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1. ABSTRACT
prone towards developing spontaneous and carcinogeninduced tumors (4, 5).

The p53 protein is a transcription factor involved
in maintaining genomic integrity by controlling cell cycle
progression and cell survival. Mutations in p53 are the
most frequently seen genetic alterations in human cancer.
The function of p53 is critical to the way many cancer
treatments kill cells because radiotherapy and
chemotherapy act in part by triggering programmed cell
death in response to DNA damage. Consequently, tumors
which bear p53 mutations, are often difficult to treat and
their prognosis is poor. Since the underlying feature of
tumors with p53 mutations is the absence of functional p53,
gene replacement therapy with wild-type p53 gene is being
considered as an approach for treating a variety of cancers.
In recent years, more information has been obtained
regarding various pathways leading to the activation of
p53, particularly those involving post-translational
modifications of p53. Several new target genes of p53
have been identified. This review will summarize current
knowledge on the structure, mechanism of activation and
effectors of p53 function.

p53 is a short lived protein that is maintained at
very low or undetectable levels under normal
circumstances. Upon exposure to stressful stimuli, p53 is
activated through post-translational modifications that
increase its stability and activity. Activated p53 is a
sequence-specific DNA-binding transcription factor.
Several down-stream targets genes of p53 have been
identified, such as p21WAF1/CIP1, MDM2, GADD45, 14-3-3
σ, bax and KILLER/DR5, whose expression products
function as regulators of diverse aspects of cell growth
(reviewed by in 1, 6, 7).

3. STRUCTURE OF P53 PROTEIN
The human p53 protein contains 393 amino acids
and has been divided structurally and functionally into four
domains (Figure 1): an acidic amino-terminal domain (aa 143) which is required for transcriptional activation; a
central core sequence-specific DNA-binding domain (aa
100-300); a tetramerization domain (aa 324-355) and a Cterminal regulatory domain (aa 363-393), rich in basic
amino acids and believed to regulate the core DNA-binding
domain.

2. INTRODUCTION
The tumor suppressor p53 is often described as
the “guardian of the genome” because it is a critical
component of the cellular mechanisms that respond to
genotoxic stresses like DNA damage, hypoxia etc. to
maintain the genomic integrity in part by arresting cellcycle progression or by inducing apoptosis (1). Consistent
with this view, about 50% of primary human tumors carry
mutations in the p53 gene (2, 3). p53 plays no essential
role in the normal cell cycle as the p53 knock out mouse
develops normally. However, these mice as well as the
transgenic mice carrying mutant p53 alleles are highly

The N-terminus activation domain interacts with
the proteins TFIID (TBP, TAFs),TFIIH which form part of
the basal transcriptional machinery and positively regulate
gene expression. Amino acids residues F19, L22, and W23
in p53 have been shown to be required for transcriptional
activation in vivo (8) and are also involved in the
interaction with the TATA-associated factors (9, 10).
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Figure 1. Structure of p53 protein showing the different domains, and hot spots for mutations in human cancer. The 393 aminoacid p53 protein is diagrammed from the amino-terminus (1) to the carboxy-terminus (393) with boundaries for various domains shaded
with different colors. The list of different cellular and viral proteins reported to bind to different regions of p53 is given below.
phosphorylation of this domain by protein kinase C or
casein kinase II at specific residues or binding of antibody
PAB421 can activate sequence-specific DNA-binding by
the central core domain (23).

Human MDM2 and adenovirus E1B-55 kDa protein
negatively regulate the p53 transcriptional activity through
binding to the N-terminus activation domain. The importance
of negative regulation of p53 by MDM2 is highlighted by fact
that homozygous deletion of mdm-2 in mice results in
embryonic lethality, which is rescued by simultaneous
homozygous deletion of p53.

4. MECHANISM OF ACTIVATION OF P53
p53 is a short lived protein with a half life of
about 20 minutes and is often undetectable in normal cells.
p53 may also exist in a latent inactive form, which could be
activated by low doses of UV irradiation without any
detectable increase in the p53 protein levels (24). It is
believed that ubiquitin-mediated proteolysis plays a role in
the rapid turn over of p53 protein (25). In vitro studies
suggest that p53 may be negatively autoregulated by
specifically inhibiting translation of its own mRNA (26).

The central core domain of p53 contains the
sequence-specific DNA-binding region (11, 12, 13, 14). There
are four highly conserved regions within the central core
domain, where most of the p53 missense mutations were found
(15). The tetrameric p53 protein, which is a dimer of a dimer,
binds to four repeats of a consensus DNA sequence 5’PuPuPuC(A/T)-3’ and this sequence is repeated in two pairs,
each arranged as inverted repeats (16). The purified core
DNA-binding domain can bind co-operatively to DNA (11, 13,
14, 17, 18).

Several stressful conditions act as the upstream
events by signaling to p53 (Figure 2). Many types of
DNA damage like double-strand DNA break following
ionizing ir-radiation, thymidine dimers produced by
ultraviolet irradiation or chemical damage to DNA can
lead to p53 activation. In addition to DNA damage,
hypoxia, heat-shock, treating the cells with radioactive
chemicals, DNA transfection, expression of viral and
cellular oncogenes also activate p53 (27-33).

The native p53 protein is a tetramer in solution and
the process of tetramerization requires the region of p53 from
amino acid 324-355 (19). Oligomerization is essential for the
tumor suppressive activity of p53 because oligomerizationdeficient mutants of p53 cannot suppress the growth of
carcinoma cells (20). X-ray crystallographic studies suggest
that a p53 monomer, which consists of a beta strand and an
alpha helix, associates with a second monomer across an
antiparallel beta sheet and an antiparallel helix-helix interface
to form a dimer. Two of these dimers associate across a
second and distinct parallel helix-helix interface to form the
tetramer (21).

The precise mechanism by which p53 is activated
by cellular stress is not yet entirely clear. Evidence
suggests that it may involve both an increase in p53 protein
levels as well as activation of p53 by post-translational
modifications (6, 34). An increase in p53 protein level may
be achieved by inhibiting directly or indirectly the
degradation of p53, as well as enhancing the rate of
translational initiation of p53 mRNA. Post-translational
modifications of the C-terminus of p53 including
phosphorylation, dephosphorylation, acetylation, antibody
binding, deletion of the C-terminus or addition of a Cterminus peptide can induce sequence-specific DNAbinding by p53.

The C-terminal domain regulates the ability of p53
to bind to specific DNA sequences at its central core domain.
This extreme C-terminal domain including amino acids 363393 is rich in basic residues. This domain can bind nonspecifically to different forms of DNA such as DNA breaks or
internal mismatches (22). Evidence suggests that a structural
change at the C-terminal domain is required to activate p53
for sequence-specific DNA-binding. It was found that deletion
of this domain,
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Figure 2. Mechanism of activation of p53. Exposure of cells to a variety of stressful conditions like ionizing radiation or
ultraviolet radiation, hypoxia, hypoglycemia or oncogenic activation leads to stabilization of p53. Specific phosphorylations and
acetylations involved in the activation of p53 are shown. p53 is subject to feedback regulation through ARF repression and p53dependent MDM2 transactivation.
suggests that certain phosphorylations may not be essential
for DNA damage-induced stabilization of p53 (40). DNA
damage causes phosphorylation of serine residues in the
amino terminus of p53. In particular, serine-15 has been
found to be phosphorylated in response to DNA damage by
ionizing irradiation (IR) or ultraviolet irradiation (UV). AT
(Ataxia telangiectasia) cells show delayed phosphorylation
of serine-15 in response to IR but show normal
phosphorylation after UV irradiation suggesting that ATM
kinase is involved in the serine-15 phosphorylation after
IR, although it is not absolutely required (41). Upon DNA
damage, ATM kinase phosphorylates the product of c-Abl,
which results in the activation of its tyrosine kinase activity
(42, 43, 44). Activated c-Abl may bind to p53 and enhance
its transcriptional activity (45). Recent experiments have
revealed that ATM may associate with p53 and
phosphorylate its amino-terminus directly (46). Other
kinases which can phosphorylate p53 include cyclindependent kinase (CDKs), casein kinase I (CK I), casein
kinase II (CK II), protein kinase C (PKC), mitogen
activated protein kinase (47), Jun amino-terminal kinase
(JNK) (48), Raf kinase (49; reviewed in 50). DNAdependent protein kinase (DNA-PK), which is activated by
DNA strand breaks, may be required to activate sequencespecific DNA-binding by p53 following DNA damage (51).

A major question is how does the cell sense the
DNA damage and transmit a signal to stabilize p53 protein.
One model is that there are cellular proteins, which
recognize the damaged DNA and communicate with p53
protein. This model is based in part on studies which
showed that cells from patients with Ataxia Teleangiectasia
have a delayed p53 response to DNA damage. It has been
reported that p53 may recognize the damaged DNA
through binding to DNA ends, excision-repair damage sites
or internal deletion loops (22), as well as to short singlestranded DNA of 16-40 nucleotides long (35).
Specific phosphorylation, dephosphorylation and
acetylation events have been reported to activate p53
(reviewed in 7). MDM2 protein, which was originally
found to interact with and inhibit p53 transcription activity
(36), has recently been found to promote rapid degradation
of p53 and it is suggested that this degradative pathway
may contribute to the maintenance of low levels of p53 in
normal cells (37, 38). In cancer cells with p53 mutation, it
is believed that low levels of MDM2 may contribute to p53
stabilization. MDM2 is a target of p53-dependent
transcriptional activation, a process which is disrupted by
p53 mutation in tumors. Phosphorylation of the aminoterminus of p53, which has been shown to occur after DNA
damage, appears to reduce its affinity for binding to
MDM2, which may lead to stabilization of p53 (39). Site
specific mutational analysis of some phosphorylation sites

Serine/threonine protein phosphatase type 5
(PP5) has been shown to modulate the phosphorylation and
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have also been shown to stabilize p53 in a p19ARF dependent manner (70, 71). Interestingly, the tumor
suppressors WT1 and BRCA1 also appears to stabilize p53
and modulate p53 mediated transcription (33, 72, 73).

DNA binding activity of p53 (52). ATM also appears to be
required for IR-induced dephosphorylation of p53 Serine376 which allows specific binding of 14-3-3 proteins to p53
and leads to an increase in sequence-specific DNA-binding
activity of p53 (53).

5. EFFECTORS OF P53 FUNCTION
Recently, acetylation of the C-terminus of p53 by
CREB-binding protein (p300/CBP) was shown to enhance
sequence-specific DNA-binding by p53 (54). p300/CBP
are closely related histone acetyl transferases (HATs) (55,
56) that interact with p53 and function as coactivators for
p53-mediated transcription (57-59). The activation of
sequence-specific DNA-binding by p53 following DNA
damage may involve sequential amino-terminal
phosphorylation followed by carboxy-terminal acetylation
by the coactivator p300 following DNA damage (60). With
the use of phosphorylated or acetylated peptide specific
antibodies, it has been shown that p300 acetylates Lys-382
while the p300/CBP-associated factor (PCAF) acetylates
Lys-320 of p53 and that either acetylation leads to
enhanced sequence-specific DNA-binding in-vitro (60).
p53 was found to be acetylated at Lys-382 and
phosphorylated at Ser-33 and Ser-37 in vivo after exposure
of cells to UV light or ionizing radiation. Interestingly,
acetylation of p53 by p300 and PCAF was strongly
inhibited by phosphopeptides corresponding to the amino
terminus of p53 phosphorylated at Ser-37 and/or Ser-33
suggesting that phosphorylation in response to DNA
damage may enhance the interaction of p300 and PCAF,
thereby driving p53 acetylation.

The principal function of p53 appears to be in
mediating a response to DNA damage and thereby
preventing accumulation of potentially oncogenic
mutations and genomic instability (74). Activation of p53
leads to suppression of cell growth. Two mechanisms have
been identified that, either individually or in combination,
could account for the growth-suppression function of p53:
cell cycle arrest and apoptosis (1). p53 has also been
implicated in differentiation (75), senescence (76),
inhibition of angiogenesis (77). Although we do not yet
fully understand how p53 elicits its effects upon cells, it is
clear that the transcriptional activation function of p53 is a
major component of its biological effects (78, 79).
Activated p53 binds to a specific DNA sequence and
activates transcription. The importance of the DNAbinding is underscored by the fact that the vast majority
p53 mutations derived from tumors usually map within the
domain required for sequence-specific DNA-binding (2, 6).
p53 normally recognizes a 20 base-pair response element
that has an internal symmetry. The consensus sequence is
5’-PuPuPuC(A/T-A/T)GPyPyPy- N(0-13) -PuPuPuC(A/TA/T)GPyPyPy-3’ with the third C and seventh G being
highly conserved in the ten base-pair half-sites (16).
Identification of transcriptional targets of p53 has been
critical in dissecting pathways by which p53 functions (80).
A growing number of genes have been found to contain
p53-binding sites and/or response elements and thus to
have the potential to mediate the effects of p53 on cells,
through upregulation of their expression and function
(Table 1).

Several viral and cellular oncogenes have been
shown to stabilize p53. Viral oncogenes including SV40 T
antigen, adenovirus E1A and Human papillomavirus 16 E7
stabilize p53 (31, 32). Why should viral oncogenes, whose
main purpose is to induce DNA replication, stabilize p53
which would result in growth arrest or apoptosis? One
possibility may be that p53 stabilization in response to viral
oncogene expression is a cellular response to viral
infection. As might be expected viruses have developed
additional mechanisms to overcome this cellular response.
For example, adenovirus has other cooperating oncogenes
like E1B and E4, which bind to p53 and inhibit apoptosis
and/or growth arrest thereby leading to successful
replication and cellular transformation. E1A can also
inhibit transcriptional activation by p53 which may inhibit
p53-mediated growth arrest and/or apoptosis (61, 62). The
E6 gene product encoded by HPV16 binds to p53, which
results in degradation of p53 and suppression of negative
growth signals from p53.
The mechanism of p53
stabilization in response to viral oncogene expression has
not been clearly understood until recently when
p19ARF(p14ARF in human), a product of INK4a/ARF locus
translated in an alternate reading frame (63, 64) was
identified. It was found that the ability E1A to induce p53
is severely compromised in p19ARF-null cells (65). p19ARF
is a tumor suppressor, which can induce cell-cycle arrest in
a p53-dependent manner. p19ARF can physically associate
with p53 itself and/or Mdm2 to alter the p53 levels and
activity (66, 67, 68). E2F1, which was found to activate
p14ARF transcriptionally, linked E1A to p14ARF and then to
p53 (69). Certain cellular oncogenes like c-myc and ras

5.1. Cell cycle Regulation
Expression of p53 in many cell types results in
arrest of progression through the cell cycle, with evidence
for both a G1 and G2/M checkpoint function (1, 81). The
ability of p53 to induce a growth arrest is correlated with its
ability to function as a sequence-specific transcriptional
coactivator (Figure 3). In particular, G1 arrest induced by
p53 has been well studied. The p21WAF1/CIP1, which
encodes a cyclin dependent kinase inhibitor (CKI) (82), is a
critical target of p53 (83) in facilitating G1 arrest (84). p21
binds to a number of cyclin and Cdk complexes: cyclin D1Cdk4, cyclin E-Cdk2, cyclin A-Cdk2, cyclin A-cdc2, and
cyclin B-cdc2 which results in the inhibition of their kinase
activity (85).
This allows accumulation of
hypophosphorylated Rb, which remains associated with
transcription factors such as E2F and the resultant failure to
activate E2F-responsive genes results in G1 arrest.
p21WAF1/CIP1 also binds to PCNA and blocks its role in
DNA replication at least in vitro. Thus, p21 inhibits DNA
replication by binding to cyclin-Cdk complexes and PCNA
(86). Mice with homozygous deletion of p21 gene develop
normally but the mouse embryo fibroblast derived from
these mice are only partially deficient in their ability to
arrest cells in G1 in response to DNA damage, which
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Table 1.Transcriptional targets of p53
Gene
Interacting molecule/Signaling pathway
p21WAF1/CIP1
Cyclin-CDks and PCNA
MDM2
p53
GADD45
14-3-3σ

Cdc2 and PCNA
Phosphorylated Cdc25

B99
Cyclin G
Bax

N/A
N/A
Translocation to mitochondria and release of
cytochrome C
Binds to IGF1 and inhibits growth factor signaling
Uses FADD as an adaptor
molecule to activate
caspase cascade
Activates caspase cascade
Oxidative stress response
Oxidative stress response
N/A
N/A
N/A
N/A
N/A

IGF-BP3
FAS/APO1
KILLER/DR5
PIG1-PIG14
p85
PAG608
TSP1
TSP1
BAI1
GD-AIF

Effect
G1 arrest and G2/M arrest
Inhibition of p53 transactivation; Targets p53 for
degradation
G2/M arrest and DNA repair
Inhibits dephosphorylation of Cdc25 and activation of
Cdc2 by Cdc25; G2/M arrest
G2 arrest
Growth suppression
Apoptosis
Apoptosis
Apoptosis
Apoptosis
Apoptosis
Apoptosis
Apoptosis
Inhibits angiogenesis
Inhibits angiogenesis
Inhibits angiogenesis
Inhibits angiogenesis

Figure 3. Cell cycle regulation by p53. Transcriptional activation of p53 results in both G1 and G2 arrest. p53 mediated
transcriptional induction of p21WAF1/CIP1 plays a major role in mediating the G1 arrest. p21WAF1/CIP1 binds to and inhibits
cyclin/cdk complexes resulting in the accumulation of hypophosphorylated Rb leading to G1 arrest. Gadd45 and 14.3.3σ have
been found to mediate the G2 arrest. A direct transcriptional repression of cyclin B by p53 also results in G2 arrest. Both
Gadd45 and p21WAF1/CIP1, through their interaction with PCNA, may play a role in DNA repair.
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Figure 4. Apoptosis induction by p53. p53 transcriptionally activates bax, Fas/APO1, KILLER/DR5, and PIG genes and
represses bcl2 expression which results in the activation of the caspase cascade leading to apoptosis. Fas/APO1 and
KILLER/DR5 are death receptors located on the cell membrane, activation of which results in activation of the caspase cascade
which is initiated through specific adapter molecules. The transfer of Bax to the mitochondria results in the release of
cytochrome C, which in turn activates the caspase casade through activation of APAF1. Bcl2 inhibits apoptosis by preventing
Bax function. The PIG genes are also believed to act on mitochondria to induce apopotosis. Caspase activated endonuclease
CAD (caspase activated Dnase) mediates DNA cleavage. CAD is normally found in the cytoplasm in complex with ICAD
(inhibitor of CAD), but upon caspase 3 activation, ICAD becomes cleaved so that CAD can enter the nucleus and cleave DNA.
through disruption of the complex or by direct binding and
inhibition of cyclin B/cdc2 kinase activity (93). 14-33σ,another IR-inducible p53-target gene, may also be
involved in G2/M arrest (94) and it appears to act by
binding and sequestering phosphorylated Cdc25C in the
cytoplasm, thereby preventing its phosphorylation and
activation of Cdc2 (95). A number of other of p53-induced
genes like p21WAF1/CIP1 and BTG2 have also been
implicated in G2/M arrest (81, 96-99).

suggest the existence of p21-independent pathway that
contributes to the p53-mediated G1 arrest (87). However,
the removal of both alleles of p21 from a colon cancer cell
line, which harbors wild-type p53, results in complete
elimination of the DNA damage-induced G1 arrest in these
cells (84).
p53 has also been implicated in the control of a
G2/M checkpoint. Transcriptional down-regulation of
cyclin B1 by p53 (88, 89) may be involved in p53-mediated
G2/M arrest as cyclin B1/Cdc2 complex is the major
regulatory factor required for entry into mitosis (90, 91).
Recently, the cyclin B1 promoter has shown to be down
regulated by p53 (92). Gadd45, another p53-induced gene,
may be involved in G2/M arrest as Gadd45 overexpression
results in a G2/M arrest, which can be attenuated by
overexpression of cyclin B1 and Cdc2, and Gadd45 inhibits
the activity of the cyclin B1/Cdc2 complex in vitro possibly

5.2. Apoptosis induction by p53
p53 plays a major role in triggering apoptosis
under many different physiological conditions (100-102).
Unlike the cell cycle arrest function by p53, a dependence
of apoptosis on the transcription activity of p53 is not
entirely clear. Evidence suggests that apoptosis could be
induced by p53 by both transcription dependent and
independent mechanisms (Figure 4).
For example,
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apoptosis is induced by p53 in the presence of actinomycin
D or cycloheximide, which block RNA or protein
synthesis, respectively (103-104). Similarly, p53 mutants
which are deficient in transcription activation have been
shown to activate apoptosis in Hela cells (105). However,
in another report, one of mutants used in the above study
was found to be defective for inducing apoptosis in baby rat
kidney cells (106). Hence p53 may induce apoptosis by
both transcription dependent and independent mechanisms
and cell type might be one of the important factors
determining the mechanism of apoptosis induction.

inhibitor, TSP1 (77). However, the late passage cells
undergoes an angiogenic switch associated with their
immortalization, loss or mutation of the wild type p53
allele and reduced expression of TSP-1 (77). It was also
shown that the promoter of TSP1 is regulated positively by
p53 (77).
5.4. p53 and genomic stability
p53 has been proposed to be involved in
maintaining stability of the genome (127, 128). Both cell
cycle arrest and apoptosis functions of p53 could be
involved in maintaining the genomic stability. At early
passages, fibroblast from p53-/- mice developed several
chromosomal abnormalities (129). Tumors from p53-/mice also showed aneuploidy and evidence of
chromosomal instability (130, 131). Fibroblasts from p53/- mice showed tetraploidy and octaploidy after exposure to
spindle inhibitors (132). Inactivation of p53 by T antigen
leads to formation of a tetraploid cell-intermediate that is
predisposed to chromosome segregation abnormalities and
the development of multiple aneuploid cell populations
(133). Inhibition of homologous recombination by p53
through a putative interaction with Rad51 may be involved
in the maintenance of genomic stability (134, 135).

p53 target genes such as bax and Fas/APO1, have
been implicated in apoptosis signaling (107, 108). Bax
signaling involves steps that involve translocation of bax to
the mitochondria and release of cytochrome C from the
mitochondria, which triggers activation of caspase 9 and
the downstream caspase cascade (109, 110).
The
Fas/APO1 signal is transmitted through the FADD (Fasassociated death domain) adapter which recruits initiator
caspases 8 and 10 resulting in the activation of the caspase
cascade.
Although these data suggest that bax or
Fas/APO1 may be involved in p53-mediated apoptosis,
neither of them are absolutely required for p53 to induce
apoptosis because cells which are deficient for bax or
Fas/APO1 are proficient in inducing apoptosis upon p53
activation (111-113).

5.5. p53 and Senescence
There is some evidence that p53 may be involved
in cellular senescence. Evidence of a role in senescence for
p53 came from the finding that increased sequence-specific
DNA-binding in vitro and transcriptional activity in vivo
with increased levels of p21WAF1/CIP1 in high-passage
human diploid fibroblasts undergoing replicative aging
(76). Expression of oncogenic ras in primary human or
rodent cells resulted in a permanent G1 arrest,
accumulation of p53 and p16, and features of senescence
(136). In another study, introduction of a transdominantacting p53 mutant rescued the senescing human diploid
fibroblasts with a concomitant decrease in p53
transcriptional activity (137). A mutant p53 containing EJ
bladder carcinoma cell line underwent G1, G2/M arrest,
p21WAF1/CIP1 upregulation and senescence when wildtype p53 was introduced (138). The maintenance of
fibroblast senescence may be critically dependent on
functional p53 because inhibition of p53 activity by
microinjection of a p53 N-terminus specific antibody
PAB1801 or DO-1 results in reinitiation of DNA synthesis
and cell division (139).

Other p53 target genes, which are believed to be
involved in inducing apoptosis are KLLER/DR5 (114),
PAG608 (115), PIG’s (p53-induced genes) (116), p85
(117), and IGF-BP3 (118, 119). KILLER/DR5 is a deathdomain containing pro-apoptotic member of a recently
discovered family of TRAIL (TNF-realted apoptosis
inducing ligand) receptors (120).
Expression of
KILLER/DR5 appears to be increased following exposure
of wild-type p53-expressing cells to cytotoxic DNA
damaging agents such as γ-radiation, doxorubicin or
etoposide (114). Like the Fas/APO1 receptor, signaling
through pro-apoptotic TRAIL receptors involves
downstream caspase activation (121, 122). Induction of
apoptosis by PIG’s involves formation of reactive oxygen
species (116). IGF-BP3 (Insulin like growth factor-binding
protein 3) may induce apoptosis by inhibiting growth
factor-associated signaling (118). Repression of apoptotic
protectors such as Bcl-2 may also contribute to apoptosis
induction by p53 (123). A novel pathway of p53-induced
apoptosis which ivolves direct binding of p53 to TFIIH
DNA helicases XPB or XPD has also been identified (124).

Inhibition of p53 function by the addition of a
transdominant-acting p53 mutant did not result in complete
elimination of senescence and it only resulted in increased
life span, undergoing senescence at a later passage level
(137). This suggests the existence of other molecules
involved in senescence. Indeed, the skin fibroblasts from
patients with Li-Fraumeni syndrome lose the wild-type p53
allele during culture but ultimately undergo senescence
(140).
Increased p53 transcriptional activity in cell
undergoing senescence suggests that p21WAF1/CIP1 might be
one of the mediators of senescence. In fact, p21WAF1/CIP1
was isolated independently as SDI1 (Senescent cell-derived
inhibitor 1), which was found to be overexpressed in
human diploid fibroblasts undergoing senescence (141).

5.3. Inhibition of Angiogenesis by p53
Overexpression of p53 has been found to inhibit
angiogenesis possibly through the upregulation of Tsp1
(77), BAI1 (125), and/or GD-AiF (126). It is not clear why
anti-angiogenesis is required for p53-dependent tumor
suppression.
One explanation could be that tumor
suppression by p53 is achieved by inhibiting the
angiogenesis because as the tumor cells progress toward
malignancy they must switch to an angiogenic phenotype to
attract the nourishing vasculature for their growth. Early
passage Li-Fraumeni cells which carry one wild-type p53
allele secrete large amounts of a potent angiogenic
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Consistent with view, disruption of both alleles of
p21WAF1/CIP1 in normal human diploid lung fibroblasts
resulted in extended life span (142).

susceptible to spontaneous tumors. Nature 356, 215-221
(1992)
5. Lavigueur, A., V. Maltby, D. Mock, J. Rossant, T.
Pawson & A. Bernstein: High incidence of lung, bone, and
lymphoid tumors in transgenic mice overexpressing mutant
alleles of p53 oncogene. Mol Cell Biol 9, 3982-3991 (1989)

6. P53 FAMILY
Several p53 family members have been identified
recently. They are p73 (143), p51 (144), p63 (145), and
p40 (146). The p53 family members seem to share many
properties with p53. All of them have considerable
homology with p53 in particular with the conserved
domains of p53. p73, p51 and p63 activate the p53 target
gene p21WAF1/CIP1 and induce apoptosis when
overexpressed (144, 145, 147).

6. Ko, L. J., & C. Prives: p53: puzzle and paradigm. Genes
Dev. 10, 1054-1072 (1996)
7. El-Deiry, W. S: Regulation of p53 downstream genes.
Seminars in Cancer Biol 8, 345-57 (1998)
8. Lin, J., X. Wu, J. Chen, A. Chang & A. J. Levine:
Functions of p53 protein in growth regulation and tumor
suppression. Cold Spring Harbor Symposia On
Quantitative Biology LIX, 215-223 (1995)

p53 is an ideal choice for gene replacement
therapy because it is a potent inducer of cancer cell
apoptosis and is effective despite the presence of multiple
genetic changes in the cancer cells (148). However, p53gene therapy has important limitations that must be
considered for its clinical development as an anticancer
agent despite its strengths (149). For example, cells
transformed by HPV type 16 or 18 are resistant to p53
mediated killing because E6 oncoprotein encoded by the
virus targets p53 for degradation (150). Human cancer cell
lines, which over express MDM2 are resistant to the growth
inhibitory effects of Ad-p53 (151). Similarly, cancer cells
which express viral oncogenes like SV40 T antigen,
hepatitis B virus X gene, the products of which have been
shown to inactivate p53, are resistant to p53 gene therapy
(152, 153). Despite the high degree of similarity between
p53 and p73, p73 has been shown to be resistant to many
viral oncogenes. p73β has been shown to be resistant to
degradation by HPV E6 and can suppress growth and
induce apoptosis in HPV E6-expressing cancer cells (154).
Subsequently, it was found that the viral oncogenes
adenovirus E1B 55K, SV40 T antigen, and human
papillomavirus E6 do not physically interact with p73
(155). These findings raise the possibility of using p73 in
gene therapy of cancer cells which are resistant to p53
based gene therapy.

9. Lu, H. & A. J. Levine: Human TAFII31 protein is a
transcriptional coactivator of the p53 protein. Proc Natl
Acad Sci USA. 92, 5154-5158 (1995)
10. Thut, C., J. L. Chen, R. Klemm & T. Tijian: p53
transacriptional activation mediated by coactivators
TAF1140 and TAF1160. Science 267, 100-104 (1995)
11. Bargonetti, J., J. J. Manfredi, X. Chen, D. R. Marshak
& C. Prives: A proteolytic fragment from the central region
of the p53 has marked sequence-specific DNA-binding
activity when generated from wild-type but not from an
oncogenic mutant p53 protein. Genes Dev 7, 2565-2574
(1993)
12. Halazonetis, T. D. & A. N. Kandil: Wild-type p53
adopts a “mutant”-like conformation when bound to DNA.
EMBO J 12, 1021-1028 (1993)
13. Pavletich, N. P., K. A. Chambers & C. O. Pabo: The
DNA-binding domain of p53 contains the four conserved
regions and the major mutation hot spots. Genes Dev 7,
2556-2564 (1993)

7. ACKNOWLEDGEMENTS
14. Wang, Y., M. Reed, P. Wang, J. E. Stenger, G. Mayr,
M. E. Anderson, M. E., Schwedes & P. Tegtmeyer: p53
domains: identification and characterization of two
autonomous DNA-binding regions. Genes Dev 7, 25752586 (1993)

W.S.E.-D is an Assistant Investigator of the
Howard Hughes Medical Institute.
8. REFERENCES

15. Hollstein, M., K. Rice, M. S. Greenblatt, T. Soussi, R.
Fucks, T. Sorlie, E. Hovig, B. Smith-Sorensen, R.
Montesano, & C. C. Harris: Database of p53 gene somatic
mutations in human tumors and cell lines. Nucleic Acids
Res 22, 3551-3555 (1994)

1. Levine, A.J: p53, the cellular gatekeeper for growth and
division. Cell 88, 323-331 (1997)
2. Hollstein, M., D. Sidransky, B. Vogelstein, & C. C.
Harris: p53 mutations in human cancers. Science 253, 4953 (1991)
3. Levine, A. J., J. Momand & C. A. Finlay: The p53 tumor
suppressor gene. Nature 351, 453-456 (1991)

16. El-Deiry, W. S., S. E. Kern, J. A. Pientenpol, K. W.
Kinzler. & B. Vogelstein: Definition of a consensus
binding site for p53. Nat Genet 1, 45-49 (1992)

4. Donehower, L. A., M. Harvey, B. L. Slagle, M. J.
McArther, C. A. Jr. Montgomery, J. S Butel, & A. Bradley:
Mice deficient for p53 are developmently normal but

17. Balagurumoorthy, P., H. Sakamoto, M. S. Lewis, N.
Zambrano, A. M. Clore, A. M. Gronenborn, E. Appella &
R. E. Harington: Four p53 DNA-binding domain peptides

431

p53 tumor suppression

bind natural p53 response elements and bend the DNA.
Proc Natl Acad Sci USA 92, 8591-8595 (1995)

31. Lowe, S. & H. E. Ruley: Stabilization of the p53 tumor
suppressor is induced by adenovirus 5 E1A and
accompanies apoptosis. Genes Dev. 7, 535-545 (1993)

18. Wang, Y., J. F. Schwedes, D. Parks, K. Mann & P.
Tegtmeyer: Interaction of p53 with its concensus DNAbinding site. Mol. Biol. Cell 15, 2157-2165 (1995)

32. Demers, G. W., C. L. Halbert & D. A. Galloway:
Elevated wild-type p53 protein levels in human epithelial
cell lines immortalized by human papillomavirus type 16
E7 gene. Virology 198, 169-174 (1994)

19. Stenger, J. E., P. Tegtmeyer, G. A. Mayr, M. Reed, Y.
Wang, P. Wang P. V. Hough & I. A. Mastrangelo: p53
oligomerization and DNA looping are linked with
transcriptional activation. EMBO J 13, 6011-6020 (1994)

33. Maheswaran, S., C. Englert, P. Bennett, G. Heinrich &
D. A. Haber: The WT1 gene stabilizes p53 and inhibits
p53-mediated apoptosis. Genes Dev. 9. 2143-2156 (1995)

20. Shaulian, E., A. Zauberman, D. Ginsberg & M. Oren:
Identification of a minimal transforming domain of p53:
negative dominance through abrogation of sequencespecific DNA binding. Mol Cell Biol 12, 5581-5592 (1992)

34. Kastan, M. B., O. Onyekwere, D. Sidransky, B.
Vogelstein & R. W. Craig: Participation of p53 in the
cellular response to DNA damage. Cancer Res 51, 63046311 (1991)

21. Jeffrey, P. D., S. Gorina & N. P. Pavletich: Crystal
structure of the tetramerization domain of p53 tumor
suppressor at 1.7 angstroms. Science 267, 1498-1502
(1995)

35. Jayaraman, L. & C. Prives: Activation of p53 sequencespecific DNA-binding by short single strands of DNA
requires the p53 C-terminus. Cell 81, 1021-1029 (1995)

22. Lee, S., B. Elenbaas, A. Levine, & J. Griffith, J: p53
and its 14 kDa C-terminal domain recognize primary DNA
damage in the form of insertion/deletion mismatches. Cell
81, 1013-1020 (1995)

36. Oliner, J. D., J. A. Pientenpol, S. Thiagalingam, J.
Gyuris, K. W. Kinzler & B. Vogelstein: Oncoprotien
MDM2 conceals the activation domain of tumor suppressor
p53. Nature 362, 857-860 (1993)

23. Hupp. T. R. & D. P. Lane: Two distinct signalling
pathways activate the latent DNA-binding function of p53
in a casein kinase II-independent manner. J Biol Chem 270,
18165-18174 (1994)

37. Kubbutat, M. H. G., S. N. Jones & K. Vousden:
Regulation of p53 stability by MDM2. Nature 387, 299303 (1997)
38. Haupt, Y., R. Maya, A. Kaza, & M. Oren: Mdm2
promotes the rapid degradation of p53. Nature 387, 296299 (1997)

24. Hupp, T. R., A. Sparks & D. P. Lane: Small peptides
activate the latent sequence-specific DNA binding function
of p53. Cell 83, 237-245 (1995)

39. Shieh, S. Y., M. Ikeda, Y. Taya & C. Prives: DNA
damage-induced phosphorylation of p53 alleviates
inhibition by MDM2. Cell 91, 325-334 (1997)

25. Chowdary D. R., J. J. Dermody, K. K. Jha & H. L.
Ozer: Accumulation of p53 in a mutant cell line defective
in the ubiquitin pathway. Mol Cell Biol 14, 1997-2003
(1994)

40. Ashcroft, M., M. H. Kubbutat & K. H. Vousden:
Regulation of p53 function and stability by
phosphorylation. Mol Cell Biol 19, 1751-1758 (1999)

26. Mosner, J. T., T. Mummenbrauer, C. Bauer, G.
Sczakiel, F. Grossee & W. Deppert: Negative feedback
regulation of wild-type p53 biosynthesis. EMBO J 15,
4442-4449 (1995)

41. Canman, C. E., D. S. Lim, K. A. Cimprich, Y. Taya, K.
Tamai, K. Sakaguchi, E. Appella, M. B. Kastan & D. D.
Siliciano: Activation of the ATM kinase by ionizing
radiation and phosphorylation of p53. Science 281, 16771679 (1998)

27. Donehower, L. A.& A. Bradley: The tumor suppressor
p53. Biochem Biophys Acta 1155, 181-205 (1993)
28. Zhan, Q., F. Carrier & A. J. Jr. Fornace: Induction of
cellular p53 activity by DNA-damaging agents and growth
arrest. Mol Cell Biol 13, 4242-4250 (1993)

42. Kharbanda, S., R. Ren, P. Pandey, T. D. Shafman, S.
M. Feller R. R. Weichselbaum & D. W. Kufe: Activation
of the c-Abl tyrosine kinase in the stress response to DNAdamaging agents. Nature 376, 785-788 (1995)

29. Graeber, T. G., J. F. Peterson, M. Tsai, K. Monica, A. J.
Jr. Fornace & A. J.Giaccia: Hypoxia induces accumulation
of p53 protein, but activation of a G1-phase checkpoint by
low-oxygen conditions is independent of p53 status. Mol
Cell Biol 14, 6264-6277 (1994)

43. Shafman, T., K. K. Khanna, P. Kedar, K. Spring, S.
Kozlov, T. Yen, K. Hobson, K. Gatei, N. Zhang, D.
Watters, M. Egerton, Y. Shiloh, S. Kharbanda, D. Kufe &
M. F. Lavin: Interaction between ATM protein and c-Abl
in response to DNA damage. Nature 387, 520-523 (1997)

30. Yeargin J., & M. Haas: Elevated levels of wild-type
p53 induced by radiolabeling of cells leads to apoptosis or
sustained growth arrest. Curr Biol 5. 423-431 (1995)

44. Baskaran R., L. D. Wood, L. L. Whitaker, C .E.
Canman, S. E. Morgan, Y. Xu, C. Barlow, D. Baltimore, A.

432

p53 tumor suppression

Wynshaw-Boris, M. B. Katan & J. Y. Wang,: Ataxia
telangiectasia mutant protein activates c-Abl tyrosine
kinase in response to ionizing radiaton. Nature 387, 516519 (1997)

p300/CBP in p53-dependent signal pathways. Cell 89,
1175-1184 (1997)
58. Gu, W., X. L. Shi & R. G. Roeder: Synergistic
activation of transcription by CBP and p53. Nature 387,
819-823 (1997)

45. Goga, A., X. Liu, T. M. Hambuch, K. Senechal, E.
Major, A. J. Berk, O. N. Witte & C. L. Sawyers: p53
dependent growth suppression by the c-Abl nuclear kinase.
Oncogene 11, 791-799 (1995)

59. Lill, N. L., S. R. Grossman, S. R. Ginsberg, J. DeCaprio
& D. M. Livingston: Binding and modulation of p53 by
p300/CBP coactivators. Nature 387, 823-827 (1997)

46. Khanna, K. K., K. E. Keating S. Kozlov, S. Scott, M.
Gatei, K. Hobson, Y. Taya., B. Gabrielli, D. Chan, S. P. LeesMiller & M. T. Lavin: ATM associates with and
phosphorylates p53: mapping the region of interaction. Nat
Genet 20, 398-400 (1998)

60. Sakaguchi, K., J. E. Herrera, S. Saito, T. Miki, M.
Bustin, A. Vassilev, C. W. Anderson & E. Appella: DNA
damage activates p53 through a phosphorylationacetylation cascade. Genes Dev 12, 2831-2841 (1998)

47. Milne, D. M., D. G. Campbell, F. B. Caudwell & D. W.
Meek: Phosphorylation of the tumor suppressor protein p53 by
mitogen-activated protein kinses. J Biol Chem 269, 9253-9260
(1994)

61. Steegenga, W. T., T. van Laar, N. Riteco, A.
Mandarino, A. Shvarts, A. van der Eb & A. G. Jochensen:
Adenovirus E1A proteins inhibit activation of transcription
by p53. Mol Cell Biol 16, 2101-2109 (1996)

48. Milne, D. M., D. G. Campbell, F. B. Caudwell & D. W.
Meek: p53 is phosphorylated in-vitro and in-vivo by an ultraviolet radiation-induced protein kinase characteristic of the cjun kinase. J Biol Chem 270, 5511-5518 (1995)

62. Somasundaram, K , & W. S. El-Deiry: Inhibition of
p53-mediated transactivation and cell cycle arrest by E1A
through its p300/CBP-interacting region. Oncogene 14,
1047-1057 (1997)

49. Jamal, S. & E. B. Ziff: Raf phosphorylates p53 in vitro and
potentiates p53-dependent transcriptional activation in vivo.
Oncogene 10, 2095-2101 (1995)

63. Kamijo, T., F. Zindy, M. F. Roussel, D. E. Quelle, J. R.
Downing, R. A. Ashmun, G. Grosveld & C. J. Sherr, C.J:
Tumor suppressor at the mouse INK4a locus mediated by
the alternative reading frame product p19ARF. Cell 91, 649659 (1997)

50. Meek, D: Post-translational modifications of p53. Semin
Cancer Biol 5, 203-210 (1994)

64. Stone, S., P. Jiang, P. Dayanath, S.V. Tavtgian, H.
Katcher, D. Parry, G. Peters & A. Kamb: Complex
structure and regulation of the p16 (MTS1) locus. Cancer
Res 55, 2988-2994 (1995)

51. Woo, R. A., K. G. McLure, S. P. Lees-Miller, D. E.
Rancourt & P. W. K. Lee: DNA-dependent protein kinase acts
upstream of p53 in response to DNA damage. Nature 394,
700-704 (1998)
52. Zuo, Z., N. M. Dean & R. E. Honkanen: Serine/threonine
protein phosphatase type 5 acts upstream of p53 to regulate the
induction of p21(WAF1/CIP1) and mediate growth arrest. J
Biol Chem 273, 12250-12258 (1998)

65. de Stanchina, E., M. E. McCurrach, F. Zindy, S-Y.
Shieh, G. Ferbeyre, A.V. Samuelson, C. Prives, M. F.
Roussel, C. H Sherr & S. W. Lowe: E1A signaling to p53
involves the p19ARF tumor suppressor. Genes Dev 12,
2434-2442 (1998)

53. Waterman, M. J. F., E. S. Stavridi, J. L. F. Waterman & T.
D. Halazonetis: ATM-dependent activation of p53 involves
dephosphorylation and association with 14-3-3 proteins. Nat.
Genet. 19, 175-178 (1998)

66. Kamijo, T., J.D. Weber, G. Zambetti, F. Zindy, M.F.
Roussel & C.J. Sherr: Functional and physical interactions
of the ARF tumor suppressor with p53 and Mdm2. Proc
Natl Acad Sci USA 95, 8292-8297 (1998)

54. Gu, W., & R. G. Roeder: Activation of p53 sequencespecific DNA binding by acetylation of the p53 C-terminal
domain. Cell 90, 595-606 (1997)
55. Bannister, A. J & T. Kouzarides: The CBP co-activator is a
histone acetyl transferase. Nature 384, 641-643 (1996)

67. Pomerantz, J., N. Schreiber-Agus, N. J. Liegeois, A.
Silverman, L. Allan, L. Chin, J. Potes, K. Chen, I. Orlow,
H-W. Lee, C. Cordon-Cardo & R. A. DePinho: The Ink4a
tumor suppressor gene product, p19ARF, interactes with
MDM2 and neutralizes MDM2’s inhibition of p53. Cell 92,
713-723 (1998)

56. Ogryzko, V. V., R. L. Schiltz, V. Russanova, B. H.
Howard, R. Evans & Y. Nakatani: The transcriptional
coactivators p300 and CBP are histone acetyl transferases. Cell
87, 953-959 (1996)

68. Zhang, Y., Y. Xiong & W.G. Yarbrough: ARF
promotes MDM2 degradation and stabilizes p53: ARFINK4a locus deletion impairs both the Rb and p53 tumor
suppression pathways. Cell 92, 725-734 (1998)

57. Avantaggiati, M.L., V. Ogryzko, K. Gardner,. A. A.
Giordano,. A. S. Levine & K. Kelly: Recruitment of

69. Bates, S., A. C. Phillips, P. A. Clark,. F. Stott, G.
Peters, R. L. Ludwig & K. H. Vousden: p14ARF links the

433

p53 tumor suppression

tumor suppressors RB and p53. Nature 395, 124-125
(1998)

83. El-Deiry, W. S., T. Tokino, V. E. Velculescu, D. B.
Levy, R. Parsons, J. M. Trent, D. Lin, E. W. Mercer, K. W.
Kinzler & B. Vogelstein: WAF1, a potential mediator of
p53 tumor suppression. Cell 75, 817-825 (1993)

70. Zindy, F., D. H. Eischen, D. H. Randle, T. Kamijo, J. L.
Cleveland, C. J. Sherr & M. F. Roussel: MYC-induced
immortalization and apoptosis targets the ARF-p53
pathway. Genes Dev 12, 2424—2433 (1998)

84. Waldman, T., K. Kinzler & B. Vogelstein: p21WAF1 is
necessary for the p53-mediated G1 arrest in human cancer
cells. Cancer Res 55, 5187-5190 (1995)

71. Palmero I., C. Pantoja & M. Serrano: p19ARF links the
tumor suppressor p53 and Ras. Nature 395, 125-126 (1998)

85. Harper, J. W., S, J. Elledge, K. Keyomarsi, B.
Dynlacht, L-H. Tsai, P. Zhang, S. Dobrowolski, C. Bai, L.
Connell-Croley, E. Swindell, M. P. Fox, & N.Wei:
Inhibition of cyclin-dependent kinases by p21. Mol Biol
Cell 6, 387-400 (1995)

72. Zhang, H., K. Somasundaram, Y. Peng, H. Tian, H.
Zhang, D. Bi, B. L. Weber & W. S. El-Deiry, W.S: BRCA1
physically associates with p53 and stimulates its
transcriptional activity. Oncogene 16, 1713-1721 (1998)

86. Li, R., S. Waga, G. J. Hannon, D. Beach & B. Stillman:
Differential effects by the p21 CDK inhibitor on PCNAdependent DNA replication and repair. Nature 371, 534537 (1994)

73. Somasundaram, K., T. K. MacLachlan, T. F. Burns, M.
Sgagias, K. H. Cowan, B. L. Weber & W. S. El-Deiry:
BRCA1 signals ARF-dependent stabilization and
coactivation of p53. Oncogene 18, 6605-6614 (1999)

87. Deng, C., P. Zhang, J. W. Harper, S. J. Elledge & P.
Leder: Mice lacking p21CIP1/WAF1 undergo normal
development, but are defective in G1 checkpoint control.
Cell 82, 675-784 (1995)

74. Lane, D. P: p53, guardian of the genome. Nature 358,
15-16 (1992)
75 Aloni-Grinstein, R., D. Schwartz & V. Rotter:
Accumulation of wild-type p53 protein upon γ-irradiation
induces a G2 arrest-dependent immunoglobulin κ light
chain expression. EMBO J 14, 1392-1401 (1995)

88. Agarwal, M. L., A. Agarwal, W. R. Taylor & G.R.
Stark:. p53 controls both the G2/M and the G1 cell cycle
check-point and mediates reversible growth arrest in human
fibroblasts. Proc Natl Acad Sci USA 92, 8493-8497 (1995)

76. Atadja, P., H. Wong, I. Garkavtsev,. C Veillette. & K.
Riabowol: Increased activity of p53 in senescing
fibroblasts. Proc Natl Acad Sci USA 92, 8348-8352 (1995)

89. Stewart, N., G. G. Hicks, F. Parakevas & M. Mowat:
Evidence for a second cell cycle block at G2/M by p53.
Oncogene 10, 109-115 (1995)

77. Dameron, K. M., O. V. Volpert, M. A. Tainsky & N.
Bouck, N: Control of angiogenesis in fibroblasts by p53
regulation of angiogenesis of thrombospondin-1. Science
265, 1582-1584 (1994)

90. Elledge, S. J.: Cell cycle checkpoints: preventing an
identity crisis. Science 274, 1664-1672 (1996)
91. O’connor, P. M: Mammalian G1 and G2 phase
checkpoints. Cancer Surv 29, 151-182 (1997)

78. Crook, T., N. J. Marston, E. A. Sara & K. H. Vousden:
Transcriptional activation by p53 correlates with
suppression of growth but not transformation. Cell 79, 817827 (1994)

92. Innocente, S. A., J. L. A. Abrahamson, J. P. Cogswell,
& J. M. Lee: p53 regulates a G2 checkpoint through cyclin
B1. Proc Natl Acad Sci USA 96, 2147-2152 (1999)

79. Pietenpol, J.A., T. Tokino, S. Thiagalingam, W. S. ElDeiry, K. W. Kinzler & B. S. Vogelstein: Sequencespecific transcriptional activation is essential for growth
suppression by p53. Proc Natl Acad Sci USA 91, 19982002 (1994)

93. Zhan, Q., M. J. Antinore, X. W. Wang, F. Carrier, M.
L. Smith, C. C. Harris & A. J. Jr. Fornace: Association with
Cdc2 and inhibition of Cdc2/cyclin B1 kinase activity by
the p53-regulated protein Gadd45. Oncogene 18, 28922900 (1999)

80. Vogelstein, B., & K. Kinzler: p53 function and
dysfunction. Cell 70, 523-526 (1992)

94. Hermeking, H., C. Lengauer, K. Polyak, T. C. He, L.
Zhang, S. Thiagalingam, K. W. Kinzler & B. Vogelstein:
14-3-3 sigma is a p53-regulated inhibitor of G2/M
progression. Mol Cell 1, 3-11 (1997)

81. Bunz, F., A. Dutriaux, C. Lengauer, T. Waldman, S
Zhou, J. P. Brown, J. M. Sedivy, K. W. Kinzler & B.
Vogelstein: Requirement of p53 and p21 to sustain G2
arrest after DNA damage. Science 282, 1497-1501 (1998)

95. Peng, C. Y., P. R. Graves, R. S. Thoma, Z. Wu, A. S.
Shaw & H. Piwnica-Worms: Mitotic and G2 checkpoint
control: regulation of 14-3-3σ protein binding by
phosphorylation of cdc25C on serine-216. Science 277,
1501-1505 (1997)

82. Harper, J. W., G. R. Adami, N. Wei, K. M. Keymarsi.&
S. Elledge: The p21 Cdk interacting protein Cip1 is a
potent inhibitor of G1 cyclin-depndent kinases. Cell 75,
805-816 (1993)

434

p53 tumor suppression

96. Medema, R. H., R. Klompmaker, V. A. Smits & G.
Rijksen: p21waf1 can block cells at two points in the cell
cycle, but does not interfere with processive DNA
replication or stress-activated kinases. Oncogene 16, 431441 (1998)

109. Goping, I. S., A. Gross, J. N. Lavoie, M. Nguyen, R.
Jemmerson, K. Roth, S. J. Korsmeyer, & G. C. Shore:
Regulated targeting of BAX to mitochondria. J Cell Biol
143, 207-215 (1998)

97. Niculescu, A.B., X. Chen, M. Smeets, L. Hengst, C.
Prives & S. I. Reed: Effects of p21(Cip1/Waf1) at both the
G1/S and the G2/M cell cycle transitions: pRB is a critical
determinant in blocking DNA replication and in preventing
endoreduplication. Mol Cell Biol 18, 629-643 (1998)

110. Eskes, R., B. Antonsson, A. Osen-sand, S. Montessait,
C. Richter, R. Sadoul, G. Mazzei, A. Nichols & J. C.
Martinou: Bax-induced cytochrome C release from
mitochondria is independent of the permeability transition
pore but highly dependent on Mg2+ ions. J Cell Biol 143,
217-224 (1998)

98. Dulic, V., G. H. Stein, D. F. Far & S. I. Reed: Nuclear
accumulation of p21Cip1 at the onset of mitosis: a role at
the G2/M-phase transition. Mol Cell Biol 18, 546-557
(1998)

111. Knudson, C. M., K. S. Tung, W. G. Tourtellote, G. A.
Brown & S. J. Korsmeyer: Bax-deficient mice with
lymphoid hyperplasia and male germ cell death. Science
270, 96-99 (1995)

99. Rouault, J. P., D. Prevot, C. Berthet, A. M. Birot, M.
Billaud, J. P. Magaud & L. Corbo: Interaction of BTG1 and
p53-regulated BTG2 gene products with mCaf1, the murine
homolog of a component of the yeast CCR4 transcriptional
regulatory complex. J Biol Chem. 273, 22563-22569 (1998)

112. McCurrach, M. E., T. M. Connor, C. M. Knudson, S.
J. Korsmeyer & S. W. Lowe: Bax-deficiency promotes
drug resistance and oncogenic transformation by
attenuating p53-dependent apoptosis. Proc Natl Acad Sci
USA 94, 2345-2349 (1997)

100. Jones, S. N., A. E. Roe, L. A. Donehower & A.
Bradley: Rescue of embryonic lethality in Mdm2-deficient
mice by absence of p53. Nature 378, 206-208 (1995)

113. Fuchs, E. J., K. A. McKenna & A. Bedi: p53dependent DNA-damage induced apoptosis requires
Fas/APO-1-independent activation of CPP32beta. Cancer
Res 57, 2550-2554 (1997)

101. Montes de Oca Luna, R., D. S. Wagner & G. Lozano:
Rescue of early embryonic lethality in mdm2-deficient
mice by deletion of p53. Nature 378, 203-206 (1995)

114. Wu, G. S., T. F. Burns, E. R. III. McDonald, W. Jiang,
W. Meng, I. D. Krantz, G. Kao, D-D. Gan, J-Y. Zhou, R.
Muschel, S. R. Hamilton, N. B. Spinner, S. Markowitz, G.
Wu & W. S. El-Deiry: KILLER/DR5 is a DNA-damageinducible p53-regulated death receptor gene. Nature Genet
17, 141-143 (1997)

102. Symonds, H., L. Krall, L. Remington, M. SaenzRobles, S. Lowe, T. Jacks & T. Van Dyke: p53-dependent
apoptosis suppresses tumor growth and progression in vivo.
Cell 78, 703-711 (1994)

I15. Israeli, D., E. Tessler, Y. Haupt, A. Elkeles, S. Wilder,
R. Amson, A. Telerman, & M. Oren: A novel p53inducible gene, PAG608, encodes a nuclear zinc finger
protein whose overexpression promotes apoptosis. EMBO J
16, 4384-4392 (1997)

103. Caelles, C., A. Heimberg & M. Karin: p53-dependent
apoptosis in the absence of p53-target genes. Nature 370, 220223 (1994)
104. Wagner, A. J., J. M. Kokontis & N. Hay: MYC-mediated
apoptosis requires wild-type p53 in a manner independent of
cell cycle arrest and the ability of p53 to induce p21waf1/cip1.
Genes Dev 8, 2817-2830 (1994)

116. Polyak, K., Y. Xia, J. K. Zwier, K. W. Kinzler & B.
Vogelstein: A model for p53-induced apoptosis. Nature
389, 300-305 (1997)

105. Haupt, Y., S. Rowen, E. Shaulian, K. Vousden & M.
Oren: Induction of apoptosis in HeLa cells by transactivationdeficient p53. Genes Dev 9, 2170-2183 (1995)

117. Yin, Y., Y. Terauchi, G. G. Solomon, S. Aizawa, P. N.
Rangarajan, Y. Yazaki, T. Kadowaki & J. C. Barrett:
Involvement of p85 in p53-dependent apoptotic response to
oxidative stress. Nature 391, 707-710 (1998)

106. Sabbatini, P., J. Lin, A. J. Levine & E. White: Essential
role for p53-mediated transcription in E1A-induced apoptosis.
Genes Dev 9, 2184-2192 (1995)

118. Buckbinder, L., R. Talbott, S. Velascomiguel, I.
Takenaka, B. Faha, B. R. Seizinger & N. Kley: Induction of
the growth inhibitor IGF-binding protein-3 by p53. Nature
377, 646-649 (1995)

107. Miyashita, T., & J. C. Reed: Tumor suppressor p53 is a
direct transcriptional activator of the human bax gene. Cell 80,
293-99 (1995)

119. Rajah, R., B. Valentinis & P. Cohen: Insulin like
growth factor (IGF)-binding protein-3 induces apoptosis
and mediates the effect of transforming growth factorbeta 1 on programmed cell death through a p53- and
IGF-independent mechanism. J Biol Chem 272, 1218112188 (1997)

108. Owen-Schaub, L.B., W. Zhang, J. C. Cusack, L. S. Angel,
S. M. Santee, T. Fujiwara, J. A. Roth, A. B. Deisseroth, W.-W.
Zhang, E. Kruzel & R. Radinsky: Wild-type human p53 and a
temperature sensitive mutant induce fas/APO1 expression.
Mol Cell Biol 15, 3032-3040 (1995)

435

p53 tumor suppression

120. Ashkenazi, A. & V. M. Dixit: Death receptors:
signaling and modulation. Science 281, 1305-1308 (1998)

& H. E. Varmus: Deficiency of p53 accelerates mammary
tumorigenesis in Wnt-1 transgenic mice and promotes
chromosomal instability. Genes Dev 9, 882-895 (1995)

121. Pan, G., J. Ni, Y-F. Wei, G-I. Yu, R. Gentz & V. M.
Dixit: An antagonist decoy receptor and a death domaincontaining receptor for TRAIL. Science 277, 815-818
(1997)

132. Cross, S. M., C. A. Sanchez, C. A. Morgan, M. K.
Schimke, S. Ramel, R. L. Idzerda, W. H. Raskind & B. J.
Reid, B.J: A p53-dependent mouse spindle checkpoint.
Science 267, 1582-1584 (1995)

122. Sheridan, J. P., S. A. Marsters, R. M. Pitti, A. Gurney,
M. Skubatch, D. Baldwin, L. Ramakrishnan, C. L. Gray, K.
Baker, W. I. Wood, A. D. Goddard, P. Godowski & A.
Ashkenazi: Control of TRAIL-induced apoptosis by a
family of signaling and decoy receptors. Science 277, 818821 (1997)

133. Ramel, S., C. A. Sanchez, M. K. Schimke, K. Neshat,
S. M. Cross, W. H. Raskind & B. J. Reid: Inactivation of
p53 and the development of tetraploidy in the elastase–
SV40 T antigen transgenic mouse pancreas. Pancreas 11,
213-222 (1995)

123. Miyashita, T., M. Harigai, M. Hanada & J. C. Reed:
Identification of a p53-dependent negative response
element in the Bcl-2 gene. Cancer Res 54, 3131-3135
(1994)

134. Buchhop, S., M. K. Gibson, X. W. Wang, P. Wagner,
H. W. Sfurzbecher & C. C. Harris: Interaction of p53 with
the human Rad51. Nucleic Acids Res 25, 3868-3874 (1997)
135. Sturzbecher, H. W., B. Donzelmann, W. Henning, U.
Knippschild & S. Buchhop: p53 is linked directly to
homologous recombination processes via Rad51/RecA
protein-interaction. EMBO J 15, 1992-2002 (1996)

124. Wang, X. W., W. Vermeulen, J. D. Coursen, M.
Gibson, S. E. Lupold, K. Forrester, G. Xu, L. Elmore, H.
Yeh, J. H. Hoeijmakers & C. C. Harris: The XPB and XPD
DNA helicases are components of the p53-mediated
apoptosis pathway. Genes Dev 10, 1219-1232 (1996)

136. Serrano, M., A. W. Lin, M. E. McCurrach, D. Beach
& S. W. Lowe: Oncogenic ras provokes premature cell
senescence associated with accumulation of p53 and
p16INK4a. Cell 88, 593-602 (1997)

125. Nishimori, H., T. Shiratsuchi, T. Urano, K. Kimura, K.
Kiyona, K. Tatsumi, S. Yoshida, M. Ono, M. Kuwano, Y.
Nakamura & T. Tokino: A novel brain-specific p53-target
gene, BAI1, containing thrombospondin type I repeats
inhibits experimental angiogenesis. Oncogene 15, 21452150 (1997)

137. Bond, J., M. Haughton, J. Blaydes, V. Gire, D.
Wynford-Thomas & F. Wyllie: Evidence that
transcriptional activation by p53 plays a direct role in the
induction of cellular senescence. Oncogene 13, 2097-2104
(1996)

126. Furuhata, T., T. Tokino, T. Urano, & Y Nakamura:
Isolation of a novel GPI-anchored gene specifically regulated
by p53; correlation between its expression and anti-cancer drug
sensitivity. Oncogene 13, 1965-1970 (1996)

138. Sugrue, M. M., D. Y. Shin & S. A. Aaronson: Wildtype p53 triggers a rapid senescence program in human
tumor cells lacking functional p53. Proc Natl Acad Sci USA
94, 9648-9653 (1997)

127. Livingstone, L. R., A. White, J. Sprouse, E. Livanos, T.
Jacks & T. D. Tlsty: Altered cell cycle arrest and gene
amplification potential accompany loss of wild-type p53. Cell
70, 923-935 (1992)

139. Gire, V. & D. Wynford-Thomas: Reinitiation of DNA
synthesis and cell division in senescent human fibroblasts
by microinjection of anti-p53 antibodies. Mol Cell Biol 18,
1611-1621 (1998)

128. Yin, Y., M. A. Tainsky, F. Z. Bischoff, L. C. Strong & G.
M. Wahl: Wild-type p53 restores cell cycle control and inhibits
gene amplification in cells with mutant p53 alleles. Cell 70,
937-948 (1992)

140. Medcalf, A. S., A. J. Klein-Szanto & V. J. Cristofalo:
Expression of p21 is not required for senescence of human
fibroblasts. Cancer Res 56, 4582-4585 (1996)

129. Harvey, M., A. T. Sands, R. S. Weiss, M. E. Hegi, R. W.
Weiseman, P. Pantszis, B. C. Giovanella, M. A. Tainsky, A.
Bradley & L. A Donehower: In vitro growth characteristics of
embryo fibroblasts isolated from p53-deficient mice.
Oncogene 8, 2457-2467 (1993)

141. Noda, A., Y. Ning, S. F. Venable, O. M. Pereira-Smith
& J. R. Smith: Cloning of senescent cell-derived inhibitor
of DNA synthesis using an expression screen. Exp Cell Res
211, 90-98 (1994)

130. Purdie, C. A., D. J. Harrison, A. Peter, L. Dobbie, S.
White, S. E. M. Howie, D. M. Salter, C. C. Bird, A. H. Wyllie,
M. L. Hooper & A. R. Clarke: Tumor incidence, spectrum and
ploidy in mice with a large deletion in the p53 gene. Oncogene
9, 603-609 (1994)

142. Brown, J.P., W. Wei & J. M. Sedivy: Bypass of
senescence after disruption of p21CIP1/WAF1 gene in normal
diploid human fibroblasts. Science 277, 831-834 (1997)
143. Kaghad, M., H. Bonnet, A. Yang, L. Creancier, J. C.
Biscan, A. Valent, A. Minty, P. Chalon, J. M. Lelias, X.
Dumont, P. Ferrara, F. McKeon & D. Caput:
Monoallelically expressed gene related to p53 at 1p36, a

131. Donehower, L. A., L. A. Godley, C. M. Aldaz, R.
Pyle, Y. P. Shi, D. Pinkel, D. Gray, A. Bradley, D. Medina

436

p53 tumor suppression

region frequently deleted in neuroblastoma and other
human cancers. Cell 90, 809-819 (1997)

155. Marin, M. C., C. A. Jost, M. S. Irwin, J. A. DeCaprio,
D. Caput & W. G. Jr. Kaelin: Viral oncoproteins
discriminate between p53 and the p53 homolog p73. Mol
Cell. Biol. 18, 6316-6324 (1998)

144. Osada, M., M. Ohba, C. Kawahara, C. Ishioka, R.
Kanamaru, I. Katoh, Y. Ikawa, Y. Nimura, A. Nakagawara,
M. Obinata & S. Ikawa: Cloning and functional analysis of
human p51, which structurally and functionally resembles
p53. Nat Genet 4, 839-843 (1998)

Key words: p53, apoptosis, Cell cycle, Cancer, Tumor
suppressor, p73, Review
Send correspondence to: Dr Wafik S. El-Deiry,
University of Pennsylvania, CRB 437, 415 Curie Blvd.,
Philadelphia, PA 19104 Tel:215-898 9015, Fax:215-573
9139, E-mail: weldeir@hhmi.upenn.edu

145. Yang, A., M. Kaghad, Y. Wamg, E. Gillett, M. D.
Fleming, V. D’otsch, N. C. Andrews, D. Caput & F.
McKeon: p63, a p53 homolog at 3q27-29, encodes multiple
product with transactivating, death-inducing, and
dominant-negative activities. Mol Cell 2, 305-316 (1998)

This manuscript is available on line at:

146. Trink, B., K. Okami, L. Wu, V. Sriuranpong, J. Jen &
D. Sidransky: A new human p53 homologue. Nat Med 4,
747-748 (1998)

http://www.bioscience.org/2000/d/somasund/fulltext.htm

147. Jost, C. A., M. C. Marin & W. G. Jr. Kaelin: p73 is a
human p53-related protein that induce apoptosis. Nature
389, 191-194 (1997)
148. Nielson, L. L , J. Dell, E. Maxwell, L. Armstrong, D.
Maneval & J. J. Catino: Efficacy of p53 adenovirusmediated gene therapy against human breast cancer
xenografts. Cancer Gene Ther 4, 129-138 (1997)
149. Meng, R. D, & W. S. El-Deiry: Tumor suppressor
genes as targets for cancer gene therapy. In Gene Therapy
of Cancer: Translational approaches from preclinical
studies to clinical implementation. (Lattime, E.C., and
Gerson, S.L. ed.) Academic Press. pp 3-20 (1999)
150. Scheffner, M., B. A. Werness, J. M. Huibregtse, A. J.
Levine & P. M. Howley: The E6 oncoprotein encoded by
human papilloma virus types 16 and 18 promotes the
degradation of p53. Cell 63, 1129-1136 (1990)
151. Meng, R. D., H. Shih, N. S. Prabhu, D. L. George &
W. S. El-Deiry: Bypass of abnormal MDM2 inhibition of
p53-dependent growth suppression. Clin Cancer Res 4,
251-259 (1998)
152. Bargonetti, J., I. Reynisdittir, P. N. Friedman & C.
Prives: Site-specific binding to wild-type p53 to cellular
DNA is inhibited by SV40 T antigen and mutant p53.
Genes Dev 10, 1886-1898 (1992)
153. Wang, X. W., K. Forrester, H. Yeh, M. A. Feitelson,
J-R. Gu & C. C. Harris: Hepatitis B virus X protein inhibits
p53 sequence-specific DNA binding, transcriptional
activity, and association with transcription factor ERCC3.
Proc Natl Acad Sci USA 91, 2230-2234 (1994)
154. Prabhu, N. S., K. Somasundaram, K. Satyamoorthy,
M. Herlyn & W. S. El-Deiry: p73beta, unlike p53,
suppresses growth and induces apoptosis of human
papillomavirus E6-expressing cancer cells. Int J Oncol 13,
5-9 (1998)

437

