., Allday, M.J., 2000. High
level expression of deltaN-p63: a mechanism for the inactivation of
p53 in undifferentiated nasopharyngeal carcinoma (NPC)? Oncogene
19, 3439-3444.

Cui, R., He, J., Mei, R., de Fromentel, C.C., Martel-Planche, G., Taniere, P.,
Hainaut, P., 2005. Expression of p53, p63, and p73 isoforms in squamous
cell carcinoma and adenocarcinoma of esophagus. Biochem. Biophys.
Res. Commun., doi:10.1016/j.bbrc.2005.08.084.

Cviko, A., Briem, B., Granter, S.R., Pinto, A.P., Wang, T.Y., Yang, Y.C.,
Chen, B.F, Yang, A., Sheets, E.E., McKeon, E.D., Crum, C.P., 2000. Ade-
noid basal carcinomas of the cervix: a unique morphological evolution
with cell cycle correlates. Hum. Pathol. 31, 740-744.

Davis, L.D., Zhang, W., Merseburger, A., Young, D., Xu, L., Rhim, J.S.,
Moul, J.W,, Srivastava, S., Sesterhenn, I.A., 2002. p63 expression profile
in normal and malignant prostate epithelial cells. Anticancer Res. 22,
3819-3825.

De Laurenzi, V., Costanzo, A., Barcaroli, D., Terrinoni, A., Falco, M., 1998.
Two new p73 splice variants, gamma and delta, with different transcrip-
tional activities. J. Exp. Med. 188, 1768.

DeYoung, M.P., Johannessen, C.M., Leong, C.O., Faquin, W., Rocco,
J.W., Ellisen, L.W., 2006. Tumor-specific p73 up-regulation medi-
ates p63 dependence in squamous cell carcinoma. Cancer Res. 66,
9362-9368.

Di Como, C.J., Gaiddon, C., Prives, C., 1999. p73 function is inhibited
by tumor-derived p53 mutants in mammalian cells. Mol. Cell Biol. 19,
1438-1449.

Dicker, F,, Kater, A.P., Prada, C.E., Fukuda, T., Castro, J.E., Sun, G., Wang,
J.Y., Kipps, T.J., 2006. CD154 induces P73 to overcome the resistance
to apoptosis of chronic lymphocytic leukemia cells lacking functional
P53. Blood 108, 3450-3457.

Dimri, G.P., 2005. What has senescence got to do with cancer? Cancer Cell
7,505-512.

Dohn, M., Zhang, S., Chen, X., 2001. p63alpha and DeltaNp63alpha can
induce cell cycle arrest and apoptosis and differentially regulate p53
target genes. Oncogene 20, 3193-3205.

Dominguez, G., Garcia, J.M., Pena, C., Silva, J., Garcia, V., Martinez, L.,
Maximiano, C., Gomez, M.E., Rivera, J.A., Garcia-Andrade, C., Bonilla,
F., 2006a. DeltaTAp73 upregulation correlates with poor prognosis in
human tumors: putative in vivo network involving p73 isoforms, p53,
and E2F-1. J. Clin. Oncol. 24, 805-815.

Dominguez, G., Pena, C., Silva, J., Garcia, J., Garcia, V., Rodriguez,
R., Cantos, B., Citores, M., Espana, P., Bonilla, F., 2006b. The pres-
ence of an intronic deletion in p73 and high levels of ZEB1 alter
the TAp73/DeltaTAp73 ratio in colorectal carcinomas. J. Pathol. 210,
390-397.

Flores, E.R., Sengupta, S., Miller, J.B., Newman, J.J., Bronson, R., Crowley,
D., Yang, A., McKeon, F., Jacks, T., 2005. Tumor predisposition in mice
mutant for p63 and p73: evidence for broader tumor suppressor functions
for the p53 family. Cancer Cell 7, 363-373.

Flores, E.R., Tsai, K.Y., Crowley, D., Sengupta, S., Yang, A., McKeon, F.,
Jacks, T., 2002. p63 and p73 are required for p53-dependent apoptosis
in response to DNA damage. Nature 416, 560-564.

Fomenkov, A., Huang, Y.P, Topaloglu, O., Brechman, A., Osada, M.,
Fomenkova, T., Yuriditsky, E., Trink, B., Sidransky, D., Ratovitski, E.,
2003. P63 alpha mutations lead to aberrant splicing of keratinocyte
growth factor receptor in the Hay-Wells syndrome. J. Biol. Chem. 278,
23906-23914.

Francoz, S., Froment, P., Bogaerts, S., De Clercq, S., Maetens, M., Doumont,
G., Bellefroid, E., Marine, J.C., 2006. Mdm4 and Mdm?2 cooperate to
inhibit p53 activity in proliferating and quiescent cells in vivo. Proc.
Natl. Acad. Sci. U.S.A. 103, 3232-3237.

Fukushima, K., Ueno, Y., Yamagiwa, Y., Yamakawa, M., Iwasaki, T., Ishii,
M., Toyota, T., Shimosegawa, T., 2001. Correlation between p21(waf1)
and p16(INK4a) expression in hepatocellular carcinoma. Hepatol. Res.
20, 52-67.

Gaiddon, C., Lokshin, M., Ahn, J., Zhang, T., Prives, C., 2001. A sub-
set of tumor-derived mutant forms of p53 down-regulate p63 and p73
through a direct interaction with the p53 core domain. Mol. Cell Biol.
21, 1874-1887.

Gasco, M., Crook, T., 2003. p53 family members and chemoresistance in
cancer: what we know and what we need to know. Drug Resist. Update
6, 323-328.

Geddert, H., Kiel, S., Heep, H.J., Gabbert, H.E., Sarbia, M., 2003. The role
of p63 and deltaNp63 (p40) protein expression and gene amplification
in esophageal carcinogenesis. Hum. Pathol. 34, 850-856.

Ghosh, A., Stewart, D., Matlashewski, G., 2004. Regulation of human p53
activity and cell localization by alternative splicing. Mol. Cell Biol. 24,
7987-7997.

Glickman, J.N., Yang, A., Shahsafaei, A., McKeon, F., Odze, R.D., 2001.
Expression of p53-related protein p63 in the gastrointestinal tract and
in esophageal metaplastic and neoplastic disorders. Hum. Pathol. 32,
1157-1165.

Gong, J.G., Costanzo, A., Yang, H.Q., Melino, G., Kaelin Jr., W.G., Lev-
rero, M., Wang, J.Y., 1999. The tyrosine kinase c-Abl regulates p73
in apoptotic response to cisplatin-induced DNA damage. Nature 399,
806-809.

Gonzalez, S., Prives, C., Cordon-Cardo, C., 2003. p73alpha regulation by
Chkl1 in response to DNA damage. Mol. Cell Biol. 23, 8161-8171.
Green, D.R., Chipuk, J.E., 2006. p53 and metabolism: inside the TIGAR.

Cell 126, 30-32.

Gressner, O., Schilling, T., Lorenz, K., Schulze, S.E., Koch, A., Schulze-
Bergkamen, H., Maria, L.A., Candi, E., Terrinoni, A., Valeria, C.M.,
Oren, M., Melino, G., Krammer, P.H., Stremmel, W., Miiller, M., 2005.
TAp63alpha induces apoptosis by activating signaling via death receptors
and mitochondria. EMBO J. 24, 2458-2471.

Guan, M., Peng, H.X., Yu, B., Lu, Y., 2003. p73 overexpression and angio-
genesis in human colorectal carcinoma. Jpn. J. Clin. Oncol. 33, 215-220.

Hall, P.A., Campbell, S.J., O’neill, M., Royston, D.J., Nylander, K., Carey,
F.A., Kernohan, N.M., 2000. Expression of the p53 homologue p63alpha
and deltaNp63alpha in normal and neoplastic cells. Carcinogenesis 21,
153-160.

Hara, T., Kijima, H., Yamamoto, S., Kenmochi, T., Kise, Y., Tanaka,
H., Chino, O., Shimada, H., Takazawa, K., Tanaka, M., Inokuchi, S.,
Makuuchi, H., 2004. Ubiquitous p63 expression in human esophageal
squamous cell carcinoma. Int. J. Mol. Med. 14, 169-173.

Harms, K., Nozell, S., Chen, X.,2004. The common and distinct target genes
of the p53 family transcription factors. Cell Mol. Life Sci. 61, 822—-842.

Harris, S.L., Levine, A.J., 2005. The p53 pathway: positive and negative
feedback loops. Oncogene 24, 2899-2908.

He, Y., Fan, S.Z., Jiang, Y.G., 2006. Effects of p73 gene overexpression on
apoptosis and chemosensitivity of human lung adenocarcinoma cell line
A549. Ai. Zheng. 25, 925-932.

Herath, H.I., Kew, M.C., Hitehall, V.L., Alsh, M.D., Jass, J.R., Khanna, K K.,
Young, J., Powell, L.W., Leggett, B.A., Macdonald, G.A., 2000. p73 is
up-regulated in a subset of hepatocellular carcinomas. Hepatology 31,
601-605.

doi:10.1016/j.drup.2007.01.001

Please cite this article in press as: Miiller, M. et al., One, two, three—p53, p63, p73 and chemosensitivity, Drug Resist. Updat. (2007),



dx.doi.org/10.1016/j.drup.2007.01.001

YDRUP-391; No.of Pages 19

16 M. Miiller et al. / Drug Resistance Updates xxx (2007) xxx—xxx

Hibi, K., Trink, B., Patturajan, M., Westra, W.H., Caballero, O.L., Hill,
D.E., Ratovitski, E.A., Jen, J., Sidransky, D., 2000. AIS is an oncogene
amplified in squamous cell carcinoma. Proc. Natl. Acad. Sci. U.S.A. 97,
5462-5467.

Hornick, J.L., Blount, P.L., Sanchez, C.A., Cowan, D.S., Ayub, K., Maley,
C.C,, Reid, B.J., Odze, R.D., 2005. Biologic properties of columnar
epithelium underneath reepithelialized squamous mucosa in Barrett’s
esophagus. Am. J. Surg. Pathol. 29, 372-380.

Hosoda, M., Ozaki, T., Miyazaki, K., Hayashi, S., Furuya, K., Watanabe, K.,
Nakagawa, T., Hanamoto, T., Todo, S., Nakagawara, A., 2005. UFD2a
mediates the proteasomal turnover of p73 without promoting p73 ubiq-
uitination. Oncogene 24, 7156-7169.

Hu, H., Xia, S.H., Li, A.D., Xu, X,, Cai, Y., Han, Y.L., Wei, E., Chen, B.S.,
Huang, X.P,, Han, Y.S., Zhang, J.W., Zhang, X., Wu, M., Wang, M.R.,
2002. Elevated expression of p63 protein in human esophageal squamous
cell carcinomas. Int. J. Cancer 102, 580-583.

Huang, D.S., Xie, H.Y., 2002. Alteration of P73 and P51 genes and its sig-
nificance in human gastric carcinogenesis. Zhejiang. Da. Xue. Xue. Bao.
Yi. Xue. Ban. 31, 245-249.

Iczkowski, K.A., Ferguson, K.L., Grier, D.D., Hossain, D., Banerjee, S.S.,
McNeal, J.E., Bostwick, D.G., 2003. Adenoid cystic/basal cell carci-
noma of the prostate: clinicopathologic findings in 19 cases. Am. J. Surg.
Pathol. 27, 1523-1529.

Irwin, M.S., 2004. Family feud in chemosensitvity: p73 and mutant p53.
Cell Cycle 3, 319-323.

Irwin, M.S., Kondo, K., Marin, M.C., Cheng, L.S., Hahn, W.C., Kaelin,
W.G., 2003. Chemosensitivity linked to p73 function. Cancer Cell 3,
403-410.

Issaeva, N., Bozko, P., Enge, M., Protopopova, M., Verhoef, L.G., Masucci,
M., Pramanik, A., Selivanova, G., 2004. Small molecule RITA binds to
p53, blocks p53-HDM-2 interaction and activates p53 function in tumors.
Nat. Med. 10, 1321-1328.

Tto, Y., Takeda, T., Wakasa, K., Tsujimoto, M., Sakon, M., Matsuura, N.,
2001. Expression of p73 and p63 proteins in pancreatic adenocarcinoma:
p73 overexpression is inversely correlated with biological aggressive-
ness. Int. J. Mol. Med. 8, 67-71.

Jain, N., Gupta, S., Sudhakar, C., Radha, V., Swarup, G., 2005. Role of p73
in regulating human caspase-1 gene transcription induced by interferon-
{gamma} and cisplatin. J. Biol. Chem. 280, 36664-36673.

Johnstone, R.W., Ruefli, A.A., Lowe, S.W., 2002. Apoptosis: a link between
cancer genetics and chemotherapy. Cell 108, 153-164.

Kaghad, M., Bonnet, H., Yang, A., Creancier, L., Biscan, J.C., Valent, A.,
Minty, A., Chalon, P, Lelias, J.M., Dumont, X., Ferrara, P., McKeon, F.,
Caput, D., 1997. Monoallelically expressed gene related to pS3 at 1p36,
a region frequently deleted in neuroblastoma and other human cancers.
Cell 90, 809-819.

Kang, M.J., Park, B.J., Byun, D.S., Park, J.I., Kim, H.J., Park, J.H., Chi,
S.G., 2000. Loss of imprinting and elevated expression of wild-type p73
in human gastric adenocarcinoma. Clin. Cancer Res. 6, 1767-1771.

Keyes, W.M., Vogel, H., Koster, M.I., Guo, X., Qi, Y., Petherbridge, K.M.,
Roop, D.R., Bradley, A., Mills, A.A., 2006. p63 heterozygous mutant
mice are not prone to spontaneous or chemically induced tumors. Proc.
Natl. Acad. Sci. U.S.A. 103, 8435-8440.

Keyes, W.M., Wu, Y., Vogel, H., Guo, X., Lowe, S.W., Mills, A.A., 2005.
p63 deficiency activates a program of cellular senescence and leads to
accelerated aging. Genes Dev. 19, 1986-1999.

Koga, F., Kawakami, S., Fujii, Y., Saito, K., Ohtsuka, Y., Iwai, A., Ando, N.,
Takizawa, T., Kageyama, Y., Kihara, K., 2003a. Impaired p63 expression
associates with poor prognosis and uroplakin III expression in inva-
sive urothelial carcinoma of the bladder. Clin. Cancer Res. 9, 5501—
5507.

Koga, F., Kawakami, S., Kumagai, J., Takizawa, T., Ando, N., Arai, G.,
Kageyama, Y., Kihara, K., 2003b. Impaired Delta Np63 expression asso-
ciates with reduced beta-catenin and aggressive phenotypes of urothelial
neoplasms. Br. J. Cancer 88, 740-747.

Levine, A.J., Finlay, C.A., Hinds, P.W., 2004. P53 is a tumor suppressor
gene. Cell 116 (2 Suppl), S67-S69.

Li, G., Wang, L.E., Chamberlain, R.M., Amos, C.I., Spitz, M.R., Wei, Q.,
2004. p73 G4C14-to-A4T14 polymorphism and risk of lung cancer.
Cancer Res. 64, 6863—6866.

Lin, K.W,, Nam, S.Y., Toh, W.H., Dulloo, I., Sabapathy, K., 2004. Multiple
stress signals induce p73beta accumulation. Neoplasia 6, 546-557.
Lin, Z., Liu, M., Li, Z., Kim, C., Lee, E., Kim, I., 2006. DeltaNp63 protein
expression in uterine cervical and endometrial cancers. J. Cancer Res.

Clin. Oncol. 132, 811-816.

Liu, L., Cui, X., Sakaguchi, T., Sasaki, M., Suda, T., Hatakeyama, K.,
2001. Expression of p73 in colorectal carcinoma: clinicopathological
relevance. J. Int. Med. Res. 29, 297-303.

Mai, M., Yokomizo, A., Qian, C., Yang, P., Tindall, D.J., Smith, D.I., Liu,
W., 1998. Activation of p73 silent allele in lung cancer. Cancer Res. 58,
2347-2349.

Mashima, T., Tsuruo, T., 2005. Defects of the apoptotic pathway as thera-
peutic target against cancer. Drug Resist. Update 8, 339-343.

Massion, P.P.,, Taflan, P.M., Jamshedur Rahman, S.M., Yildiz, P., Shyr, Y.,
Edgerton, M.E., Westfall, M.D., Roberts, J.R., Pietenpol, J.A., Carbone,
D.P.,, Gonzalez, A.L., 2003. Significance of p63 amplification and over-
expression in lung cancer development and prognosis. Cancer Res. 63,
7113-7121.

Masuda, N., Kato, H., Nakajima, T., Sano, T., Kashiwabara, K., Oyama, T.,
Kuwano, H., 2003. Synergistic decline in expressions of p73 and p21
with invasion in esophageal cancers. Cancer Sci. 94, 612-617.

McKeon, F., 2004. p63 and the epithelial stem cell: more than status quo?
Genes Dev. 18, 465-469.

Meier, M., den Boer, M.L., Meijerink, J.P., Broekhuis, M.J., Passier, M.M.,
van Wering, E.R., Janka-Schaub, G.E., Pieters, R., 2006. Differential
expression of p73 isoforms in relation to drug resistance in child-
hood T-lineage acute lymphoblastic leukaemia. Leukemia 20, 1377—
1384.

Melino, G., Bernassola, F., Ranalli, M., Yee, K., Zong, W.X., Corazzari,
M., Knight, R.A., Green, D.R., Thompson, C., Vousden, K.H., 2004.
p73 induces apoptosis via PUMA transactivation and Bax mitochondrial
translocation. J. Biol. Chem. 279, 8076—8083.

Melino, G., De Laurenzi, V., Vousden, K.H., 2002. p73: friend or foe in
tumorigenesis. Nat. Rev. Cancer 2, 605-615.

Melino, G., Lu, X., Gasco, M., Crook, T., Knight, R.A., 2003. Functional
regulation of p73 and p63: development and cancer. Trends Biochem.
Sci. 28, 663-670.

Mihara, M., Erster, S., Zaika, A., Petrenko, O., Chittenden, T., Pancoska, P.,
Moll, U.M., 2003. p53 has a direct apoptogenic role at the mitochondria.
Mol. Cell 11, 577-590.

Mihara, M., Nimura, Y., Ichimiya, S., Sakiyama, S., Kajikawa, S., Adachi,
W., Amano, J., Nakagawara, A., 1999. Absence of mutation of the p73
gene localized at chromosome 1p36.3 in hepatocellular carcinoma. Br.
J. Cancer 79, 164-167.

Mills, A.A., 2006. p63: oncogene or tumor suppressor? Curr. Opin. Genet.
Dev. 16, 38—44.

Mills, A.A., Zheng, B., Wang, X.J., Vogel, H., Roop, D.R., Bradley, A., 1999.
p63 is a p53 homologue required for limb and epidermal morphogenesis.
Nature 398, 708-713.

Moll, U.M., Slade, N., 2004. p63 and p73: roles in development and tumor
formation. Mol. Cancer Res. 2, 371-386.

Monti, P., Campomenosi, P., Ciribilli, Y., Iannone, R., Aprile, A., Inga,
A., Tada, M., Menichini, P., Abbondandolo, A., Fronza, G., 2003.
Characterization of the p53 mutants ability to inhibit p73 beta trans-
activation using a yeast-based functional assay. Oncogene 22, 5252—
5260.

Miiller, M., Schilling, T., Sayan, A.E., Kairat, A., Lorenz, K., Schulze-
Bergkamen, H., Oren, M., Koch, A., Tannapfel, A., Stremmel,
W., Melino, G., Krammer, P.H., 2005. TAp73/DeltaNp73 influences
apoptotic response, chemosensitivity and prognosis in hepatocellular
carcinoma. Cell Death Differ. 12, 1564—-1577.

Murray-Zmijewski, F., Lane, D.P., Bourdon, J.C., 2006. p53/p63/p73 iso-
forms: an orchestra of isoforms to harmonise cell differentiation and
response to stress. Cell Death Differ. 13, 962-972.

doi:10.1016/j.drup.2007.01.001

Please cite this article in press as: Miiller, M. et al., One, two, three—p53, p63, p73 and chemosensitivity, Drug Resist. Updat. (2007),



dx.doi.org/10.1016/j.drup.2007.01.001

YDRUP-391; No.of Pages 19

M. Miiller et al. / Drug Resistance Updates xxx (2007 ) xxx—xxx 17

Nakagawa, T., Takahashi, M., Ozaki, T., Watanabe, K.K., Todo, S.,
Mizuguchi, H., Hayakawa, T., Nakagawara, A., 2002. Autoinhibitory
regulation of p73 by Delta Np73 to modulate cell survival and death
through a p73-specific target element within the Delta Np73 promoter.
Mol. Cell Biol. 22, 2575-2585.

Nemunaitis, J., Swisher, S.G., Timmons, T., Connors, D., Mack, M., Doerk-
sen, L.D., et al., 2000. Adenovirus-mediated p53 gene transfer in
sequence with cisplatin to tumors of patients with no-small-cell lung
cancer. J. Clin. Oncol. 18, 609-622.

Ng, S.W.,, Yiu, G.K., Liu, Y., Huang, L.W., Palnati, M., Jun, S.H., Berkowitz,
R.S., Mok, S.C., 2000. Analysis of p73 in human borderline and invasive
ovarian tumor. Oncogene 19, 1885-1890.

Nimura, Y., Mihara, M., Ichimiya, S., Sakiyama, S., Seki, N., Ohira, M.,
Nomura, N., Fujimori, M., Adachi, W., Amano, J., He, M., Ping, YM.,
Nakagawara, A., 1998. p73, a gene related to p53, is not mutated in
esophageal carcinomas. Int. J. Cancer 78, 437-440.

Nishi, H., Isaka, K., Sagawa, Y., Usuda, S., Fujito, A., Ito, H., Senoo, M.,
Kato, H., Takayama, M., 1999. Mutation and transcription analyses of
the p63 gene in cervical carcinoma. Int. J. Oncol. 15, 1149-1153.

Oren, M., 1992. p53: the ultimate tumor suppressor gene? FASEB J. 6,
3169-3176.

Osada, M., Ohba, M., Kawahara, C., Ishioka, C., Kanamaru, R., Katoh, 1.,
Tkawa, Y., Nimura, Y., Nakagawara, A., Obinata, M., Ikawa, S., 1998.
Cloning and functional analysis of human p51, which structurally and
functionally resembles p53. Nat. Med. 4, 839-843 (see comments) (pub-
lished erratum appears in Nat. Med. 4, (1998), 982).

Osada, M., Park, H.L., Nagakawa, Y., Yamashita, K., Fomenkov, A., Kim,
M.S., Wu, G., Nomoto, S., Trink, B., Sidransky, D., 2005. Differential
recognition of response elements determines target gene specificity for
p53 and p63. Mol. Cell Biol. 25, 6077-6089.

Ozaki, T., Nakagawara, A., 2005. p73, a sophisticated p53 family member
in the cancer world. Cancer Sci. 96, 729-737.

Pan, H., Liao, S.J., Lai, W.Y., Lu, H.C., Hsiao, K.M., 2002. Overexpression
but lack of mutation and methylation of p73 in hepatocellular carcinoma.
Acta Oncol. 41, 550-555.

Park, B.J,, Lee, S.J., Kim, J.I,, Lee, S.J., Lee, C.H., Chang, S.G., Park, J.H.,
Chi, S.G., 2000. Frequent alteration of p63 expression in human primary
bladder carcinomas. Cancer Res. 60, 3370-3374.

Pellegrini, G., Dellambra, E., Golisano, O., Martinelli, E., Fantozzi, I.,
Bondanza, S., Ponzin, D., McKeon, F., De Luca, M., 2001. p63 iden-
tifies keratinocyte stem cells. Proc. Natl. Acad. Sci. U.S.A. 98, 3156—
3161.

Peters, U.R., Tschan, M.P,, Kreuzer, K.A., Baskaynak, G., Lass, U., Tobler,
A., Fey, M.F,, Schmidt, C.A., 1999. 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. 59, 4233-4236.

Petitjean, A., Cavard, C., Shi, H., Tribollet, V., Hainaut, P., Caron, D.F.,
2005. The expression of TA and DeltaNp63 are regulated by different
mechanisms in liver cells. Oncogene 24, 512-519.

Petrenko, O., Zaika, A., Moll, U.M., 2003. DNp73 facilitates cell immortal-
ization and cooperates with oncogenic Ras in cellular transformation in
vivo. Mol. Cell Biol. 23, 5540-5555.

Perry, W.L., Hustad, C.M., Swing, D.A., O’Sullivan, T.N., Jenkins, N.A.,
Copeland, N.G., 1998. The itchy locus encodes a novel ubiquitin protein
ligase that is disrupted in al8H mice. Nat. Genet. 18, 143-146.

Pfeifer, D., Arbman, G., Sun, X.F., 2005. Polymorphism of the p73 gene
in relation to colorectal cancer risk and survival. Carcinogenesis 26,
103-107.

Qin, H.X., Nan, K.J., Yang, G., Jing, Z., Ruan, Z.P,, Li, C.L., Xu, R., Guo,
H., Sui, C.G., Wei, Y.C., 2005. Expression and clinical significance of
TAp73alpha, p53, PCNA and apoptosis in hepatocellular carcinoma.
World J. Gastroenterol. 11, 2709-2713.

Quade, B.J., Yang, A., Wang, Y., Sun, D., Park, J., Sheets, E.E., Cviko,
A., Federschneider, .M., Peters, R., McKeon, F.D., Crum, C.P., 2001.
Expression of the p53 homologue p63 in early cervical neoplasia.
Gynecol. Oncol. 80, 24-29.

Ramadan, S., Terrinoni, A., Catani, M.V., Sayan, A.E., Knight, R.A.,
Mueller, M., Krammer, P.H., Melino, G., Candi, E., 2005. p73 induces
apoptosis by different mechanisms. Biochem. Biophys. Res. Commun.
331, 713-717.

Reis-Filho, J.S., Simpson, P.T., Martins, A., Preto, A., Gartner, F., Schmitt,
F.C.,2003. Distribution of p63, cytokeratins 5/6 and cytokeratin 14 in 51
normal and 400 neoplastic human tissue samples using TARP-4 multi-
tumor tissue microarray. Virchows Arch. 443, 122-132.

Ribeiro-Silva, A., Zambelli Ramalho, L.N., Britto, G.S., Zucoloto, S., 2003.
The relationship between p63 and p53 expression in normal and neo-
plastic breast tissue. Arch. Pathol. Lab. Med. 127, 336-340.

Rizzo, M.G., Giombini, E., Diverio, D., Vignetti, M., Sacchi, A., Testa, U.,
Lo-Coco, F.,, Blandino, G., 2004. Analysis of p73 expression pattern in
acute myeloid leukemias: lack of DeltaN-p73 expression is a frequent
feature of acute promyelocytic leukemia. Leukemia 18, 1804-1809.

Rocco, J.W,, Leong, C.O., Kuperwasser, N., DeYoung, M.P,, Ellisen, L.W.,
2006. p63 mediates survival in squamous cell carcinoma by suppression
of p73-dependent apoptosis. Cancer Cell 9, 45-56.

Rossi, M., Ageilan, R.I., Neale, M., Candi, E., Salomoni, P., Knight, R.A.,
Croce, C.M., Melino, G., 2006. The E3 ubiquitin ligase Itch controls the
protein stability of p63. Proc. Natl. Acad. Sci. U.S.A. 103, 12753-12758.

Rossi, M., De Laurenzi, V., Munarriz, E., Green, D.R., Liu, Y.C., Vousden,
K.H., Cesareni, G., Melino, G., 2005. The ubiquitin-protein ligase Itch
regulates p73 stability. EMBO J. 24, 836-848.

Roth, J.A., 2006. Adenovirus p53 gene therapy. Expert. Opin. Biol. Ther. 6,
55-61.

Sahu, G.R.,Das, B.R.,2005. Alteration of p73 in pediatric de novo acute lym-
phoblastic leukemia. Biochem. Biophys. Res. Commun. 327, 750-755.

Sang, M., Li, Y., Ozaki, T., Ono, S., Ando, K., Yamamoto, H., Koda, T.,
Geng, C., Nakagawara, A., 2006. p73-dependent induction of 14-3-
3sigma increases the chemo-sensitivity of drug-resistant human breast
cancers. Biochem. Biophys. Res. Commun. 347, 327-333.

Sasaki, Y., Naishiro, Y., Oshima, Y., Imai, K., Nakamura, Y., Tokino, T.,
2005. Identification of pigment epithelium-derived factor as a direct
target of the p53 family member genes. Oncogene 24, 5131-5136.

Sayan, A.E., Paradisi, A., Vojtesek, B., Knight, R.A., Melino, G., Candi, E.,
2005. New antibodies recognizing p73: comparison with commercial
antibodies. Biochem. Biophys. Res. Commun. 330, 186—193.

Sayan, A.E., Sayan, B.S., Findikli, N., Ozturk, M., 2001. Acquired expres-
sion of transcriptionally active p73 in hepatocellular carcinoma cells.
Oncogene 20, 5111-5117.

Schmelz, K., Wagner, M., Dorken, B., Tamm, I, 2005. 5-Aza-2'-
deoxycytidine induces p21 WAF expression by demethylation of p73
leading to p53-independent apoptosis in myeloid leukemia. Int. J. Cancer
114, 683-695.

Senoo, M., Manis, J.P.,, Alt, EW., McKeon, F., 2004. p63 and p73 are not
required for the development and p53-dependent apoptosis of T cells.
Cancer Cell 6, 85-89.

Shimodaira, H., Yoshioka-Yamashita, A., Kolodner, R.D., Wang, J.Y., 2003.
Interaction of mismatch repair protein PMS2 and the p53-related tran-
scription factor p73 in apoptosis response to cisplatin. Proc. Natl. Acad.
Sci. U.S.A. 100, 2420-2425.

Sniezek, J.C., Matheny, K.E., Westfall, M.D., Pietenpol, J.A., 2004. Dom-
inant negative p63 isoform expression in head and neck squamous cell
carcinoma. Laryngoscope 114, 2063-2072.

Sphyris, N., Morris, R.G., Harrison, D.J., 2004. Induction of p21 and
nuclear accumulation of TAp73alpha and c-abl during apoptosis of
cisplatin-treated primary pancreatic acinar cells. Int. J. Oncol. 25, 1661—
1670.

Stiewe, T., Stanelle, J., Theseling, C.C., Pollmeier, B., Beitzinger, M., Putzer,
B.M., 2003. Inactivation of retinoblastoma (RB) tumor suppressor by
oncogenic isoforms of the p53 family member p73. J. Biol. Chem. 278,
14230-14236.

Strano, S., Blandino, G., 2003. p73-mediated chemosensitivity: a preferen-
tial target of oncogenic mutant p53. Cell Cycle 2, 348-349.

Strano, S., Munarriz, E., Rossi, M., Cristofanelli, B., Shaul, Y., Castagnoli,
L., Levine, A.J., Sacchi, A., Cesareni, G., Oren, M., Blandino, G., 2000.

doi:10.1016/j.drup.2007.01.001

Please cite this article in press as: Miiller, M. et al., One, two, three—p53, p63, p73 and chemosensitivity, Drug Resist. Updat. (2007),



dx.doi.org/10.1016/j.drup.2007.01.001

YDRUP-391; No.of Pages 19

18 M. Miiller et al. / Drug Resistance Updates xxx (2007) xxx—xxx

Physical and functional interaction between pS3 mutants and different
isoforms of p73. J. Biol. Chem. 275, 29503-29512.

Sun, X.E, 2002. p73 overexpression is a prognostic factor in patients with
colorectal adenocarcinoma. Clin. Cancer Res. 8, 165-170.

Swisher, S.G.,Roth, J.A., Komaki, R., Gu, J., Lee, J.J., Hicks, M., etal., 2003.
Induction of p53-regulated genes and tumor regression in lung cancer
patients after intratumoral delivery of adenoviral p53 (INGN 201) and
radiation therapy. Clin. Cancer Res. 9, 93-101.

Swisher, S.G., Roth, J.A., Nemunaitis, J., Lawrence, D.D., Kemp, B.L.,
Carrasco, C.H., et al., 1999. Adenovirus-mediated p53 gene transfer in
advanced non-small-cell lung cancer. J. Natl. Cancer Inst. 91, 763-771.

Tani, M., Shimizu, K., Kawahara, C., Kohno, T., Ishimoto, O., Ikawa, S.,
Yokota, J., 1999. Mutation and expression of the p51 gene in human lung
cancer. Neoplasia 1, 71-79.

Tannapfel, A., Schmelzer, S., Benicke, M., Klimpfinger, M., Kohlhaw, K.,
Mossner, J., Engeland, K., Wittekind, C., 2001. Expression of the p53
homologues p63 and p73 in multiple simultaneous gastric cancer. J.
Pathol. 195, 163-170.

Tannapfel, A., Wasner, M., Krause, K., Geissler, F., Katalinic, A., Hauss, J.,
Mossner, J., Engeland, K., Wittekind, C., 1999. Expression of p73 and
its relation to histopathology and prognosis in hepatocellular carcinoma.
J. Natl. Cancer Inst. 91, 1154-1158.

Terrasson, J., Allart, S., Martin, H., Lule, J., Haddada, H., Caput, D.,
Davrinche, C., 2005. p73-dependent apoptosis through death recep-
tor: impairment by human cytomegalovirus infection. Cancer Res. 65,
2787-2794.

Terrinoni, A., Ranalli, M., Cadot, B., Leta, A., Bagetta, G., Vousden, K.H.,
Melino, G., 2004. p73-alpha is capable of inducing scotin and ER stress.
Oncogene 23, 3721-3725.

Thottassery, J.V., Westbrook, L., Someya, H., Parker, W.B., 2006.
c-Abl-independent p73 stabilization during gemcitabine- or 4’-thio-beta-
D-arabinofuranosylcytosine-induced apoptosis in wild-type and p53-null
colorectal cancer cells. Mol. Cancer Ther. 5, 400—410.

Tokuchi, Y., Hashimoto, T., Kobayashi, Y., Hayashi, M., Nishida, K.,
Hayashi, S., Imai, K., Nakachi, K., Ishikawa, Y., Nakagawa, K.,
Kawakami, Y., Tsuchiya, E., 1999. The expression of p73 is increased
in lung cancer, independent of p53 gene alteration. Br. J. Cancer 80,
1623-1629.

Toledo, F., Krummel, K.A., Lee, C.J., Liu, C.W., Rodewald, L.W., Tang, M.,
Wahl, G.M., 2006. A mouse p53 mutant lacking the proline-rich domain
rescues Mdm4 deficiency and provides insight into the Mdm2-Mdm4-
p53 regulatory network. Cancer Cell 9, 273-285.

Toledo, F., Wahl, G.M., 2006. Regulating the p53 pathway: in vitro hypothe-
ses, in vivo veritas. Nat. Rev. Cancer 6, 909-923.

Tonon, G., Wong, K.K.,Maulik, G., Brennan, C., Feng, B., Zhang, Y., Khatry,
D.B., Protopopov, A., You, M.J., Aguirre, A.J., Martin, E.S., Yang, Z.,
Ji, H., Chin, L., DePinho, R.A., 2005. High-resolution genomic profiles
of human lung cancer. Proc. Natl. Acad. Sci. U.S.A. 102, 9625-9630.

Tschan, M.P., Grob, T.J., Peters, U.R., Laurenzi, V.D., Huegli, B., Kreuzer,
K.A., Schmidt, C.A., Melino, G., Fey, M.E,, Tobler, A., Cajot, J.F., 2000.
Enhanced p73 expression during differentiation and complex p73 iso-
forms in myeloid leukemia. Biochem. Biophys. Res. Commun. 277,
62-65.

Tuve, S., Racek, T., Niemetz, A., Schultz, J., Soengas, M.S., Putzer,
B.M., 2006. Adenovirus-mediated TA-p73beta gene transfer increases
chemosensitivity of human malignant melanomas. Apoptosis 11,
235-243.

Urist, M.J., Di Como, C.J., Lu, M.L., Charytonowicz, E., Verbel, D., Crum,
C.P,, Ince, T.A., McKeon, F.D., Cordon-Cardo, C., 2002. Loss of p63
expression is associated with tumor progression in bladder cancer. Am.
J. Pathol. 161, 1199-1206.

Valerie, K., Povirk, L.E,, 2003. Regulation and mechanisms of mammalian
double-strand break repair. Oncogene 22, 5792-5812.

Vassilev, L.T., 2004. Small-molecule antagonists of p53-MDM?2 binding:
research tools and potential therapeutics. Cell Cycle 3, 419-421.

Vassilev, L.T., 2005. p53 Activation by small molecules: application in
oncology. J. Med. Chem. 48, 4491-4499.

Vassilev, L.T., Vu, B.T., Graves, B., Carvajal, D., Podlaski, F., Filipovic,
Z., Kong, N., Kammlott, U., Lukacs, C., Klein, C., Fotouhi, N., Liu,
E.A., 2004. In vivo activation of the p53 pathway by small-molecule
antagonists of MDM2. Science 303, 844—848.

Vayssade, M., Haddada, H., Faridoni-Laurens, L., Tourpin, S., Valent, A.,
Benard, J., Ahomadegbe, J.C., 2005. P73 functionally replaces p53 in
adriamycin-treated, p53-deficient breast cancer cells. Int. J. Cancer 116,
860-869.

Vousden, K.H., 2000. p53: death star. Cell 103, 691-694.

Vousden, K.H., Lu, X., 2002. Live or let die: the cell’s response to p53. Nat.
Rev. Cancer 2, 594-604.

Wagner, S., Benesch, M., Berthold, F., Gnekow, A.K., Rutkowski, S., Strater,
R., Warmuth-Metz, M., Kortmann, R.D., Pietsch, T., Wolff, J.E., 2006.
Secondary dissemination in children with high-grade malignant gliomas
and diffuse intrinsic pontine gliomas. Br. J. Cancer 95, 991-997.

Wang, B.Y., Gil, J., Kaufman, D., Gan, L., Kohtz, D.S., Burstein, D.E.,
2002a. P63 in pulmonary epithelium, pulmonary squamous neoplasms,
and other pulmonary tumors. Hum. Pathol. 33, 921-926.

Wang, T.Y., Chen, B.F,, Yang, Y.C., Chen, H., Wang, Y., Cviko, A., Quade,
B.J., Sun, D., Yang, A., McKeon, ED., Crum, C.P,, 2001. Histologic
and immunophenotypic classification of cervical carcinomas by expres-
sion of the p53 homologue p63: a study of 250 cases. Hum. Pathol. 32,
479-486.

Wang, W., Kim, S.H., el Deiry, W.S., 2006. Small-molecule modulators of
p53 family signaling and antitumor effects in p53-deficient human colon
tumor xenografts. Proc. Natl. Acad. Sci. U.S.A. 103, 11003-11008.

Wang, X., Mori, I., Tang, W., Nakamura, M., Nakamura, Y., Sato, M., Saku-
rai, T., Kakudo, K., 2002b. p63 expression in normal, hyperplastic and
malignant breast tissues. Breast Cancer 9, 216-219.

Weinstein, M.H., Signoretti, S., Loda, M., 2002. Diagnostic utility of
immunohisto-chemical staining for p63, a sensitive marker of prostatic
basal cells. Mod. Pathol. 15, 1302-1308.

Westfall, M.D., Mays, D.J., Sniezek, J.C., Pietenpol, J.A., 2003. The Delta
Np63 alpha phosphoprotein binds the p21 and 14-3-3 sigma promot-
ers in vivo and has transcriptional repressor activity that is reduced
by Hay-Wells syndrome-derived mutations. Mol. Cell Biol. 23, 2264—
2276.

Westfall, M.D., Pietenpol, J.A., 2004. p63: molecular complexity in devel-
opment and cancer. Carcinogenesis 25, 857-864.

White, E., Prives, C., 1999. DNA damage enables p73. Nature 399, 734-737.

Wiman, K.G., 2006. Strategies for therapeutic targeting of the p53 pathway
in cancer. Cell Death Differ. 13, 921-926.

Wu, G., Nomoto, S., Hoque, M.O., Dracheva, T., Osada, M., Lee, C.C.,
Dong, S.M., Guo, Z., Benoit, N., Cohen, Y., Rechthand, P., Califano,
J., Moon, C.S., Ratovitski, E., Jen, J., Sidransky, D., Trink, B., 2003.
DeltaNp63alpha and TAp63alpha regulate transcription of genes with
distinct biological functions in cancer and development. Cancer Res. 63,
2351-2357.

Wu, G., Osada, M., Guo, Z., Fomenkov, A., Begum, S., Zhao, M., Upadhyay,
S., Xing, M., Wu, E., Moon, C., Westra, W.H., Koch, W.M., Manto-
vani, R., Califano, J.A., Ratovitski, E., Sidransky, D., Trink, B., 2005.
DeltaNp63alpha up-regulates the Hsp70 gene in human cancer. Cancer
Res. 65, 758-766.

Yamaguchi, K., Wu, L., Caballero, O.L., Hibi, K., Trink, B., Resto, V., Cairns,
P., Okami, K., Koch, W.M., Sidransky, D., Jen, J., 2000. Frequent gain
of the p40/p51/p63 gene locus in primary head and neck squamous cell
carcinoma. Int. J. Cancer 86, 684—689.

Yang, A., Kaghad, M., Caput, D., McKeon, F., 2002. On the shoulders of
giants: p63, p73 and the rise of p53. Trends Genet. 18, 90-95.

Yang, A., Kaghad, M., Wang, Y., Gillett, E., Fleming, M.D., Dotsch, V.,
Drews, N.C., Caput, D., McKeon, F., 1998. p63, a p53 homolog at 3q27-
29, encodes multiple products with transactivating, death-inducing, and
dominant-negative activities. Mol. Cell 2, 305-316.

Yang, A., Schweitzer, R., Sun, D., Kaghad, M., Walker, N., Bronson, R.T.,
Tabin, C., Sharpe, A., Caput, D., Crum, C., McKeon, F., 1999. p63 is
essential for regenerative proliferation in limb, craniofacial and epithelial
development. Nature 398, 714-718.

doi:10.1016/j.drup.2007.01.001

Please cite this article in press as: Miiller, M. et al., One, two, three—p53, p63, p73 and chemosensitivity, Drug Resist. Updat. (2007),



dx.doi.org/10.1016/j.drup.2007.01.001

YDRUP-391; No.of Pages 19

M. Miiller et al. / Drug Resistance Updates xxx (2007 ) xxx—xxx 19

Yang, A., Walker, N., Bronson, R., Kaghad, M., Oosterwegel, M., Bon-
nin, J., Vagner, C., Bonnet, H., Dikkes, P., Sharpe, A., McKeon, F,,
Caput, D., 2000. p73-deficient mice have neurological, pheromonal and
inflammatory defects but lack spontaneous tumours. Nature 404, 99—
103.

Yu, Q., 2006. Restoring p53-mediated apoptosis in cancer cells: new oppor-
tunities for cancer therapy. Drug Resist. Update 9, 19-25.

Yuan, Z.M., Shioya, H., Ishiko, T., Sun, X., Gu, J., Huang, Y.Y., Lu, H.,
Kharbanda, S., Weichselbaum, R., Kufe, D., 1999. p73 is regulated by
tyrosine kinase c-Abl in the apoptotic response to DNA damage. Nature
399, 814-817.

Zaika, A L, El Rifai, W., 2006. The role of p53 protein family in gastroin-
testinal malignancies. Cell Death Differ. 13, 935-940.

Zaika, A L., Kovalev, S., Marchenko, N.D., Moll, U.M., 1999. Overexpres-
sion of the wild type p73 gene in breast cancer tissues and cell lines.
Cancer Res. 59, 3257-3263.

Zaika, A.L, Slade, N., Erster, S.H., Sansome, C., Joseph, T.W., Pearl, M.,
Chalas, E., Moll, U.M., 2002. DeltaNp73, a dominant-negative inhibitor
of wild-type p53 and TAp73, is up-regulated in human tumors. J. Exp.
Med. 196, 765-780.

Zangen, R., Ratovitski, E., Sidransky, D., 2005. DeltaNp63alpha levels cor-
relate with clinical tumor response to cisplatin. Cell Cycle 4, 1313-1315.

Please cite this article in press as: Miiller, M. et al., One, two, three—p53, p63, p73 and chemosensitivity, Drug Resist. Updat. (2007),

doi:10.1016/j.drup.2007.01.001



dx.doi.org/10.1016/j.drup.2007.01.001

	One, two, three-p53, p63, p73 and chemosensitivity
	Introduction
	p53
	p53 in cancer
	p53 and chemosensitivity

	p63
	p63 and apoptosis
	p63 in cancer
	p63 and chemosensitivity

	p73
	p73 and apoptosis
	p73 in cancer
	p73 and chemosensitivity

	Degradation pathways of p63 and p73: future potential drug targets?
	Conclusions
	Acknowledgements
	References


