Biochem. J. (2000) 352, 1—17 (Printed in Great Britain)

REVIEW ARTICLE

Strategies for manipulating the p53 pathway in the treatment

of human cancer
Ted R. HUPP*', David P. LANET and Kathryn L. BALLT

*Cancer Research Campaign Laboratories, Department of Molecular and Cellular Pathology, University of Dundee Medical School, Dundee DD1 9SY, Scotland, UK.,
and tCancer Research Campaign Laboratories, Department of Surgery and Molecular Oncology, University of Dundee Medical School, Dundee DD1 9SY,

Scotland, U.K.

Human cancer progression is driven in part by the mutation of
oncogenes and tumour-suppressor genes which, under selective
environmental pressures, give rise to evolving populations of
biochemically altered cells with enhanced tumorigenic and meta-
static potential. Given that human cancers are biologically and
pathologically quite distinct, it has been quite surprising that a
common event, perturbation of the p53 pathway, occurs in most
if not all types of human cancers. The central role of p53 as
a tumour-suppressor protein has fuelled interest in defining
its mechanism of function and regulation, determining how its

inactivation facilitates cancer progression, and exploring the
possibility of restoring p53 function for therapeutic benefit.
This review will highlight the key biochemical properties of p53
protein that affect its tumour-suppressor function and the
experimental strategies that have been developed for the re-
activation of the p53 pathway in cancers.
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INTRODUCTION

Mutational inactivation of the p53 gene product is one of the
most common genetic events that occur in human cancers,
highlighting the central role of p53 as a tumour suppressor. p53’s
function as a tumour suppressor is linked to its role as a co-
ordinator of a damage-induced cell-cycle checkpoint pathway
whose action prevents the propagation of permanently damaged
clones by the induction of apoptosis or growth arrest in the
perturbed cell [1]. The biochemical activity of p53 most closely
associated with tumour suppression is its function as a sequence-
specific DNA-binding protein and transcription factor that
controls the expression of a large panel of gene products
implicated in normal growth control, DNA repair, cell-cycle
arrest, engagement of apoptosis, angiogenesis, redox regulation,
metastasis, nitric oxide production, and protein degradation
[2,3]. These general biological and cellular properties of p53 have
been discussed extensively, and we would suggest the reader refers
to a collection of reviews published recently on this subject [4,5].
The present review will centre on biochemical research in the p53
field, summarizing some key concepts that have emerged re-
garding the post-translational regulation of the p53 protein-
degradation pathway and the p53-dependent transactivation
pathway, with a focus on the experimental strategies that have
been developed to successfully manipulate the biochemical func-
tion of the p53 pathway in cells. These recent successes have
justified the hope of basic scientific research to enhance our
understanding of the molecular basis of human cancer and to
raise the realistic possibility of targeting the p53 pathway in
cancers for therapeutic benefit.

THE TRANSACTIVATION FUNCTION OF p53 PROTEIN
The functional and regulatory domains of p53

Following the discovery of p53 as a transformation-associated
protein in 1979 [6,7], approximately 10 years elapsed before it
was defined unambiguously as a tumour suppressor [8,9]. These
conclusions were based on studies demonstrating that: (a)
inactivating mutation and/or deletion of the p53 gene is a
common event in distinct types of human cancers [10,11]; (b)
wild-type p53 protein is a transcription factor, and mutant forms
of p53 protein are defective in this biochemical function [12-14];
and (c¢) the many gene products induced by wild-type p53
mediate its tumour-suppressor function by actually playing a
direct role in modulating growth arrest, apoptosis, membrane
signalling, protein degradation or oxidative stress (Figure 1)
[2,3,15].

The transcriptional activity of p53 is induced by stresses
thought to be important as tumour-suppressing signals in de-
veloping cancers, including chemical oxidants, nucleotide-pool
perturbation, low extracellular pH, hypoxia and thermal stress.
Additionally, common anticancer agents that similarly injure
cells, including adriamycin, 5-fluorouracil, ionizing radiation
and etoposide, can induce p53 function, indicating that this
tumour-suppressor pathway can respond to physiological and
exogenous tumour-suppressing agents. Despite the fact that
many distinct damaging agents and cell types share similar
features in regulating p53 function, no single cell type or
damaging agent can be used to generalize all known components
of the p53 pathway. Comprehensive gene profiling using the
oligonucleotide microarrays clearly demonstrated the global

Abbreviations used: CBP, CREB (cCAMP-response-element-binding protein)-binding protein; ATM, ataxia telangiectasia mutated protein; p300, the
transcription adaptor protein required to drive p53-dependent gene expression; JMY, p300 junction-mediating regulatory factor; HPV, human
papillomavirus; MDM2, murine double minute clone 2 oncoprotein; ATR, ataxia telangiectasia—rela_led; DNA-PK, DNA—dependent_protem kinase; CHK2,
checkpoint kinase 2; BRCAT1, breast cancer susceptibility gene-1; PKR, double-stranded-RNA-dependent protein kinase; JNK, c-Jun N-terminal kinase;
HSP, heat-shock protein; CDK, cyclin-dependent kinase; PCNA, proliferating-cell nuclear antigen; BH, bcl-2 homology domain; SUMO, is small
ubiquitin-related modifier-1; pRb, retinoblastoma protein; ARF, alternative reading frame protein.
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Figure 1 Stages in the activation of p53-dependent transcription

p53-dependent transcription from its target promoters can be stimulated by cellular exposure to a variety of stimuli (black), including radiation and genotoxins [116—118], low extracellular pH [231],
thermal stress [232,233] nucleotide-pool perturbation [234] and hypoxia [235]. The ‘lesions’ (purple) induced by exposure to these agents include DNA damage such as strand breaks thymine
dimers and excision-repair products [117,119—121], inhibition of RNA polymerase (pol) Il-dependent transcription [49,50,139,141] and chemical-oxidant stress or redox imbalance [127—133].
Epigenetic studies have defined upstream signal-transduction pathways (blue) that mediate by direct or indirect means, p53-dependent transcription and include ATM/ATR [41,42,236], DNA-PK
[44], CHK2 [110,111,238,239], PKR [240,241], p14 [95-102] and BRCA1 [242—244]. Regulation (orange) of p53 protein’s transactivation function and degradation pathways by these upstream
lesions and signalling events are the focus of the present review and are summarized in the text. Prototypical gene products induced by p53 protein [15] can affect G, growth arrest [190], G,
growth arrest [245,246), apoptosis [220,221], the antioxidant response [2,247], protein degradation [79—81,167] and growth-factor signalling [249,250] (red). Further abbreviations used: GST,
glutathione S-transferase; PIGs, p5b3-inducible genes; IGF-BP3, insulin-like growth factor binding protein 3.

differences and similarities in the gene products induced or
repressed by p53 protein in different cell types under different
conditions [15]. Independent studies using a panel of isogenic
colorectal-cancer cell lines with and without the p53 gene or the
p21VAf1 gene demonstrated that there is a pronounced hetero-
geneity in the magnitude and kinetics in the expression of
p53-dependent gene products which depend upon the damaging
agent and magnitude of p53 protein induction [2,3]. Most striking
was the observation using the same colorectal-cancer cell type
that S5-fluorouracil-induced apoptosis requires wild-type p53 but
not its effector protein p21VAF1, whereas adriamycin-dependent
apoptosis could be inhibited by the p53—p21 V" axis [17]. Such
observations highlight the utility for p53-gene profiling as a form
of cancer diagnosis and genotyping to define the best therapeutic
treatment for each patient. The cell specificity of pS53 protein
induction and apoptosis has similarly been highlighted by
examining the response of normal murine gut cells in vivo to
ionizing radiation and the antimetabolite 5-fluorouracil [16,19].
In the small intestine, p53-dependent apoptosis induced by
ionizing radiation occurred in the crypt at the position containing
stem cells, whereas 5-fluorouracil-induced apoptosis occurred in
the transit cells. In the colon, 5-fluorouracil-dependent apoptosis
occurred at the base of the crypt, while these same cells resisted
ionizing-radiation-induced death. Although such studies do not
necessarily assist in defining strategies for treating colorectal
cancer cells with either 5-fluorouracil or ionizing radiation, they
do provide clues into the common problem of normal gut cell
toxicity when administrating these anti-cancer agents.

This cell specificity in the regulation of p53 protein activity as
a transcription factor and tumour suppressor will depend upon
numerous damage-responsive factors that post-translationally
modify p53 in a cell-specific manner (reviewed below). For
example, the most comprehensive study to date which addresses
the post-translational modification of p53 protein at five distinct
phosphorylation sites in response to various stimuli has demon-
strated that no condition affects all five protein kinase signalling
pathways identically in normal human fibroblasts [18]. This
latter work has shown that quiescence, senescence and chemically
damaged cells induce strikingly different changes (increases and
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decreases) in steady-state phosphorylation within the N-terminal
and C-terminal regulatory domains of p53, although one com-
mon phosphorylation event at the AT-superfamily kinase site
was stimulated by all treatments. Together, these studies highlight
the cell specificity and damage specificity in p53 regulation and
the need in future to develop physiological models to define p53
function accurately as a tumour suppressor in each type of
cancer [20,21].

The stress-regulated transactivation function of p53 is driven
by its sequence-specific DNA-binding domain and is co-ordinated
by specific protein—protein interactions that can in turn be
modulated by covalent and non-covalent modifications [22]. p53
protein is composed of at least four functional and regulatory
domains that modulate its activity as a stress-induced sequence-
specific DNA-binding protein and transcription factor: (I) the
central sequence-specific DNA-binding domain drives specific
promoter recognition and is the domain containing most of the
p53 mutations found in human cancers; (II) the oligomerization
domain which ensures assembly of p53 into conformationally
active tetramers; and (IIT and IV) the N-terminal and C-terminal
regulatory domains containing heterologous protein docking
sites and phosphorylation, SUMOlation or acetylation sites
implicated in the modulation of p53 protein—protein interactions
(Figure 2) (SUMO is small ubiquitin-related modifier-1).

The central core domain of p53 from amino acids 90 to 295
contains the sequence-specific DNA-binding domain which is
highly conserved amongst vertebrates and in two recently iden-
tified human homologues: p73 and p63%*" [23,24]. The consensus
DNA-binding site contains two copies of the 10 bp motif 5'-
PuPuPuCWWGPyPyPy-3’, which can be separated from 0 to
13 bp [14] (Pu is purine base, Py is pyrimidine base and W means
A or T). Although the p53 homologues p73 and p63 can drive
gene expression from promoters similar to that bound by p53,
neither of these two homologues have been found to be highly
mutated in human cancers, nor is p73 bound to viral oncoproteins
that neutralize p53 protein activity, so their function in regulating
p53-dependent cancer progression is unclear. The DNA-binding
domain of p53 is organized into a f-sandwich that forms a
scaffold for a loop—sheet—helix motif and two loops that co-
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Functional and regulatory domains of p53: key concepts derived from studies on p53-dependent transactivation

Although a more comprehensive review of the p53-binding proteins can be found in other reviews [4,5] listed in this Figure are some key interaction sites defined by structure—function analyses
that have affects on the biochemical activity and conformation of pd3. p53 protein can be divided into at least four distinct domains that modulate its sequence-specific DNA-binding and transcriptional
activationfunction: (1) the N-terminal transactivation domain (purple box) containing the binding sites (yellow box) for the modulators including p300 and CBP [33—35], TAFs (transactivating factors) [61—63]
and MDM2 [83—86], as well as regulatory phosphorylation sites within this protein—protein interaction domain at Ser'®, Thr'® and Ser®® [18,41,42,108—111,113,238]; (2) the core sequence-specific
DNA-binding domain (lilac box) containing most of the p53 mutations found in human cancers [251,252]; (3) the tetramerization domain (red box) that assembles the core domain into a fully
active DNA-binding protein [32,253]; and (4) a negative regulatory domain (black box) containing an HSC70 (heat-shock cognate 70 stress protein)-binding site [148,254] and a cyclin A docking
site (yellow bar) [57], as well as multiple sites of covalent modifications, including phosphorylation (P—) at Ser*’!, Ser®’® and Ser’® [54,124,255], acetylation (Ac—) at Lys®® and Lys*®? [58,59]
and *SUMOlation” at Lys*® [48,60]. The common monoclonal antibodies towards p53 map to the indicated positions and include (i) DO-1 (hatched bar; DO-7), which overlaps the MDM2/p300-
binding site [256] and (ii) PAb421 (stippled bar) which overlaps the binding site for cyclin A, HSC70 and protein kinases that phosphorylate at the indicated serine residues [256]. Phospho-specific
monoclonal antibodies directed towards the Ser'®, Thr'® Ser?, Ser®'® and Ser®*? phospho-epitopes have been reviewed previously [257]. Phospho-specific and acetyl-specific polyclonal sera towards
epitopes at Lys®, Lys®™, Lys®®?, Ser®® and Ser®’® have been reviewed previously [258]. Amino acids are shown using the one-letter notation.

ordinate a zinc ion [25]. Inactivating mutations in p53 at over 200
different amino acid positions within this core DNA-binding
domain have been detected in human cancers, and the codon
changes in the p53 gene often provide the fingerprint expected
from the environmental factor often associated with cancer
development [26]. Biochemical and biophysical characterization
of these mutant forms of p53 protein have suggested the existence
of at least three distinct classes of mutants with unique bio-
chemical defects in tetramerization, conformational regulation
and intrinsic folding and stability (Figure 3).

An oligomerization domain from amino acids 320-356 flanks
the conserved core sequence-specific DNA-binding domain and
consists of a monomeric core which is organized into a dimer via
an antiparallel f-sheet and an anti-parallel helix/helix interface.
The dimers associate across a hydrophobic interfaces to form a
four-helix bundle arranged orthogonally into tetramers. The
need for a tetramerization domain in modulating p53 activity is
at first glance unclear, since replacement of this domain with a
coiled-coil domain of GCN4 (positive general control of tran-
scription-4) is sufficient to confer transcriptional activity [27].
However, mis-sense mutation of p53 within the tetramerization
domain can be detected in human cancers, and these mutations
promote a conversion from a tetrameric into a dimeric or
monomeric form with reduced specific activity as a DNA-binding
protein [28-32]. These data suggest that tetramerization can be
important in modulating p53’s tumour-suppressor function in
vivo, at least in certain genetic backgrounds or under select
environmental pressures.

The N-terminal regulatory domain of p53 contains the trans-
activation domain through which p53 interacts with components
of the transcriptional machinery, and a smaller, highly conserved,
BOX-I domain which directs the binding of p53 to proteins,
including p300 (the transcription adaptor protein required to
drive p53-dependent gene expression) and TAF ;31 or TAF,,70
(Figure 2). p53 protein interaction with the transcriptional co-
activator p300 or CBP (CREB-binding protein) can drive both

p53-dependent gene expression and apoptosis [33-35] and can
promote p53 protein accumulation [36]. The regulation of this
protein—protein interaction may in turn be modulated by either
phosphorylation within the BOX-I domain or protein—protein
interactions that can compete with p300 docking [37]. In addition,
p300 or CBP binding to p53 in the N-terminus and subsequent
acetylation of the C-terminal domain of p53 can be stimulated by
Ser’® phosphorylation within the p300 docking site [38]. Con-
sistent with these data, mutation of full-length p53 protein at
multiple sites including Ser'® can reduce its specific activity as a
transcription factor in vivo [39,40]. Enhanced phosphorylation
of endogenous p53 protein at Ser'® following DNA damage,
quiescence or senescence [18] can occur through the action
of an ATM/ATR/DNA-PK kinase-dependent pathway [41-44]
(where ATM is ataxia telangiectasia mutated protein, ATR
is ataxia telangiectasia-related protein kinase and DNA-PK is
DNA-dependent protein kinase). These studies identified a key
signal-transduction cascade that could stimulate p53-dependent
transcription via modification of the N-terminal domain of p53.

Flanking the tetramerization domain of p53 in the extreme C-
terminus is a negative regulatory domain whose post-trans-
lational modification (Figure 2) may play an important role in
modulating the specific activity of p53 in vivo. One function for
this regulatory C-terminal domain is to maintain p53 protein in
a latent state for specific DNA binding. Deletion of this domain
or stoichiometric phosphorylation at Ser®** [by casein kinase 2
and double-stranded-RNA-dependent protein kinase (PKR)]
activates the latent specific DNA-binding function of p53 in vitro
by an allosteric mechanism [45]. Although initial mutagenesis-
coupled transient-transfection assays have failed to show that
phosphorylation at Ser®** can modulate p53 function as a
transcription factor in wvivo, more sophisticated studies have
shown that Ser?*2 phosphorylation may facilitate the stabilization
of the tetramerization domain [46] and that phosphorylation at
the equivalent site on murine p53 may regulate the specific
activity of p53 as a transcription factor in vivo [47]. Similarly,
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Figure 3 Biochemical defects in mutant p53 protein folding pathways

Naturally occurring tumour-derived p53 mutants can be divided into at least three distinct classes that affect tetramer assembly, allosteric activation and intrinsic thermodynamic stability. (A) Tetramer
assembly. The tetramerization class of mutant p53 protein contains point mutations within the oligomerization domain (amino acids 320—356) that stabilize the dimeric or monomeric conformers
of p53 [30,31]. The red arrow represents the shift in equilibrium promoted by mutation from the latent folded tetramer (dark-grey ellipses) to the unfolded monomeric protein (black ellipse). (B)
Allosteric activation. The allosteric class of mutant protein with a thermodynamic stability similar to wild-type p53 cannot be activated from the latent state after phosphorylation at Ser®® or Ser®'®,
but maintains the capability to be activated for DNA-binding by C-terminal modifiers [146]. The yellow arrow represents the shift in equilibrium promoted by mutation from the folded active tetramer
(light-grey squares) to the folded latent tetramer (dark-grey ellipses). The allosteric mutant class of p53 can be activated /n vivo by agents that target the C-terminal negative regulatory domain
[52,53,261,262]. (C) Thermodynamic stability. A thermodynamically unstable class of mutant protein has a relatively high degree of intrinsic instability with respect to cis-acting protein-folding
pathways [143] and can be further subdivided into distinct thermodynamically defined groups [144]. The purple arrow represents the shift in equilibrium promoted by mutation from the folded
active tetramer (light-grey squares) to the unfolded inactive tetramer (lilac squares). The thermodynamically unstable class of mutant p53 can be stabilized in vivo by compounds that prevent unfolding
of the native tetramer, including conformation stabilizers [174] and molecular-chaperone inhibitors [184,185].
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Figure 4 Three rate-limiting steps in the regulation of p53 protein function in normal cells

p53 protein assembles into native tetramers (dark-grey ellipses) [54,259,260] whose function can be stimulated in normal cells by agents that stimulate DNA-binding by p53 or that block degradation
by MDM2. (i) Stimulating p53 DNA binding. One class of activating agents (7) including a C-terminal peptide (C-t peptide) or a monoclonal antibody (PAb427 MAD), promotes the conversion
of p53 tetramers from a latent (dark-grey ellipses) into an activated (lilac squares) state by neutralizing its C-terminal negative regulatory domain. This increases the specific activity of p53 as
a sequence-specific DNA-binding protein and stimulates p53-dependent transcription and apoptosis [45,51,53,150,261,262]. (ii) Inhibiting MDM2 binding to p53. The native tetrameric conformation
of p53 (dark-grey ellipses) is important for high-affinity binding by MDM2 protein (yellow) [78,87]. The effects of MDM2 on p53 function can be dissected first into an MDM2-binding event in
the N-terminal BOX-I domain of p53 (see Figure 2), which is dependent upon the N-terminal domain of MDM2. This initial docking event can reduce p53 activity by blocking directly p53 protein
interactions with transcriptional components. A second class of activating agents (2), including a p53-derived BOX-I peptide or a monoclonal antibody that binds to MDM2 protein at the MDM2/p53
interface (3G5 MAD) prevents MDM2 binding to p53 and liberates p53 to function as a transcription factor [89,90,92]. (iii) Blocking MDM2 ubiquitination of p53. Following the initial docking
of MDM2 in the N-terminus (N-t) of p53, a second reaction can occur in which MDM2 can catalyse the polyubiquitination of the C-terminal domain of p53, which is in turn dependent upon the
C-terminal domain of MDM2. A third class of activating agent (3), including a p14***-derived peptide or a monoclonal antibody that binds to MDM2 protein at the MDM2/p14* interface (2470
MAD) prevents MDM2-dependent polyubiquitination of p53 and liberates p53 from the negative regulation imposed by MDM2 [94]. These models have provided a rationale for identifying the
signalling events and enzymes in normal cells that stimulate C-terminal modification of p53, that requlate MDM2—p53 protein interactions and that regulate MDM2—p14*% interactions. Additionally,
these activating agents serve as prototypes for drug-discovery programmes aimed at activating p53 in cancers with a wild-type p53 pathway or with activatable mutant forms of p53. Abbreviations:
MAb, monoclonal antibody; UB, ubiquitin.
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directed mutation at a single amino acid near the Ser®’? site (at
Lys?#) can increase the specific activity of p53 in vivo, presumably
by neutralization of its negative-regulatory motif [48]. Increased
phosphorylation at Ser®*? of endogenous human p53 protein in
cells occurs following UV-C and X-irradiation damage, with
enhanced steady-state phosphorylation correlating with en-
hanced p53-dependent transcription [49,50]. In addition, micro-
injection or intracellular synthesis of an antibody (PAb421) that
binds to the C-terminal negative regulatory domain near the
phosphorylation sites (Figures 2 and 4) can activate p53-
dependent gene expression in vivo [45,51-53], suggesting that C-
terminal modification can be a rate-limiting step in stimulating
p53 function in vivo (Figure 4).

Together these data provide the basis for the paradigm that
two distinct signalling pathways modulate the specific activity of
p53 by a concerted mechanism: (i) the N-terminal ATM kinase-
dependent pathway targeting Ser'® (and now other BOX-I
phosphorylation sites; see Figure 2) stimulates p53 protein—
protein interaction with components of the transcriptional
machinery such as p300 and (i) the C-terminal Ser®2-kinase
pathway (and now other C-terminal modifications; see Figure 2)
stimulates the latent specific DNA-binding function of the p53
by conformational alterations in the tetramer [45,54] and/or by
increasing the K, for non-specific DNA binding [55,56]. Future
research using more sophisticated mutagenesis-coupled gene-
expression assays in vivo and assays for determining the stoichi-
ometry of these multiple post-translational modification events
may identify promoters whose ctivation by certain damaging
agents can be regulated by specific p53 isoforms, thereby defining
how this cluster of covalent adducts modulates p53 function.

Transcriptional partner proteins of p53

The first transcription-dependent protein—protein interaction
defined for p53 involved its ability to interact and function with
hTAF ;31 and hTAF, 70 [61,62]. p53 protein has a series of
acidic residues in its transactivation domain, suggesting that it
may be a member of the acidic class of activators, including the
prototypical VP16. The binding of hTAF 31 to the trans-
activation domain containing the core sequence Phe!?-Ser?’-
Asp*-Leu?*-Trp?® induces a conformational change within p53
into that of a small a-helix [63]. As transcriptional activation
domains do not necessarily share significant homology at the
primary amino acid level, these data support the notion, in
combination with the structure of other transcription factors,
that protein—protein interactions at a eukaryotic promoter are
mediated through small amphipathic helical motifs with short
regions of structural homology. The most well characterized
protein—protein interaction driving p53-dependent gene ex-
pression is the p300/CBP—p53 interaction [33-35]. The inter-
action with the transactivating cofactor p300 may be particularly
important, as mutant forms of p53 are also defective in binding
to p300, and therefore protein—protein interactions may also be
compromised by naturally occurring point mutations in the p53
protein. It seems evident with hindsight that reduced interaction
of mutant p53 with transcriptional proteins, including p300 and
another p53-binding protein, BP2 [64,65], as well as consensus-
site DNA, will be selected for in cancers and play a role in
compromising the tumour-suppressor function of p53.

The p300/CBP family of transcriptional co-activators com-
prises a group of proteins that facilitate gene expression by a
wide range of sequence-specific DNA-binding proteins. The
function of p300 as an adapter protein is regulated by its
interaction with other regulatory proteins, including P/CAF
p300/CBP-associated factor), SRC1 (steroid receptor co-

activator) and ACTR (activator of thyroid and retinoic acid
receptor), which facilitate relatively unique protein—protein
interactions that define promoter-specific and cell-specific gene
expression [66-68]. The intrinsic acetyltransferase activity as-
sociated with the p300/CBP family of proteins [69,70], which
is implicated in acetylation of transcriptional components and
regulation of transactivation, is also thought to play a role in
stimulating the in vitro sequence-specific DNA-binding function
of p53 [58]. Phosphorylation of p53 at Ser'® in the N-terminal
domain can further stimulate in vitro acetylation in the C-
terminus by the p300 or CBP family of proteins, suggesting a link
between an N-terminal kinase signalling network and a mech-
anism for regulating both transactivation and sequence-specific
DNA binding of p53 protein. Elevated steady-state acetylation
of p53 protein can be detected following DNA damage [59,71],
consistent with the concept that covalent modification of the C-
terminal domain will play a role in stimulating p53 activity in
vivo. The sites of acetylation can be mapped to two distinct
motifs within the C-terminal regulatory domain: (I) at Lys®"® and
Lys?®2 [59,72], near the cyclin A box from amino acids 381-385
[57] and near the SUMO site at Lys® [48,60]; and (IT) at Lys®?°
[59,72] near the cyclin-dependent kinase (CDK) 2/cell-division
cycle 2 kinase (CDC2) phosphorylation site at Ser®'.

Obviously, the architecture at a promoter will build upon this
core p53—p300 protein interaction, and an intriguing cofactor of
p300 recently identified and named JMY (for p300 junction-
mediating regulatory factor) was cloned by virtue of its inter-
action with a truncated p300 protein using yeast two-hybrid
system [73]. JMY shows little homology with known proteins,
with features including two distinct p300-binding domains, a
motif resembling the adenovirus E1A protein (conserved region
2), a proline-rich domain and a cluster of potential CDK
phosphorylation sites. Reconstitution using purified proteins
established that p300 and JMY complexes are due to direct
interactions, validating the interaction defined by the two-hybrid
system and by co-immunoprecipitation from cell lysates. At-
tempts to link JMY function to the p53 response revealed that
JMY can stimulate p53-dependent gene expression from a bax
promoter without changes in p53 protein levels, suggesting that
JMY stimulation of p53 is due to transcriptional co-activation
with p300 and not p53 protein accumulation. An interesting
feature of the function of JMY is its ability to induce Bax
protein, but not p21V4* in a p53-dependent manner. In addition,
full-length JMY promotes significant increases in p53-dependent
bax gene expression and apoptosis, while the alternatively spliced
form of JMY does not affect bax expression and induces a p53-
dependent growth arrest. These data identify transcriptional
cofactors as a class of proteins that can play a role in regulating
promoter occupation by p53, thereby controlling its tumour-
suppressor function.

THE DEGRADATION OF p53 PROTEIN

Murine double minute clone 2 oncoprotein (MDM2)-dependent
ubiquitination is a key negative regulatory stage in controlling
p53 function

One of the first molecular studies on p53 had shown that the
protein has a very short-half life in cultured cells and that it
accumulates after cellular exposure to DNA-damaging agents
[74]. The ‘stabilized’ or accumulated form of p53 is now known
to be active as a transcription factor, and much effort this past
decade has since been centred on understanding how p53 protein
is normally degraded or accumulated. Independent studies
demonstrating the ability of the high-risk human papillomavirus
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(HPV) E6 protein and cellular E3-ubiquitin adapter protein to
promote the degradation of p53 had underscored the role that
protein-degradation pathways can play in controlling p53 protein
function [75,76].

Since the discovery that other viral oncogenes, like the simian-
virus-40 (SV40) T-antigen and adenovirus E1B protein can
interact with and inactivate p53, identification of the cellular
protein(s) whose function these oncogenes presumably mimicked
had been an elusive goal in the attempt to understand the
function of p53. MDM2 protein was discovered by virtue of its
ability to bind to, and co-purify with, p53, and was the first
cellular protein identified that could directly inactive p53 function
as a transcription factor [77]. Although MDM?2 protein does not
share structural features with the SV40 T-antigen or HPV E6
protein, nor are the interaction sites identical, MDM?2 protein
appears to be a functional composite of the two viral oncogenes
in that it can either inactive the transcription function of p53 by
binding preferentially to the native, tetrameric form of p53
protein [78,87] and it can catalyse the ubiquitination and
degradation of p53 [79-82].

p53 contains a primary docking-site for MDM?2 in the N-
terminal domain overlapping the p300- and TAF-binding sites
[83-86], while a secondary interaction site for MDM?2 in the
central domain of p53 can be stabilized by the binding of MDM2
to polyRNA [87]. Localization of the primary MDM?2 docking
site on p53 protein in the N-terminal domain was defined using
small peptide mimetics, crystallographic analysis, and mutational
studies (Figure 2). These studies revealed that a highly conserved
hydrophobic series of amino acids within the N-terminal region
of p53 interact with a hydrophobic binding pocket in the N-
terminal domain of MDM2 protein [83,84,88]. The micro-
injection of monoclonal antibodies to the p53-binding interface
of MDM2 protein can activate p53-dependent expression (Figure
4), providing direct evidence that MDM2 is normally a negative
regulator of p53 function in vivo [89,90]. Independent studies
showing that a double knockout of p53 in MDM2~/~ animals
can rescue the embryonic lethality of the animal, further suggested
that MDM2 is a negative regulator of p53 in normal cells [91].
The development of a small peptide derived from human p53
into a highly bioactive peptide mimetic (Figure 4), which could
activate p53-dependent transcription in cells via the inhibition of
the MDM2 binding to p53, not only indicated that MDM2
protein was a key negative regulator of p53 in vivo, but provided
a novel target for re-activation of the p53 response in cancers
where wild-type p53 protein was inactivated by hyperdegradation
[92]. A similar accumulation of the transcription factor E2F via
inhibition of MDM2 protein by the bioactive peptide mimetic
also indicates that the MDM?2 degradation pathway may play a
role in modulating gene expression by a variety of stress-regulated
transcription factors [93] and opened the possibility of both re-
activating p53 function and/or driving E2F-dependent apoptosis
for therapeutic benefit.

Regulation of MDM2-dependent inactivation of p53 protein

The most well studied regulatory factor that can affect the ability
of MDM?2 to inactivate p53 is the pl14**" tumour-suppressor
gene product that can bind with a high affinity to a distinct site
on MDM2 protein compared with p53 protein [94] (ARF is
alternative reading frame protein). The pl4*%*¥ protein is a
component of a signalling pathway whose up-regulation in
response to proliferative signals induced by oncogene activation
can sequester MDM?2 protein, thereby activating the p53-
dependent cell-cycle checkpoint pathway [95-102]. Although
amplification of this oncogene signalling pathway via loss of
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pl4*®** may be a physiologically relevant driving force for
inactivation of the p53 pathway in cancers, stresses that induce
DNA damage do not apparently use the pl4*%*" signalling
pathway to stabilize and activate p53. A detailed review on the
pl44%* pathway has been described elsewhere [103].

Biochemical studies have further driven the development of
additional mechanisms for regulating MDM?2-p53 protein
complex formation. A secondary docking site on p53 within a
conformationally sensitive core domain can be stabilized by the
complexing of MDM?2 protein to RNA [87] through the action
of the RING-finger domain of MDM?2[104]. This conformational
regulation of MDM2 protein provides the only known molecular
mechanism for stabilizing the MDM?2-p53 protein complex in
vitro, although whether this functions in cells is only suggested by
the co-localization of p53 and MDM?2 with ribosomal L5 protein
and RNA [105]. Phosphorylation of p53 protein itself in response
to DNA damage within the BOX-I domain has been proposed to
be one mechanism whereby MDM?2 binding to p53 protein is
disengaged, permitting p53 protein accumulation [106]. Alterna-
tively, p300 protein binding and/or hTAF 31 binding to p53
protein has been reported to be required for p53 protein
accumulation, presumably because these factors compete with
MDM?2 binding to the same region within the transactivation
domain of p53 [36]. As such, competition between MDM?2 and
p300 binding to the N-terminus of p53 may be the general
protein interaction driving p53 from the degradation pathway to
the transactivation pathway. This MDM?2/p300—p53 protein
interaction can be regulated, in part, by Ser'® phosphorylation of
p53, which may in itself facilitate such a competitive switch by
both reducing MDM2 protein binding and stimulating p300
binding to p53 [38,107]. Mutation of the Ser'® residue to alanine
can enhance p53 degradation and reduce p53 apoptotic function
[40], providing evidence that phosphorylation at Ser!® may
regulate MDM2-dependent degradation of p53 in vivo.

Two other sites of post-translational modification are now
known to be clustered within this BOX-I regulatory domains
(Figure 2), with a similar paradigm being supported: phos-
phorylation of p53 within the N-terminal BOXI domain at Thr'®
or Ser?® can affect heterologous protein—protein interactions
[108-111]. The phosphorylation sites within the N-terminal
regulatory domain of p53 exhibit distinct types of regulation,
depending upon the context or damaging agent. Normal human
fibroblasts constitutively modify p53 at the Ser?’ site and oxidant
stresses can result in hypophosphorylation at this site [109,112],
while the ionizing-radiation-induced form of p53 protein is
phosphorylated at Ser** by a checkpoint kinase 2 (CHK2)-
dependent pathway [110,111]. The Thr'® site is modified in
human breast cancers [108], induced during senescence [18] or
transiently following ionizing radiation [113]. More strikingly,
Ser'® phosphorylation increases during quiescence, senescence,
UV irradiation or ionizing irradiation, thus identifying signal-
recognition pathways that respond to distinct signals in normal
human cells [18]. Presumably this cluster of phosphorylation
sites that differentially affects MDM?2-dependent degradation of
p53, p300 binding to p53, or other heterologous protein—protein
interactions [114,115] will modulate the specific activity of p53 as
a transcription factor and will be important in regulating the
rates of p53-dependent tumour suppression in a cell-specific
manner.

MODELLING THE SIGNAL-TRANSDUCTION PATHWAYS THAT
TARGET p53: THE p53 ACTIVATING LESIONS

Although many distinct stresses can activate p53 function, it
appears that at least two distinct signal-transduction pathways
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play a role in p53 activation. The more recently identified is a
growth factor/oncogene-mediated signalling pathway that
targets and modulates MDM2-dependent degradation by alter-
ations in the tumour-suppressor protein p14*%¥ [103]. A second,
more widely studied, pathway is the ‘DNA damage’-mediated
activation of p53 [116-118], and one problem that has yet to be
satisfactorily addressed in the control of p53 function is the
definition of the damaged lesion(s) that leads to p53 activation
and/or accumulation. Such a question is more complicated given
that agents as diverse as antimetabolites or hypoxic conditions
can activate p53 function in the absence of detectable DNA
damage. Nevertheless, epigenetic studies have shown that mu-
tating or inactivating putative or established ‘ tumour-suppressor’
proteins that play a role in the DNA damage response, including
ATM, ATR, DNA-PK, CHK2, breast-cancer-susceptibility
gene-1 (BRCAL1) or PKR, can prevent or attenuate the activation
of p53 by DNA damage and have formed the basis for an
epigenetic map to describe ‘upstream’ regulators of p53 (Figure
1). However, these studies do not address whether these individual
enzymes can ‘sense’ the damaged lesion and initiate the cascade
that can activate p53. Key perturbations that are thought to lead
to p53 activation include the production of oxidant radicals (i.e.
oxidative stress), damaged DNA structures or repair inter-
mediates, and the inhibition of enzymes that affect RNA polymer-
ase [I-dependent transcription (Figure 1). Most of the research in
this part of the p53 field has utilized UV-C or ionizing radiation
as damaging agents, and the dissection of the upstream pathways
controlling p53 have been defined by examining the similarities
and differences between these damaging agents in different genetic
backgrounds.

Thymidine dinucleotides can activate the p53 response, sug-
gesting that this primary lesion plays a crucial role in mediating
the cellular response to UV radiation, but the enzymes that sense
the accumulation of this intermediate and transmit this damage
to p53 have not yet been mapped out [119,120]. The micro-
injection of DNA templates representing a DNA lesion [121] and
the direct DNA cleavage by the introduction of restriction
enzymes to a cell [117] can lead to p53 accumulation and/or
activation, suggesting that a DNA break induced by ionizing
radiation can be a signalling lesion. Consistent with these data,
cells which are sensitive to ionizing radiation owing to defects in
enzymes, including the ATM kinase, have a defective p53
response to such type of DNA damage [122]. In addition, as
ATM mutant cells are also defective in both N-terminal and C-
terminal p53 phosphorylation after ionizing radiation, is it
evident that the upstream ATM defect may perturb multiple p53-
modifying pathways [123,124]. However, ionizing radiation can
also induce oxygen radicals, leading to protein and lipid damage
due to oxidative stress, and further evidence for oxidative
damage playing a role in p53 protein accumulation and/or activ-
ation stem from work aimed at examining the role of antioxidants
in the control of the p53 response [125,126]. The accumulation of
p53 protein induced by high levels of UV-C radiation can be
attenuated by pretreating cells with N-acetylcysteine. Under
these same conditions, the antioxidants did not quench DNA
damage induced by the radiation exposure, suggesting that
oxidant radicals and not gross DNA damage are a trigger of p53
protein accumulation after damage [127]. These data are con-
sistent with the concept that antioxidant pathways such as REF-
1 [128-130], thioredoxin reductase [131,132] and thioredoxin
[133] play important roles in modulating p53 activity by counter-
acting oxidant stress. The central role for antioxidants in
modulating the rate of cancer progression [134,135] and the
possibility that chronic exposure to chemical oxidants may place
a significant burden on the antioxidant regulators of p53 protein

makes an understanding of these factors important for defining
modulators of cancer progression.

In addition to the role of oxidant injury as a key lesion in the
activation of p53, the use of cell lines with patients from skin
diseases such as xeroderma pigmentosa defective in specific stages
of DNA repair after UV irradiation have given an interesting
insight into the physiology of the p53 response [136—138]. One of
the major differences between the damage induced by ionizing
radiation or by UV-C irradiation is that ionizing radiation fails
to inhibit RNA polymerase [I-dependent transcription [139] and,
as such, this latter biosynthetic pathway will presumably play a
more significant role in the UV response to damage. UV radiation
induces long-lived DNA adducts, an inhibition of RNA poly-
merase II-dependent general transcription and a sustained
induction of p53-dependent stress-activated transcription. Fur-
thermore, the UV-C induced p53-response is enhanced in XP-A
cells (but not XP-C) in which transcription-coupled repair is
specifically defective and the recovery of RNA synthesis following
UV is delayed [136,140]. Using selective kinase inhibitors that
block the enzymes required for RNA polymerase II-dependent
transcription, the accumulation and post-translational activation
of p53 can be promoted [49,50,139-142,237]. Future research
into the type of lesions that induce the accumulation and/or
activation of p53 function will necessitate developing a com-
prehensive understanding of the types of perturbations initiated
by the specific type of damage and how regulatory gene products
integrate with such signalling lesions.

THERAPEUTIC STRATEGIES FOR ACTIVATING THE p53 PATHWAY

Exploiting p53 regulatory pathways operating in normal cells
(Figure 4)

Activation of allosteric mutant forms of p53 by agents that target the
C-terminal negative regulatory domain

Although naturally occurring mutations in p53 protein are
generally known to have reduced sequence-specific DNA-binding
activity, more refined molecular studies have shown that p53
mutants can be divided into at least three distinct classes with
respect to tetramerization, conformational modulation and in-
trinsic-core-domain folding (Figure 3). One class of p53 mutant
containing a point mutation within the core domain (prototype
His'") cannot be activated for DNA binding by the allosteric C-
terminal modifications and have a relatively high degree of
intrinsic thermodynamic instability [143,144]. A second class of
p53 mutant protein with a thermodynamic stability similar to
wild-type p53 has the capacity to bind to DNA sequence-
specifically, but cannot be activated from the latent state by
phosphorylation ([146]; prototypes His*"® and Lys®%). A third
class contains point mutations within the tetramerization do-
main, alters assembly of this motif and can be defined as an
oligomerization domain mutant [30,31]. Of these three mutant
forms of p53, the allosteric class (His?”® and Lys?*°) is the type
that can be re-activated in vitro and in vivo by agents that modify
the C-terminus, whereas the structural mutants (His'") can be
re-activated by agents that promote the stabilization of its
intrinsic folding pathway. As such, understanding more about
the properties of the allosteric class and structural class of
mutant p53 protein may permit more rational drug design
programmes being formed to re-activate its function.

The allosteric class of mutant p53, embodied by the His*"
allele, exhibited structural changes in the core domain at the
loop—sheet-helix motif and the L3 loop, where the aromatic
mutant residue perturbs the local environment, resulting in
disruption of a salt bridge affecting structural changes in helix-2.

© 2000 Biochemical Society
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This allosteric class of p53 mutant was first predicted from
studies on regulatory properties of the wild-type p53 protein. The
regulation of DNA binding of wild-type p53 by phosphorylation
in its extreme C-terminus (and now other types of covalent
modification; see Figure 2) and has been proposed to result from
allosteric means, on the basis of kinetic data showing: (i) an
uncoupling of Ser®*? phosphorylation from latent p53 activation
[45] in which the effects of phosphorylation at Ser®*? on p53
activity may be related to ability of this modification to induce
conformational changes in or to stabilize the tetramerization
domain [145], which presumably will be directed to changes in
the conformation and activity of the core DNA-binding domain;
(ii) the inability of some mutants, with the machinery to engage
in specific DNA binding and which can be activated by anti-
bodies and peptides in vitro and in vivo (His?*"® and Lys*®*®), to be
activated by phosphorylation [146]; and (iii) on the basis of the
stoichiometry of an antibody-activated p53-DNA complex
([PAb421],[p53],) [54], which infers the need to overcome the
inherent negative co-operativity built into tetramer regulation
via stoichiometric modification. This conformational model for
pS53 activation is supported by independent approaches that
include changes in the proteolytic cleavage products generated in
an ATP-dependent manner by some CDKs [147] and the ability
of CDC2-site mutation to compromise activation of p53 protein
specific DNA-binding function by agents that modify the C-
terminal negative regulatory domain [148,149].

These biochemical studies predict that manipulation of p53
function can occur through modification of the C-terminal
negative regulatory domain, and a set of cellular criteria has
supported this hypothesis. First, the purified latent fractions of
p53 protein are inactive using in vitro transcription assays with
hepatocyte nuclei as a source of transcription factors, and
transcription by this latent p53 protein can be activated by the
addition of the activating monoclonal antibody PAb421 [150],
which itself targets the C-terminal regulatory domain near the
phosphorylation sites (Figure 1). In addition, highly purified and
activated fractions of p53 protein which are phosphorylated in
vivo within the PAb421 epitope are intrinsically active using
in vitro transcription systems and can be inactivated by prior
treatment with phosphatases [150]. These studies provided direct
evidence that C-terminal phosphorylation or antibody binding
to the C-terminal domain can stimulate p53-dependent tran-
scription. Further, the microinjection of the activating mono-
clonal antibody PAb421 can stimulate p53-dependent gene
expression in vivo [45,51], presumably through a similar mech-
anism. Similarly, small peptides that can activate the latent
DNA-binding function of p53 in vitro can also activate p53
function in vivo when coupled to carrier protein or ligand
[52,261,262]. The intracellular synthesis of a single-chain PAb421
antibody expression cassette can also activate allosteric p53
mutants, but not structural p53 mutants in vivo [53], highlighting
the biochemical distinctions that exist between p53 mutant
proteins and the need to define the class of mutant p53 existing
within cancers if activating drugs are in fact developed and used.
These studies have predicted the possibility that cellular enzymes
which modify the C-terminal domain may exist, and now a
variety of enzymes that target the C-terminal domain are thought
to play a stimulatory role in the p53 pathway after cell injury
(Figure 2).

Activation of wild-type p53 by inhibiting MDM2-dependent degradation

Many stress-regulated transcription factors, including NF-«B
(nuclear factor «B), HIF-1 (hypoxia-inducible factor-1) and
HSF-1 (heat-shock factor 1), can be produced as inactive or
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latent isoforms in unstressed cells via negative regulation by
trans-acting factors that ensure their latent function remains
under strict control [151-153]. The p53 protein is no exception,
being negatively regulated in part by an MDM?2-dependent
pathway that results in nuclear—cytoplasmic shuttling [154—157]
and subsequent ubiquitin-dependent degradation of the protein
[48,81]. p53 protein can also be targeted and degraded by a c-Jun
N-terminal kinase (JNK)-dependent pathway, although it has
been reported that the JNK-degradation pathway functions in
G,/G, phase, whereas the MDM?2-degradation pathway
functions in S-G,/M phases, of the cell cycle [158]. The negative
regulation of wild-type p53 protein by MDM?2 identifies a
mechanism whereby the specific activity of pS3 could be reduced
in cancers overamplifying MDM2 [90,159] and provides a
potential drug target for re-activating the p53 pathway. The
development of small-peptide effectors that can inhibit MDM?2
binding to p53 protein in cell lines [92] provides such a precedent
for blocking the MDM2/p53 interface (Figure 4). The use of
antisense technologies to reduce the levels of active MDM2
protein in cells similarly leads to an activation of p53 function
[160,161]. Similar inhibition of JNK binding to p53, either by
removing the JNK docking site or by utilizing small peptides
derived from the JNK/p53 interface, can reduce the extent of
JNK-dependent ubiquitination and degradation [158].

A second molecular mechanism for inhibiting MDM2-
dependent degradation of p53 protein involves the interaction
between the tumour suppressor protein pl4+%* and MDM2,
whose binding interface is distinct from that of the MDM2—p53
interaction site [94]. p14*®* is frequently deleted in cancers with
a wild-type p53 gene, providing strong evidence for a role for this
protein as an upstream regulator of p53 function in some cancer
types. p144®* blocks the degradation of p53 by MDM2 through
the inhibition of the ubiquitin ligase-associated function of
MDM2 and by preventing nuclear export of p53 protein [95-102].
The use of small peptides derived from p14*%¥, which map at the
pl1448F /MDM2 interface, can activate p53 in cell lines, providing
an additional target assay for modulating MDM2-degradation
pathways [94]. Presumably MDM2 protein will bind to, and
degrade, other polypeptides in cells, and the possibility remains
that other factors that bind to MDM2 protein at the p53 or the
pl4*%* interfaces could modulate p53 activity as a tumour
SUppressor.

Exploiting regulatory pathways dysregulated in cancers (Figure 5)

Activation of structural mutant forms of p53 by agents that reduce p53
protein unfolding

The first molecular defect described for p53 protein in cancers
was the frequent ‘unfolding’ or ‘denaturation’ of the mutant
polypeptide, which was defined by immunohistochemical cell
staining and immunoprecipitation of p53 protein using antibodies
specific for denatured p53 [162,163]. Although this unfolding of
mutant p53 depends upon the ‘environment ’ of the tumour cell
[164], possibly involving alterations in the expression of factors
such as molecular chaperones and MDM?2 [165-167], it is
becoming more evident that one class of mutant p53 protein is
intrinsically destabilized thermodynamically and that normal
conformation in cells can be restored by reducing the temperature
[168-170]. Immunochemically, this refolding of mutant p53
involves reduced expression of an antibody specific for unfolded
p53 (PAb240) and increased expression of an antibody specific
for the native tetramer (PAb1620) [171]. These data have recently
encouraged mutagenesis approaches set out to produce a thermo-
stable p53 protein in the hope of defining the amino acid side
chains involved in stabilizing the native tetramer [172,173]. Such
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Figure 5 Pharmacological manipulation of p53 protein conformation in cancer cells

P53 protein can be assembled into native active tetramers (lilac), which bind to the conformationally sensitive monoclonal antibody PAb1620* [263], whereas unfolding and inactivation of the p53
tetramer can be quantified using the monoclonal antibody specific for unfolded p53 protein [monomer (grey ellipse) or tetramer (grey squares)], PAb240™ [162,264]. Two distinct classes of organic
compounds have been shown to preserve the native PAb1620* conformation of p53 in vitro and in vivo. One class of compounds, comprising the benzoguinone ansamycin class of antitumour
fungal antibiotics (geldanamycin), inhibits the HSP90 (yellow)-dependent chaperone holoenzyme complex unfolding of p53 protein [165,184,185] and forms a precedent for developing therapeutically
relevant agents that modulate chaperone-dependent anti-apoptotic pathways [182,183]. A second class of compounds (prototype being CP-31,398) presumably binds directly to native p53 protein
and prevents its unfolding and inactivation by stabilizing the intrinsic thermoinstability (A) of the tetramer [143,168,169,171,174,263].

an immunochemical folding assay provides an ideal platform for
a high-throughput screening assay set up to stabilize the native
(PAb1620-reactive) conformation of p53 protein. In fact, a
recent report has identified classes of low-molecular-mass agents
by screening a library of synthetic compounds which could not
only maintain structural mutant p53 conformation in vitro
(elevated PAb1620 reactivity at elevated temperatures), but can
stimulate mutant p53 protein activity in cultured cells and in vivo
[174]. The active compounds identified (prototype CP-31,398)
contain a core moiety with a linker tethering a bivalent
pairing containing a hydrophobic group and a cation. Such
studies demonstrate the striking success that can be achieved
from random screening of chemical libraries based on a well-
characterized biochemical activity of a target protein and will
hopefully drive the discovery of drugs capable of manipulating
p53 protein activity for therapeutic effect (Figure 5).

Manipulation of p53 function by targeting the molecular chaperone
HSP90

The first cellular protein (i.e. non-viral protein) shown to bind to
p53 included a member of the heat-shock protein 70 (HSP70)
family of proteins [175], whose associations with p53 have since
been extended to include the molecular chaperone holoenzyme
complex including HSP40, HSP90, immunophilins and p23 [166].
HSPs or molecular chaperones are implicated in the folding of
nascent polypeptide chains, in partial unfolding of polypeptide
during intracellular transport and in the repair or degradation of
damaged polypeptides [176]. The chaperones function as a co-
ordinated holoenzyme or protein-folding machine, with discrete
steps in the protein folding and unfolding process. The core
polypeptides of the holoenzyme can include HSP90, HSP70,
HSP40, p60"°*, p48"'* various immunophilins and p23, with
each protein having distinct functions, including substrate rec-
ognition and release, nucleotide-dependent binding and turnover,
and conformational regulation of the holoenzyme complex
organization [177]. Chaperones can function as anti-apoptotic
effectors in cells exposed to otherwise toxic levels of damaging
agent and the ability of antitumour antibiotics of the ansamycin
class to bind to chaperones, which are overexpressed in tumour
cell lines, to induce cell death further highlights their role in cell

survival and the attraction for targeting chaperones for thera-
peutic effect [178].

The significance of the interaction of p53 with HSPs in tumour
cells have been unclear, but recent evidence described below
suggests that one component of the anti-apoptotic function of
HSPs may be related to the control of the conformation and
inactivation of p53. For example, the recently identified HSP70
homologue Mortalin (Mot-2), originally implicated in promoting
the senescent phenotype, can inactivate p53 function and its
activity is associated with the transformed phenotype [179-181].
The altered folding of mutant p53 protein in tumour cells,
presumably catalysed by HSP90-dependent pathways [165], was
first detected with the PAb240 monoclonal antibody, which is
specific for denatured or unfolded forms of p53 [162]. Although
this was not clear at the time, this unfolding of p53 identified the
first molecular pathway whose dysregulation in tumours con-
tributed to the inactivation of p53 and now links chaperone
activity to p53 unfolding. The elevated stability of the HSP—
mutant p53 protein complex in some tumours also provided a
compelling link between dysregulation of the protein-folding
machinery and the inactivation of p53 protein function. Thus
studies aimed at dissecting the nature of the HSP—p53 interaction
should shed light on molecular processes that contribute to p53
inactivation and assist in designing strategies to re-activate the
normal p53 protein-folding and assembly pathways in cells. A
breakthrough in dissecting molecular pathways that regulate
mutant p53 protein conformation and stability in tumour cells
came from independent studies examining the mechanism of
function of the benzoquinone ansamycin class of antitumour
compounds, which include geldanamycin and the analogue
17AAG [182,183]. The benzoquinone ansamycins are proving to
be useful in identifying novel signalling proteins that interact
with HSP90, as a common feature of inhibition of HSP90
function with benzoquinone ansamycins is target protein degrad-
ation by the proteosome pathway. Given that molecular
chaperones, including HSP90, bound to mutant p53 in tumours,
studies were developed to determine whether mutant p53 folding
and stability are regulated by chaperones. A reduction in mutant
p53 protein levels after treatment of tumours with geldanamycin
mediated by ubiquitin-dependent means and the refolding of the
mutant p53 into the native, tetrameric conformation [165,184,
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185] demonstrates that HSP90 may play an important role in
modulating mutant p53 conformation and steady-state protein
levels (Figure 5).

Targeting mutant p53 protein in tumour-specific killing assays: exploiting
stabilized p53 protein

Almost half of all cancers have the p53 gene mutated, resulting
in high-level expression or accumulation of mutant p53 protein
[186]. This nuclear accumulation appears to occur via inhibition
of the MDM?2-degradation pathway and may involve binding by
the anti-apoptotic survival factor HSP90, as the inhibition of
HSP90 by the anti-cancer drug geldanamycin can destabilize
p53 protein and promote its degradation by the ubiquitin-
dependent pathway [165]. Regardless of the molecular mech-
anism of this accumulation of mutant p53, the elevated level of
mutant p53 in cancer cells compared with normal cell types
provides an intriguing target in neoplastic cells for the design of
anti-proliferative agents.

One such approach of targeting cancer cells containing high
levels of mutant p53 protein or without p53 protein using an
adenovirus hybrid (called ONYX-015) engineered to kill cells
with mutant p53, but not wild-type p53, has been reviewed
previously and provides a precedent for the engineering of smart
therapies [187,188]. Briefly, the adenovirus E1B gene product
that normally binds to wild-type p53 protein has been inactivated
by mutation such that the virus cannot replicate in cells with a
functional p53 protein. The virus can replicate in cancer cells
containing mutant p53, and preliminary success at tumour
regression using virus injected into solid tumours has been
reported. Although subsequent work has questioned whether in
fact ONYX-015 replication is p53-dependent or -independent,
possibly due to the types of cell lines used, there can be some
selectivity for ONYX-015 replicating in and killing cells with
mutant p53 in vitro and in vivo [265-267]. Additionally, the
ability of ONYX-015 to kill synergistic cancer cells in com-
bination with common anticancer treatments provides a hopeful
precedent for manipulating the p53 pathway successfully in the
treatment of specific cancer types.

Further experimental strategies have demonstrated an in-
triguing angle on the selective targeting of cancer cells by
recruiting the transactivation domain of the stabilized mutant
p53 protein to activate the expression of a target ‘killer’ gene.
The factor exploited to recruit the mutant p53 protein which
displays both high specificity and affinity is a single-chain
antibody chimaera specific for p53 protein fused to the DNA-
binding domain of the tetracycline repressor. In cell lines, this
concept has been very successful and certainly provides hope for
exploiting mutant p53 protein overproduction for therapeutic
effect [189]. The development of single-chain antibodies as a new
type of therapeutic agent for gene therapy has been reviewed
elsewhere. However, this type of transcriptional transactivator,
termed a trabody (transcription-activating antibody), provides a
novel technology for targeting a protein whose expression plays
a role in human disease.

Peptide mimetics in experimental therapeutics: replacing the
effectors of p53

The p21"*F' tumour modifier gene product

The first physiologically relevant gene product shown to be
induced by p53 was the p21 WAFVCIPL CDK regulator that appears
to mediate in part p53’s tumour-suppressor function [190]. It has
since become clear that p21WAF/CIF g capable of contributing to
the regulation of cell division on several different levels. These
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include mediation of negative growth signals, functions in
differentiation and senescence, and the more recently defined
roles for p21WAFVCIPL a5 3 modulator of the of apoptotic response
[191] and an activator of certain CDKs in response to mitogenic
signals [192,193]. However, the biochemical function of p21 was
first identified on the basis of independent research in the cell-
cycle field. Cell growth and divisions are driven by the CDK
family, which is tightly regulated by post-translational mech-
anisms, including phosphorylation, degradation and the action
of low-molecular-mass kinase inhibitors. One of these kinase
inhibitors, namely p21VAFVC*1 " was originally identified as a
CDK andproliferating-cell-nuclear-antigen (PCNA)-binding pro-
tein that was able to inhibit CDK catalytic activity [194,195].

The mechanism by which p21WAFVCIPL jphibits cyclin-CDK
activity has been relatively controversial. It has been reported
that p2 1 WAFYVCIPL could be associated with both active and inactive
G, cyclin-CDK complexes [196,197] and that changes in the
stoichiometry of p21WAFVCIPL protein regulate this transition,
recent studies have established that a single molecule of
p21WVArUCIPLjg sufficient to completely inhibit the catalytic activity
of cyclin A—-CDK2 [198]. This correlates with studies showing
that all the p21 VAPl containing CDK?2 complexes in a cell are
catalytically inactive [199]. In contrast, all the cyclin D-CDK4
pRD (retinoblastoma protein) kinase activity in proliferating cells
is in complex with either p21WVAFVCIPL or jts close relative p27
[192,193] and, at a molar ratio of 1:1, p21WVAFUCIPL does not
efficiently inhibit cyclin D-CDK4 activity [192,200]. In fact it
appears from in vitro studies that p21WVAF/CIP1 can stimulate the
assembly of catalytically active cyclin D-CDK4 by stabilizing
the preformed complex [192] and in cells p21WVAFVCIPL gppears to
assemble and target the nuclear localization of cyclin D1-CDK4
[193]. Thus although p21 is a potent inhibitor of CDK2-
containing complexes, it is a positive modulator of CDK4
activity.

Structure—function analysis of p21VA¥V/€*1 has shown that it
contains at least three distinct regulatory or interaction sites that
can mediate its biochemical function in cells. The N-terminal half
of p21WAFI/CIPL hag been shown to be sufficient for both cyclin—
CDK binding and inhibition, since it contains a cyclin-binding
motif and a CDK interaction site [201-205]. A second cyclin-
binding motif lies at the extreme C-terminus of p21WVAF/CIP1 and
although this domain is sufficient to bind and inhibit some
cyclin-CDKs, its function within the full-length protein remains
unclear [205,206]. In addition to a second cyclin-binding site, the
C-terminus of p21VAFUCIPL 150 contains a region which interacts
with the replication and repair protein PCNA [207], a phos-
phorylation site whose modification in vivo can inhibit PCNA
binding [208], and two cleavage sites for the apoptosis-associated
protease caspase 3 [209]. The interaction of p21WAFUCIPL wijth
PCNA blocks the ability of PCNA to act as a processivity factor
for DNA polymerases, modulating the primer-template rec-
ognition complex and inhibiting DNA replication in vitro.
Although there is clear evidence that p21WAFVCIPL_PCNA com-
plexes form in response to DNA damage, it has proved difficult
to show a significant affect of p21WVAFV/¢*1 on DNA replication in
cells. However, recent data suggest that the interaction with
PCNA is important in preventing endoreduplication [210], in-
hibiting S-phase progression [211] and promoting DNA repair
[212,213].

Although it is not necessarily evident that any one p53-
dependent gene product can alone replace the tumour suppressor
function of p53, it is notable that the p21WVAFUCIPL gepe is as
effective as the p53 gene in some experimental models of cancer
treatment [214]. Intriguingly, p21VAFY/CI*1 gene dosage plays a
role in modulating the rate of tumorigenesis in breast cancers
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withan ATM ~/~ background, suggesting that the specific activity
of p21WAFI/CIPL can determine whether developing cancer cells
engage proliferative or antiproliferative pathways and, in ac-
cordance with this, p21WVAF/CIPL has been proposed to be a
tumour-modifying gene [215-217]. Further, the recently identified
okadaic acid-sensitive kinase cascade targeting the PCNA-
binding site of p21WVAFVCIP1 protein provided the first evidence
that p21WAFYCIPL protein specific activity can be regulated by
covalent modification [208] and highlights the possibility that
post-translational signal-transduction mechanisms can affect its
tumour-modifier activity.

Thus it remains possible that experimental strategies developed
that by-pass the need for p53 protein by developing low-
molecular-mass mimetics of p21VAFVCIPL or enzyme inhibitors
that inhibit the kinases that phosphorylate its C-terminal domain
would be exciting leads for drug-discovery programmes aimed at
regulating p21WVAFVCIPL tymour-modifier function. In fact, the
CDK-inhibitory function of p21WAF/CIP1 hag been reconstituted
with low-molecular-mass peptides derived from the N- and C-
terminal domains, and the introduction of these low-molecular-
mass effectors into cells can induce cell-cycle arrest via inhibition
of pRb phosphorylation [205]. Later studies have demonstrated
the power of the peptide-mimetic approach in replacing
p21WAFVCIPL fypction and identifying tumour cell lines where cell
death can be induced via the introduction of p2 1 WAFVCIPL peptide
linked to carrier polypeptides [218,219].

The bax gene product as an apoptotic mediator of p53

The bax gene product has been defined as a mediator of p53-
dependent apoptosis by antagonizing the Bcl-2-dependent sur-
vival pathway [220,221], and intriguing links have been made
between alternatively spliced forms of JMY and p53-dependent
induction of bax gene expression and apoptosis [73]. The Bcl-
2 homologues comprise a family of proteins that play an im-
portant function in the regulation of apoptosis, with some
members promoting apoptosis, and others promoting cell sur-
vival, following cell injury [222]. The Bcl-2 family of proteins
function in a signal-transduction pathway where competitive
dimerization between bcl-2 homology (BH) domains among
family members regulates cytochrome ¢ dissociation from mito-
chondria [223,224] and the activation of caspase function leading
to nuclear disintegration and cell death. Although a set of other
regulatory factors also transduce signals within this apoptotic
pathway, including HSP70 [225], links have been made between
the tumour-suppressor protein p53 and apoptotic signalling
promoted by the Bcl-2 homologue BAX. Binding sites for p53
protein exist in the bax gene, and induction of BAX can occur in
a p53-dependent manner [221]. Deletion studies have shown that
the BH domains are required for the survival of damaged cells
via the anti-apoptotic Bcl-2 homologues, while the BH domains
are essential for the induction of cell death by the apoptotic-
promoting Bcl-2 homologues BAX and BAK [226,227]. The
ability of BH3 domains derived from BAK to induce apoptosis
by competitive disruption of the anti-apoptotic homodimers or
heterodimers provides a foundation for the development of
therapeutic strategies to manipulate the cell-death pathway [228].
Using small peptides derived from the pro-apoptotic or anti-
apoptotic Bcl-2 homologues, cell-death signalling pathways can
be manipulated in extracts from Xenopus eggs [229]. The
changes induced by the apoptotic BH3-domain peptides mimic
that induced by full-length proteins in that they require mem-
brane fractions from the cytoplasm and mitochondria, promote
the release of cytochrome ¢, activate caspases and antagonize
Bcl-2 function. The introduction of the BH3 domains of BAK into

human tumour cells via the Antennapedia carrier peptide can
promote apoptosis through a cytochrome c-independent activ-
ation of caspases [230]. The data support a model whereby the
apoptotic role of the BAX and BAK proteins may be promoted
by their ability to disrupt the anti-apoptotic Bcl-2 homologues
and provide the scaffold for the design of peptide mimetics for
manipulating the p53-dependent or independent cell-death
switch.

PERSPECTIVES

This review has aimed to first highlight some of the fundamental
biochemical properties of p53 protein and the key factors
implicated in regulating its activity as a tumour-suppressor
protein. The ‘guardian of the genome’ paradigm was an im-
portant milestone to highlight the inducible nature of the p53
pathway. The clear definition of p53 as a transcription factor
that functions at a nodal point in the cellular stress response
helped to explain why p53, and not its numerous gene products,
undergoes a high rate of mutation in distinct types of human
cancers. Additional concepts that have emerged include the
realization that: (i) pS3 protein is negatively regulated by
degradation pathways; and (ii) cell-specific and damage-specific
factors drive alterations in the specific activity of p53 as a
transcription factor via covalent and non-covalent modifications.
Thus, underlying the fundamental protein—protein interactions
that drive p53 function, are regulatory processes such as cycles of
phosphorylation and dephosphorylation, protein folding and
unfolding, and protein synthesis and degradation, whose com-
ponents are now being identified in detail. Equally important
developments have included the ability to exploit these bio-
chemical properties of p53 protein by manipulating its activity
through the development of activating agents or drugs that can
replace or modify mutant p53 structure and function in vivo.
However, this basic research needs to be translated to more
clinically relevant models to understand and to treat cancer as a
biological disease. Rational exploitation of these biochemical
pathways will require the development of quantitative physio-
logical models that allow a greater understanding of the role
of p53 as a tumour suppressor in vivo.

We thank our many colleagues in Dundee for their enthusiasm and support. Our
research is supported by the U.K. Medical Research Council, the Cancer Research
Campaign (CRC), Tenovus-Scotland, and the Association for International Cancer
Research. D. L. is a Gibb Fellow of the CRC and K. B. is a CRC Cancer Research
Senior Fellow.

REFERENCES

1 Oren, M. (1999) Regulation of the p53 tumor suppressor protein. J. Biol. Chem.
274, 3603136034

2 Polyak, K., Xia, Y., Zweier, J. L., Kinzler, K. W. and Vogelstein, B. (1997) A model
for p53-induced apoptosis. Nature (London) 389, 300—305

3 Yu, J, Zhang, L., Hwang, P. M., Rago, C., Kinzler, K. W. and Vogelstein, B. (1999)
Identification and classification of p53-regulated genes. Proc. Natl. Acad. Sci. U.S.A.
96, 1451714522

4 Oren, M. and Rotter, V. (1999) Introduction: p53 — the first twenty years. Cell Mol.
Life Sci. 55, 9—11

5 May, P. and May, E. (1999) Twenty years of p53 research: structural and
functional aspects of the p53 protein. Oncogene 18, 7621—7636

6 Lane, D. P. and Crawford, L. V. (1979) T antigen is bound to a host protein in
SV40-transformed cells. Nature (London) 278, 261-263

7 Linzer, D. I. and Levine, A. J. (1979) Characterization of a 54K dalton cellular SV40
tumor antigen present in SV40-transformed cells and uninfected embryonal
carcinoma cells. Cell 17, 4352

8 Finlay, C. A, Hinds, P. W. and Levine, A. J. (1989) The p53 proto-oncogene can act
as a suppressor of transformation. Cell 57, 1083—1093

© 2000 Biochemical Society



12

T. R. Hupp, D. P. Lane and K. L. Ball

20

21

22

23

24

25

26

27

28

29

30

31

32

Baker, S. J., Markowitz, S., Fearon, E. R., Willson, J. K. and Vogelstein, B. (1990)
Suppression of human colorectal carcinoma cell growth by wild-type p53. Science
249, 912-915

Rodrigues, N. R., Rowan, A., Smith, M. E., Kerr, I. B., Bodmer, W. F., Gannon, J. V.
and Lane, D. P. (1990) p53 mutations in colorectal cancer. Proc. Natl. Acad. Sci.
U.S.A. 87, 75557559

Sidransky, D., Mikkelsen, T., Schwechheimer, K., Rosenblum, M. L., Cavanee, W.
and Vogelstein, B. (1992) Clonal expansion of p53 mutant cells is associated with
brain tumour progression. Nature (London) 355, 846—847

Fields, S. and Jang, S. K. (1990) Presence of a potent transcription activating
sequence in the p53 protein. Science 249, 1046—1049

Kern, S. E., Kinzler, K. W., Bruskin, A., Jarosz, D., Friedman, P., Prives, C. and
Vogelstein, B. (1991) Identification of p53 as a sequence-specific DNA-binding
protein. Science 252, 1708—1711

el-Deiry, W. S., Kern, S. E., Pietenpol, J. A., Kinzler, K. W. and Vogelstein, B. (1992)
Definition of a consensus binding site for p53. Nat. Genet. 1, 45—49

Zhao, R., Gish, K., Murphy, M., Yin, Y., Notterman, D., Hoffman, W., Tom, E., Mack,
D. and Levine, A. (2000) Analysis of p53-regulated gene expression patterns using
oligonucleotide arrays. Genes Dev. 14, 981-993

Pritchard, D. M., Watson, A. J., Potten, C. S., Jackman, A. L. and Hickman, J. A.
(1997) Inhibition by uridine but not thymidine of p53-dependent intestinal apoptosis
initiated by 5-fluorouracil: evidence for the involvement of RNA perturbation. Proc.
Natl. Acad. Sci. U.S.A. 94, 1795-1799

Bunz, F., Hwang, P. M., Torrance, C., Waldman, T., Zhang, Y., Dillehay, L., Williams,
J., Lengauer, C., Kinzler, K. W. and Vogelstein, B. (1999) Disruption of p53 in
human cancer cells alters the responses to therapeutic agents. J. Clin. Invest. 104,
263-269

Webley, K., Bond, J. A., Jones, C. J., Blaydes, J. P., Craig, A., Hupp, T. and
Wynford-Thomas, D. (2000) Posttranslational modifications of p53 in replicative
senescence overlapping but distinct from those induced by DNA damage. Mol. Cell.
Biol. 20, 2803—2808

Pritchard, D. M., Potten, C. S. and Hickman, J. A. (1998) The relationships between
p53-dependent apoptosis, inhibition of proliferation, and 5-fluorouracil-induced
histopathology in murine intestinal epithelia. Cancer Res. 58, 5453—5465

Lane, D. P. (1999) Exploiting the p53 pathway for cancer diagnosis and therapy.
Br. J. Cancer. 80 (Suppl. 1), 1-5

Hupp, T. R. (2000) Development of physiological models to study stress protein
responses. Methods Mol. Biol. 99, 465483

Jayaraman, L. and Prives, C. (1999) Covalent and noncovalent modifiers of the p53
protein. Cell. Mol. Life Sci. 55, 76—87

Kaghad, M., Bonnet, H., Yang, A, Creancier, L., Biscan, J. C., Valent, A, Minty, A,
Chalon, P., Lelias, J. M., Dumont, X. et al. (1997) Monoallelically expressed

gene related to p53 at 1p36, a region frequently deleted in neuroblastoma and other
human cancers. Cell 90, 809—-819

Yang, A., Kaghad, M., Wang, Y., Gillett, E., Fleming, M. D., Dotsch, V., Andrews,

N. C., Caput, D. and McKeon, F. (1998) p63, a p53 homolog at 3927-3g29,
encodes multiple products with transactivating, death-inducing, and dominant-
negative activities. Mol. Cell 2, 305-316

Cho, Y., Gorina, S., Jeffrey, P. D. and Pavletich, N. P. (1994) Crystal structure of a
p53 tumor suppressor—DNA complex: understanding tumorigenic mutations. Science
265, 346-355

Hainaut, P., Soussi, T., Shomer, B., Hollstein, M., Greenblatt, M., Hovig, E., Harris,
C. C. and Montesano, R. (1997) Database of p53 gene somatic mutations in human
tumors and cell lines: updated compilation and future prospects. Nucleic Acids Res.
25, 151157

Pietenpol, J. A., Tokino, T., Thiagalingam, S., el-Deiry, W. S., Kinzler, K. W. and
Vogelstein, B. (1994) Sequence-specific transcriptional activation is essential for
growth suppression by p53. Proc. Natl. Acad. Sci. U.S.A. 91, 1998—2002

Clore, G. M., Ernst, J., Clubb, R., Omichinski, J. G., Kennedy, W. M., Sakaguchi, K.,
Appella, E. and Gronenborn, A. M. (1995) Refined solution structure of the
oligomerization domain of the tumour suppressor p53. Nat. Struct. Biol. 2, 321333
Johnson, C. R., Morin, P. E., Arrowsmith, C. H. and Freire, E. (1995)
Thermodynamic analysis of the structural stability of the tetrameric oligomerization
domain of p53 tumor suppressor. Biochemistry 34, 5309-5316

Davison, T. S., Yin, P., Nie, E.,, Kay, C. and Arrowsmith, C. H. (1998)
Characterization of the oligomerization defects of two p53 mutants found in families
with Li-Fraumeni and Li-Fraumeni-like syndrome. Oncogene 17, 651—656

Lomax, M. E.,, Barnes, D. M., Hupp, T. R., Picksley, S. M. and Camplejohn, R. S.
(1998) Characterization of p53 oligomerization domain mutations isolated from
Li-Fraumeni and Li-Fraumeni like family members. Oncogene 17, 643—649

Mateu, M. G. and Fersht, A. R. (1998) Nine hydrophobic side chains are key
determinants of the thermodynamic stability and oligomerization status of tumour
suppressor p53 tetramerization domain. EMBO J. 17, 2748-2758

© 2000 Biochemical Society

33

35

36

37

38

39

40

4

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

Avantaggiati, M. L., Ogryzko, V., Gardner, K., Giordano, A., Levine, A. S. and Kelly,
K. (1997) Recruitment of p300/CBP in p53-dependent signal pathways. Cell 89,
11751184

Scolnick, D. M., Chehab, N. H., Stavridi, E. S., Lien, M. C., Caruso, L., Moran, E.,
Berger, S. L. and Halazonetis, T. D. (1997) CREB-binding protein and p300/CBP-
associated factor are transcriptional coactivators of the p53 tumor suppressor
protein. Cancer Res. 57, 3693—3696

Gu, W., Shi, X. L. and Roeder, R. G. (1997) Synergistic activation of transcription by
CBP and p53. Nature (London) 387, 819823

Yuan, Z. M., Huang, Y., Ishiko, T., Nakada, S., Utsugisawa, T., Shioya, H.,
Utsugisawa, Y., Yokoyama, K., Weichselbaum, R., Shi, Y. and Kufe, D. (1999) Role
for p300 in stabilization of p53 in the response to DNA damage. J. Biol. Chem.
274, 18831886

Webster, G. A. and Perkins, N. D. (1999) Transcriptional cross talk between NF-
kappaB and p53. Mol. Cell. Biol. 19, 3485—3495

Lambert, P. F., Kashanchi, F., Radonovich, M. F., Shiekhattar, R. and Brady, J. N.
(1998) Phosphorylation of p53 serine 15 increases interaction with CBP. J. Biol.
Chem. 273, 33048—33053

Fiscella, M., Ullrich, S. J., Zambrano, N., Shields, M. T., Lin, D., Lees-Miller, S. P.,
Anderson, C. W., Mercer, W. E. and Appella, E. (1993) Mutation of the serine 15
phosphorylation site of human p53 reduces the ability of p53 to inhibit cell cycle
progression. Oncogene 8, 15191528

Unger, T., Sionov, R. V., Moallem, E., Yee, C. L., Howley, P. M., Oren, M. and
Haupt, Y. (1999) Mutations in serines 15 and 20 of human p53 impair its apoptotic
activity. Oncogene 18, 3205-3212

Banin, S., Moyal, L., Shieh, S., Taya, Y., Anderson, C. W., Chessa, L., Smorodinsky,
N. ., Prives, C., Reiss, Y., Shiloh, Y. and Ziv, Y. (1998) Enhanced phosphorylation
of p53 by ATM in response to DNA damage. Science 281, 1674—1677

Canman, C. E., Lim, D. S., Cimprich, K. A, Taya, Y., Tamai, K., Sakaguchi, K.,
Appella, E., Kastan, M. B. and Siliciano, J. D. (1998) Activation of the ATM kinase
by ionizing radiation and phosphorylation of p53. Science 281, 16771679
Khanna, K. K., Keating, K. E., Kozlov, S., Scott, S., Gatei, M., Hobson, K., Taya, Y.,
Gabrielli, B., Chan, D., Lees-Miller, S. P. and Lavin, M. F. (1998) ATM associates
with and phosphorylates p53: mapping the region of interaction. Nat. Genet. 20,
398400

Wang, S., Guo, M., Quyang, H., Li, X., Cordon-Cardo, C., Kurimasa, A., Chen, D. J.,
Fuks, Z., Ling, C. C. and Li, G. C. (2000) The catalytic subunit of DNA-dependent
protein kinase selectively regulates p53-dependent apoptosis but not cell-cycle
arrest. Proc. Natl. Acad. Sci. U.S.A. 97, 1584—1588

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

Sakaguchi, K., Sakamoto, H., Xie, D., Erickson, J. W., Lewis, M. S., Anderson, C. W.
and Appella, E. (1997) Effect of phosphorylation on tetramerization of the tumor
suppressor protein p53. J. Protein Chem. 16, 553—556

Hao, M., Lowy, A. M., Kapoor, M., Deffie, A., Liu, G. and Lozano, G. (1996)
Mutation of phosphoserine 389 affects p53 function /n vivo. J. Biol. Chem. 271,
2938029385

Rodriguez, M. S., Desterro, J. M., Lain, S., Midgley, C. A, Lane, D. P. and Hay,

R. T. (1999) SUMO-1 modification activates the transcriptional response of p53.
EMBO J. 18, 64556461

Blaydes, J. P. and Hupp, T. R. (1998) DNA damage triggers DRB-resistant
phosphorylation of human p53 at the CK2 site. Oncogene 17, 1045—1052

Blaydes, J. P., Craig, A., Wallace, M., Ball, M. L., Traynor, N., Gibbs, N. and
Hupp, T. R. (2000) Synergistic activation of p53-dependent transcription by two
cooperating damage recognition pathways. Oncogene 19, 3829-3839

Abarzua, P., LoSardo, J. E., Gubler, M. L. and Neri, A. (1995) Microinjection of
monoclonal antibody PAb421 into human SW480 colorectal carcinoma cells restores
the transcription activation function to mutant p53. Cancer Res. 55, 3490—3494
Abarzua, P., LoSardo, J. E., Gubler, M. L., Spathis, R., Lu, Y. A, Felix, A. and Neri,
A. (1996) Restoration of the transcription activation function to mutant p53 in
human cancer cells. Oncogene 13, 2477-2482

Caron de Fromentel, C., Gruel, N., Venot, C., Debussche, L., Conseiller, E., Dureuil,
C., Teillaud, J. L., Tocque, B. and Bracco, L. (1999) Restoration of transcriptional
activity of p53 mutants in human tumour cells by intracellular expression of anti-
p53 single chain Fv fragments. Oncogene 18, 551-557

Hupp, T. R. and Lane, D. P. (1994) Allosteric activation of latent p53 tetramers.
Curr. Biol. 4, 865-875

Anderson, M. E., Woelker, B., Reed, M., Wang, P. and Tegtmeyer, P. (1997)
Reciprocal interference between the sequence-specific core and nonspecific
C-terminal DNA-binding domains of p53: implications for regulation. Mol. Cell.
Biol. 17, 6255—6264

Hoffmann, R., Craik, D. J., Pierens, G., Bolger, R. E. and Otvos, Jr., L. (1998)
Phosphorylation of the C-terminal sites of human p53 reduces non-sequence-specific
DNA-binding as modeled with synthetic peptides. Biochemistry 37, 13755—13764



The p53 pathway and the treatment of human cancer 13

57

58

59

60

61

62

63

64

65

66

67

68

69

70

Ul

72

73

74

75

76

7

78

79

80

81

82

83

Luciani, G., Hutchins, J., Zheleva, D. and Hupp, T. (2000) The C-terminal regulatory
domain of p5b3 contains a functional docking site for cyclin A. J. Mol. Biol. 300,
503-518

Gu, W. and Roeder, R. G. (1997) Activation of p53 sequence-specific DNA-binding
by acetylation of the p53 C-terminal domain. Cell 90, 595—606

Sakaguchi, K., Herrera, J. E., Saito, S., Miki, T., Bustin, M., Vassilev, A., Anderson,
C. W. and Appella, E. (1998) DNA damage activates p53 through a
phosphorylation—acetylation cascade. Genes Dev. 12, 28312841

Gostissa, M., Hengstermann, A., Fogal, V., Sandy, P., Schwarz, S. E., Scheffner, M.
and Del Sal, G. (1999) Activation of p53 by conjugation to the ubiquitin-like protein
SUMO-1. EMBO J. 18, 6462—6471

Lu, H. and Levine, A. J. (1995) Human TAFII31 protein is a transcriptional
coactivator of the p53 protein. Proc. Natl. Acad. Sci. U.S.A. 92, 5154—5158

Thut, C. J., Chen, J. L, Klemm, R. and Tjian, R. (1995) p53 transcriptional
activation mediated by coactivators TAFII40 and TAFII60. Science 267, 100—104
Uesugi, M. and Verdine, G. L. (1999) The alpha-helical FXXPhiPhi motif in p53:
TAF interaction and discrimination by MDM2. Proc. Natl. Acad. Sci. U.S.A. 96,
1480114806

Thukral, S. K., Blain, G. C., Chang, K. K. and Fields, S. (1994) Distinct residues of
human p53 implicated in binding to DNA, simian virus 40 large T antigen, 53BP1,
and 53BP2. Mol. Cell. Biol. 14, 8315-8321

Iwabuchi, K., Bartel, P. L., Li, B., Marraccino, R. and Fields, S. (1994) Two cellular
proteins that bind to wild-type but not mutant p53. Proc. Natl. Acad. Sci. U.S.A. 91,
60986102

Chakravarti, D., Ogryzko, V., Kao, H. Y., Nash, A., Chen, H., Nakatani, Y. and Evans,
R. M. (1999) A viral mechanism for inhibition of p300 and PCAF acetyltransferase
activity. Cell 96, 393—403

Sartorelli, V., Puri, P. L., Hamamori, Y., Ogryzko, V., Chung, G., Nakatani, Y., Wang,
J. Y. and Kedes, L. (1999) Acetylation of MyoD directed by PCAF is necessary for
the execution of the muscle program. Mol. Cell 4, 725—734

Clements, A., Rojas, J. R., Trievel, R. C., Wang, L., Berger, S. L. and Marmorstein,
R. (1999) Crystal structure of the histone acetyltransferase domain of the human
PCAF transcriptional regulator bound to coenzyme A. EMBO J. 18, 3521-3532
Bannister, A. J. and Kouzarides, T. (1996) The CBP co-activator is a histone
acetyltransferase. Nature (London) 384, 641—643

Mizzen, C. A, Yang, X. J., Kokubo, T., Brownell, J. E., Bannister, A. J., Owen-
Hughes, T., Workman, J., Wang, L., Berger, S. L., Kouzarides, T. et al. (1996)

The TAF(11)250 subunit of TFIID has histone acetyltransferase activity. Cell 87,
12611270

Liu, L., Scolnick, D. M., Trievel, R. C., Zhang, H. B., Marmorstein, R., Halazonetis,
T.D. and Berger, S. L. (1999) p53 sites acetylated /n vitro by PCAF and p300 are
acetylated in vivo in response to DNA damage. Mol. Cell. Biol. 19, 1202—1209
Abraham, J., Kelly, J., Thibault, P. and Benchimol, S. (2000) Post-translational
modification of pd3 protein in response to ionizing radiation analyzed by mass
spectrometry. J. Mol. Biol. 295, 853—864

Shikama, N., Lee, C. W., France, S., Delavaine, L., Lyon, J., Krstic-Demonacos, M.
and La Thangue, N. B. (1999) A novel cofactor for p300 that regulates the p53
response. Mol. Cell 4, 365-376

Maltzman, W. and Czyzyk, L. (1984) UV irradiation stimulates levels of p53 cellular
tumor antigen in nontransformed mouse cells. Mol. Cell. Biol. 4, 1689—1694
Scheffner, M., Werness, B. A., Huibregtse, J. M., Levine, A. J. and Howley, P. M.
(1990) The E6 oncoprotein encoded by human papillomavirus types 16 and 18
promotes the degradation of p53. Cell 63, 11291136

Crook, T., Tidy, J. A. and Vousden, K. H. (1991) Degradation of p53 can be
targeted by HPV E6 sequences distinct from those required for p53 binding and
trans-activation. Cell 67, 547556

Momand, J., Zambetti, G. P., Olson, D. C., George, D. and Levine, A. J. (1992) The
mdm-2 oncogene product forms a complex with the p53 protein and inhibits p53-
mediated transactivation. Cell 69, 1237—1245

Maki, C. G. (1999) Oligomerization is required for p53 to be efficiently ubiquitinated
by MDM2. J. Biol. Chem. 274, 1653116535

Kubbutat, M. H., Jones, S. N. and Vousden, K. H. (1997) Regulation of p53 stability
by Mdm2. Nature (London) 387, 299-303

Haupt, Y., Maya, R., Kazaz, A. and Oren, M. (1997) Mdm2 promotes the rapid
degradation of p53. Nature (London) 387, 296—299

Fuchs, S.Y., Adler, V., Buschmann, T., Wu, X. and Ronai, Z. (1998) Mdm2
association with p53 targets its ubiquitination. Oncogene 17, 2543—2547

Nakajima, T., Morita, K., Tsunoda, H., Imajoh-Ohmi, S., Tanaka, H., Yasuda, H. and
0Oda, K. (1998) Stabilization of p53 by adenovirus ETA occurs through its amino-
terminal region by modification of the ubiquitin-proteasome pathway. J. Biol. Chem.
273, 20036—20045

Lin, J., Chen, J., Elenbaas, B. and Levine, A. J. (1994) Several hydrophobic amino
acids in the p53 amino-terminal domain are required for transcriptional activation,
binding to mdm-2 and the adenovirus 5 E1B 55-kD protein. Genes Dev. 8,
1235—1246

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

106

106

107

108

Picksley, S. M., Vojtesek, B., Sparks, A. and Lane, D. P. (1994) Immunochemical
analysis of the interaction of p53 with MDM2: fine mapping of the MDM2 binding
site on p53 using synthetic peptides. Oncogene 9, 2523—2529

Lin, J., Teresky, A. K. and Levine, A. J. (1995) Two critical hydrophobic amino
acids in the N-terminal domain of the p53 protein are required for the gain of
function phenotypes of human p53 mutants. Oncogene 10, 2387—-2390

Kussie, P. H., Gorina, S., Marechal, V., Elenbaas, B., Moreau, J., Levine, A. J. and
Pavletich, N. P. (1996) Structure of the MDM2 oncoprotein bound to the p53 tumor
suppressor transactivation domain. Science 274, 948—953

Burch, L. R., Midgley, C. A., Currie, R. A, Lane, D. P. and Hupp, T. R. (2000)
Mdm2 binding to a conformationally sensitive domain on p53 can be modulated by
RNA. FEBS Lett. 472, 93-98

Chen, J., Marechal, V. and Levine, A. J. (1993) Mapping of the p53 and mdm-2
interaction domains. Mol. Cell. Biol. 13, 4107—4114

Blaydes, J. P. and Wynford-Thomas, D. (1998) The proliferation of normal human
fibroblasts is dependent upon negative regulation of p53 function by MDM2.
Oncogene 16, 3317-3322

Blaydes, J. P., Gire, V., Rowson, J. M. and Wynford-Thomas, D. (1997) Tolerance of
high levels of wild-type p53 in transformed epithelial cells dependent on auto-
regulation by mdm-2. Oncogene 14, 18591868

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

Bottger, A., Bottger, V., Sparks, A., Liu, W. L., Howard, S. F. and Lane, D. P. (1997)
Design of a synthetic Mdm2-binding mini protein that activates the p53 response /n
vivo. Curr. Biol. 7, 860—869

Blattner, C., Sparks, A. and Lane, D. (1999) Transcription factor E2F-1 is
upregulated in response to DNA damage in a manner analogous to that of p53.
Mol. Cell. Biol. 19, 37043713

Midgley, C. A., Desterro, J. M., Saville, M. K., Howard, S., Sparks, A., Hay, R. T.
and Lane, D. P. (2000) An N-terminal p14ARF peptide blocks Mdm2-dependent
ubiquitination /n vitro and can activate p53 /n vivo. Oncogene 19, 2312—2323
Pomerantz, J., Schreiber-Agus, N., Liegeois, N. J., Silverman, A, Alland, L., Chin,
L., Potes, J., Chen, K., Orlow, I, Lee, H. W. et al. (1998) The Ink4a tumor
suppressor gene product, p19Arf, interacts with MDM2 and neutralizes MDM2's
inhibition of p53. Cell 92, 713—723

Zhang, Y., Xiong, Y. and Yarbrough, W. G. (1998) ARF promotes MDM2
degradation and stabilizes p53: ARF-INK4a locus deletion impairs both the Rb and
p53 tumor suppression pathways. Cell 92, 725—734

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

Zindy, F., Eischen, C. M., Randle, D. H., Kamijo, T., Cleveland, J. L., Sherr, C. J.
and Roussel, M. F. (1998) Myc signaling via the ARF tumor suppressor regulates
p53-dependent apoptosis and immortalization. Genes Dev. 12, 2424-2433

de Stanchina, E., McCurrach, M. E., Zindy, F., Shieh, S. Y., Ferbeyre, G.,
Samuelson, A. V., Prives, C., Roussel, M. F., Sherr, C. J. and Lowe, S. W. (1998)
E1A signaling to p53 involves the p19(ARF) tumor suppressor. Genes Dev. 12,
2434-2442

Stott, F. J., Bates, S., James, M. C., McConnell, B. B., Starborg, M., Brookes, S.,
Palmero, 1., Ryan, K., Hara, E., Vousden, K. H. and Peters, G. (1998) The alternative
product from the human CDKN2A locus, p14(ARF), participates in a regulatory
feedback loop with p53 and MDM2. EMBO J. 17, 5001-5014

Bates, S., Phillips, A. C., Clark, P. A, Stott, F., Peters, G., Ludwig, R. L. and
Vousden, K. H. (1998) p14ARF links the tumour suppressors RB and p53.

Nature (London) 395, 124—125

Weber, J. D., Taylor, L. J., Roussel, M. F., Sherr, C. J. and Bar-Sagi, D. (1999)
Nucleolar Arf sequesters Mdm2 and activates p53. Nat. Cell Biol. 1, 2026

Lowe, S. W. (1999) Activation of p53 by oncogenes. Endocr. Relat. Cancer 6,
45-48

Elenbaas, B., Dobbelstein, M., Roth, J., Shenk, T. and Levine, A. J. (1996) The
MDM?2 oncoprotein binds specifically to RNA through its RING finger domain.
Mol. Med. 2, 439—-451

Marechal, V., Elenbaas, B., Piette, J., Nicolas, J. C. and Levine, A. J. (1994) The
ribosomal L5 protein is associated with mdm-2 and mdm-2-p53 complexes. Mol.
Cell. Biol. 14, 74147420

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

Dumaz, N. and Meek, D. W. (1999) Serine15 phosphorylation stimulates p53
transactivation but does not directly influence interaction with HDM2. EMBO J. 18,
7002—7010

Craig, A. L., Burch, L., Vojtesek, B., Mikutowska, J., Thompson, A. and Hupp, T. R.
(1999) Novel phosphorylation sites of human tumour suppressor protein p53 at
Ser20 and Thr18 that disrupt the binding of mdm2 (mouse double minute 2)
protein are modified in human cancers. Biochem. J. 342, 133—141

© 2000 Biochemical Society



14

T. R. Hupp, D. P. Lane and K. L. Ball

109

110

m

12

113

114

115

116

17

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

Craig, A. L., Blaydes, J. P., Burch, L. R., Thompson, A. M. and Hupp, T. R. (1999)
Dephosphorylation of p53 at Ser20 after cellular exposure to low levels of non-
jonizing radiation. Oncogene 18, 63056312

Shieh, S. Y., Ahn, J., Tamai, K., Taya, Y. and Prives, C. (2000) The human
homologs of checkpoint kinases Chk1 and Cds1 (Chk2) phosphorylate p53 at
multiple DNA damage-inducible sites. Genes Dev. 14, 289-300

Chehab, N. H., Malikzay, A., Appel, M. and Halazonetis, T. D. (2000) Chk2/hCds1
functions as a DNA damage checkpoint in G(1) by stabilizing p53. Genes Dev. 14,
278288

Bond, J. A., Webley, K., Wyllie, F. S., Jones, C. J., Craig, A., Hupp, T. and Wynford-
Thomas, D. (1999) p53-Dependent growth arrest and altered p53-immunoreactivity
following metabolic labelling with 32P ortho-phosphate in human fibroblasts.
Oncogene 18, 3788-3792

Sakaguchi, K., Saito, S., Higashimoto, Y., Roy, S., Anderson, C. W. and Appella, E.
(2000) Damage-mediated phosphorylation of human p53 threonine 18 through a
cascade mediated by a casein 1-like kinase. Effect on Mdm2 binding. J. Biol.
Chem. 275, 9278-9283

Cairns, C. A. and White, R. J. (1998) pb3 is a general repressor of RNA polymerase
Il transcription. EMBO J. 17, 3112-3123

Durocher, D., Henckel, J., Fersht, A. R. and Jackson, S. P. (1999) The FHA domain
is a modular phosphopeptide recognition motif. Mol. Cell 4, 387-394

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

Lu, X. and Lane, D. P. (1993) Differential induction of transcriptionally active p53
following UV or ionizing radiation: defects in chromosome instability syndromes ?
Cell 75, 765778

Fritsche, M., Haessler, C. and Brandner, G. (1993) Induction of nuclear
accumulation of the tumor-suppressor protein p53 by DNA-damaging agents.
Oncogene 8, 307-318

Eller, M. S., Maeda, T., Magnoni, C., Atwal, D. and Gilchrest, B. A. (1997)
Enhancement of DNA repair in human skin cells by thymidine dinucleotides:
evidence for a p53-mediated mammalian SOS response. Proc. Natl. Acad. Sci.
U.SA. 94, 1262712632

Goukassian, D. A, Eller, M. S., Yaar, M. and Gilchrest, B. A. (1999) Thymidine
dinucleotide mimics the effect of solar simulated irradiation on p53 and p53-
regulated proteins. J. Invest. Dermatol. 112, 25-31

Huang, L. C., Clarkin, K. C. and Wahl, G. M. (1996) Sensitivity and selectivity of the
DNA damage sensor responsible for activating p53-dependent G1 arrest. Proc. Natl.
Acad. Sci. U.S.A. 93, 48274832

Kastan, M. B., Zhan, Q., el-Deiry, W. S., Carrier, F., Jacks, T., Walsh, W. V.,
Plunkett, B. S., Vogelstein, B. and Fornace, Jr., A. J. (1992) A mammalian cell cycle
checkpoint pathway utilizing p53 and GADDA45 is defective in ataxia-telangiectasia.
Cell 71, 587597

Siliciano, J. D., Canman, C. E., Taya, Y., Sakaguchi, K., Appella, E. and Kastan,

M. B. (1997) DNA damage induces phosphorylation of the amino terminus of p53.
Genes Dev. 11, 3471-3481

Waterman, M. J., Stavridi, E. S., Waterman, J. L. and Halazonetis, T. D. (1998)
ATM-dependent activation of p53 involves dephosphorylation and association with
14-13-3 proteins. Nat. Genet. 19, 175178

Vile, G. F. and Tyrrell, R. M. (1995) UVA radiation-induced oxidative damage to
lipids and proteins /n vifro and in human skin fibroblasts is dependent on iron and
singlet oxygen. Free Radical Biol. Med. 18, 721—730

Vile, G. F. (1997) Active oxygen species mediate the solar ultraviolet radiation-
dependent increase in the tumour suppressor protein pS3 in human skin fibroblasts.
FEBS Lett. 412, 70-74

Renzing, J., Hansen, S. and Lane, D. P. (1996) Oxidative stress is involved in the
UV activation of p53. J. Cell Sci. 109, 1105-1112

Meira, L. B., Cheo, D. L., Hammer, R. E., Burns, D. K., Reis, A. and Friedberg, E. C.
(1997) Genetic interaction between HAP1/REF-1 and p53. Nat. Genet. 17, 145
Jayaraman, L., Murthy, K. G., Zhu, C., Curran, T., Xanthoudakis, S. and Prives, C.
(1997) Identification of redox/repair protein Ref-1 as a potent activator of p53.
Genes Dev. 11, 558-570

Gaiddon, C., Moorthy, N. C. and Prives, C. (1999) Ref-1 regulates the
transactivation and pro-apoptotic functions of p53 in vivo. EMBO J. 18, 56095621
Casso, D. and Beach, D. (1996) A mutation in a thioredoxin reductase homolog
suppresses p53-induced growth inhibition in the fission yeast Schizosaccharomyces
pombe. Mol. Gen. Genet. 252, 518-529

Pearson, G. D. and Merrill, G. F. (1998) Deletion of the Saccharomyces cerevisiae
TRR1 gene encoding thioredoxin reductase inhibits p53-dependent reporter gene
expression. J. Biol. Chem. 273, 54315434

Ueno, M., Masutani, H., Arai, R. J., Yamauchi, A., Hirota, K., Sakai, T., Inamoto, T.,
Yamaoka, Y., Yodoi, J. and Nikaido, T. (1999) Thioredoxin-dependent redox
regulation of p53-mediated p21 activation. J. Biol. Chem. 274, 35809-35815

© 2000 Biochemical Society

134

135

136

137

138

139

140

14

142

143

144

145

146

147

148

149

150

151

152

183

154

155

156

157

Henderson, C. J., Smith, A. G., Ure, J., Brown, K., Bacon, E. J. and Wolf, C. R.
(1998) Increased skin tumorigenesis in mice lacking pi class glutathione S-
transferases. Proc. Natl. Acad. Sci. U.S.A. 95, 5275-5280

Arrigo, A. P. (1999) Gene expression and the thiol redox state. Free Radicals Biol.
Med. 27, 936-944

Yamaizumi, M. and Sugano, T. (1994) U.v.-induced nuclear accumulation of p53 is
evoked through DNA damage of actively transcribed genes independent of the cell
cycle. Oncogene 9, 2775-2784

Ohta, M., Nitta, M. and Yamaizumi, M. (1999) High sensitivity of the ultraviolet-
induced p53 response in ultraviolet-sensitive syndrome, a photosensitive disorder
with a putative defect in deoxyribonucleic acid repair of actively transcribed genes.
Mutat. Res. 433, 23-32

de Vries, A., Berg, R. J., Wijnhoven, S., Westerman, A., Wester, P. W., van Kreijl,
C. F., Capel, P. J., de Gruijl, F. R., van Kranen, H. J. and van Steeg, H. (1998)
XPA-deficiency in hairless mice causes a shift in skin tumor types and mutational
target genes after exposure to low doses of U.V. B. Oncogene 16, 2205—2212
Ljungman, M., Zhang, F., Chen, F., Rainbow, A. J. and McKay, B. C. (1999)
Inhibition of RNA polymerase I as a trigger for the p53 response. Oncogene 18,
583-592

Ljungman, M. and Zhang, F. (1996) Blockage of RNA polymerase as a possible
trigger for u.v. light-induced apoptosis. Oncogene 13, 823—831

Andera, L. and Wasylyk, B. (1997) Transcription abnormalities potentiate apoptosis
of normal human fibroblasts. Mol. Med. 3, 852—863

Koumenis, C. and Giaccia, A. (1997) Transformed cells require continuous activity
of RNA polymerase Il to resist oncogene-induced apoptosis. Mol. Cell. Biol. 17,
7306—7316

Bullock, A. N., Henckel, J., DeDecker, B. S., Johnson, C. M., Nikolova, P. V.,
Proctor, M. R., Lane, D. P. and Fersht, A. R. (1997) Thermodynamic stability of
wild-type and mutant p53 core domain. Proc. Natl. Acad. Sci. U.S.A. 94,
14338-14342

Bullock, A., Henckel, J. and Fersht, A. (2000) Quantitative analysis of residual
folding and DNA-binding in mutant p53 core domain: definition of mutant states for
rescue in cancer therapy. Oncogene. 19, 1245—1256

Sakaguchi, K., Sakamoto, H., Lewis, M. S., Anderson, C. W., Erickson, J. W.,
Appella, E. and Xie, D. (1997) Phosphorylation of serine 392 stabilizes the tetramer
formation of tumor suppressor protein p53. Biochemistry 36, 10117—-10124

Hupp, T. R, Meek, D. W., Midgley, C. A. and Lane, D. P. (1993) Activation of the
cryptic DNA-binding function of mutant forms of p53. Nucleic Acids Res. 21,
31673174

Wang, Y. and Prives, C. (1995) Increased and altered DNA-binding of human p53
by S and G2/M but not G1 cyclin-dependent kinases. Nature (London) 376, 88—91
Hansen, S., Midgley, C. A., Lane, D. P., Freeman, B. C., Morimoto, R. I. and Hupp,
T. R. (1996) Modification of two distinct COOH-terminal domains is required for
murine p53 activation by bacterial Hsp70. J. Biol. Chem. 271, 30922—30928
Hansen, S., Lane, D. P. and Midgley, C. A. (1997) The N terminus of the murine
p53 tumour suppressor is an independent regulatory domain affecting activation and
thermostability. J. Mol. Biol. 275, 575-588

Mundt, M., Hupp, T., Fritsche, M., Merkle, C., Hansen, S., Lane, D. and Groner, B.
(1997) Protein interactions at the carboxyl terminus of p53 result in the induction of
its /n vifro transactivation potential. Oncogene 15, 237—244

Satyal, S. H., Chen, D., Fox, S. G., Kramer, J. M. and Morimoto, R. I. (1998)
Negative regulation of the heat shock transcriptional response by HSBP1.

Genes Dev. 12, 1962—1974

Maxwell, P. H., Wiesener, M. S., Chang, G. W., Clifford, S. C., Vaux, E. C., Cockman,
M. E., Wykoff, C. C., Pugh, C. W., Maher, E. R. and Ratcliffe, P. J. (1999) The
tumour suppressor protein VHL targets hypoxia-inducible factors for oxygen-
dependent proteolysis. Nature (London) 399, 271-275

Whiteside, S. T. and Israel, A. (1997) | kappa B proteins: structure function and
regulation. Semin. Cancer Biol. 8, 75-82

Roth, J., Dobbelstein, M., Freedman, D. A., Shenk, T. and Levine, A. J. (1998)
Nucleo-cytoplasmic shuttling of the hdm2 oncoprotein regulates the levels of the
p53 protein via a pathway used by the human immunodeficiency virus rev protein.
EMBO J. 17, 554-564

Smart, P, Lane, E. B., Lane, D. P, Midgley, C., Vojtesek, B. and Lain, S. (1999)
Effects on normal fibroblasts and neuroblastoma cells of the activation of the p53
response by the nuclear export inhibitor leptomycin. B. Oncogene 18, 7378—7386
Lain, S., Xirodimas, D. and Lane, D. P. (1999) Accumulating active p53 in the
nucleus by inhibition of nuclear export: a novel strategy to promote the p53 tumor
suppressor function. Exp. Cell Res. 253, 315-324

Lain, S., Midgley, C., Sparks, A., Lane, E. B. and Lane, D. P. (1999) An inhibitor of
nuclear export activates the p53 response and induces the localization of HDM2
and p53 to U1A-positive nuclear bodies associated with the PODs. Exp. Cell Res.
248, 457472



The p53 pathway and the treatment of human cancer 15

158

159

160

161

162

163

164

165

166

167

168

169

170

1

172

173

174

175

176

177

178

179

180

181

182

Fuchs, S. Y., Adler, V., Buschmann, T., Yin, Z., Wu, X., Jones, S. N. and Ronai, Z.
(1998) JNK targets p5b3 ubiquitination and degradation in nonstressed cells. Genes
Dev. 12, 2658—2663

Oliner, J. D., Kinzler, K. W., Meltzer, P. S., George, D. L. and Vogelstein, B. (1992)
Amplification of a gene encoding a p53-associated protein in human sarcomas.
Nature (London) 358, 80—83

Chen, L., Lu, W., Agrawal, S., Zhou, W., Zhang, R. and Chen, J. (1999) Ubiquitous
induction of p53 in tumor cells by antisense inhibition of MDM2 expression. Mol.
Med. 5, 21-34

Chen, L., Agrawal, S., Zhou, W., Zhang, R. and Chen, J. (1998) Synergistic
activation of p53 by inhibition of MDM2 expression and DNA damage. Proc. Natl.
Acad. Sci. U.S.A. 95, 195-200

Gannon, J. V., Greaves, R., Iggo, R. and Lane, D. P. (1990) Activating mutations in
p53 produce a common conformational effect. A monoclonal antibody specific for
the mutant form. EMBO J. 9, 1595—1602

Bartek, J., Iggo, R., Gannon, J. and Lane, D. P. (1990) Genetic and
immunochemical analysis of mutant p53 in human breast cancer cell lines.
Oncogene 5, 893—899

Vojtesek, B. and Lane, D. P. (1993) Regulation of p53 protein expression in human
breast cancer cell lines. J. Cell Sci. 105, 607—612

Whitesell, L., Sutphin, P., An, W. G., Schulte, T., Blagosklonny, M. V. and Neckers,
L. (1997) Geldanamycin-stimulated destabilization of mutated p53 is mediated by
the proteasome /n vivo. Oncogene 14, 28092816

Whitesell, L., Sutphin, P. D., Pulcini, E. J., Martinez, J. D. and Cook, P. H. (1998)
The physical association of multiple molecular chaperone proteins with mutant p53
is altered by geldanamycin, an hsp90-binding agent. Mol. Cell. Biol. 18,
1517-1524

Midgley, C. A. and Lane, D. P. (1997) p53 protein stability in tumour cells is not
determined by mutation but is dependent on Mdm2 binding. Oncogene 15,
11791189

Friedlander, P., Legros, Y., Soussi, T. and Prives, C. (1996) Regulation of mutant
p53 temperature-sensitive DNA-binding. J. Biol. Chem. 271, 25468—25478
Ponchel, F. and Milner, J. (1998) Temperature sensitivity of human wild-type and
mutant pb3 proteins expressed in vivo. Br. J. Cancer 77, 1555—1561

Wong, K. B., DeDecker, B. S., Freund, S. M., Proctor, M. R., Bycroft, M. and Fersht,
A. R. (1999) Hot-spot mutants of p53 core domain evince characteristic local
structural changes. Proc. Natl. Acad. Sci. U.S.A. 96, 8438—8442

Hansen, S., Hupp, T. R. and Lane, D. P. (1996) Allosteric regulation of the
thermostability and DNA-binding activity of human p53 by specific interacting
proteins. J. Biol. Chem. 271, 3917-3924

Nikolova, P. V., Henckel, J., Lane, D. P. and Fersht, A. R. (1998) Semirational
design of active tumor suppressor p53 DNA-binding domain with enhanced stability.
Proc. Natl. Acad. Sci. U.S.A. 95, 14675—14680

Xirodimas, D. P. and Lane, D. P. (1999) Molecular evolution of the thermosensitive
PAb1620 epitope of human p53 by DNA shuffling. J. Biol. Chem. 274,
28042—28049

Foster, B. A., Coffey, H. A., Morin, M. J. and Rastinejad, F. (1999) Pharmacological
rescue of mutant p53 conformation and function. Science 286, 25072510
Pinhasi-Kimhi, 0., Michalovitz, D., Ben-Zeev, A. and Oren, M. (1986) Specific
interaction between the p53 cellular tumour antigen and major heat shock proteins.
Nature (London) 320, 182—184

Ellis, R. J. and Hartl, F. U. (1999) Principles of protein folding in the cellular
environment. Curr. Opin. Struct. Biol. 9, 102—110

Cotto, J. J. and Morimoto, R. I. (1999) Stress-induced activation of the heat-shock
response: cell and molecular biology of heat-shock factors. Biochem. Soc. Symp.
64, 105-118

Scheibel, T. and Buchner, J. (1998) The Hsp90 complex — a super-chaperone
machine as a novel drug target. Biochem. Pharmacol. 56, 675—682

Kaul, S. C., Duncan, E. L, Englezou, A., Takano, S., Reddel, R. R., Mitsui, Y. and
Wadhwa, R. (1998) Malignant transformation of NIH3T3 cells by overexpression of
mot-2 protein. Oncogene 17, 907—911

Wadhwa, R., Takano, S., Robert, M., Yoshida, A., Nomura, H., Reddel, R. R., Mitsui,
Y. and Kaul, S. C. (1998) Inactivation of tumor suppressor p53 by mot-2, a hsp70
family member. J. Biol. Chem. 273, 29586—29591

Wadhwa, R., Takano, S., Mitsui, Y. and Kaul, S. C. (1999) NIH 3T3 cells
malignantly transformed by mot-2 show inactivation and cytoplasmic sequestration
of the p53 protein. Cell Res. 9, 261—269

Soga, S., Neckers, L. M., Schulte, T. W., Shiotsu, Y., Akasaka, K., Narumi, H.,
Agatsuma, T., Ikuina, Y., Murakata, C., Tamaoki, T. and Akinaga, S. (1999)
KF25706, a novel oxime derivative of radicicol, exhibits in vivo antitumor activity via
selective depletion of Hsp90 binding signaling molecules. Cancer Res. 59,
2931-2938

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

Kelland, L. R., Sharp, S. Y., Rogers, P. M., Myers, T. G. and Workman, P. (1999)
DT-Diaphorase expression and tumor cell sensitivity to 17-allylamino, 17-
demethoxygeldanamycin, an inhibitor of heat shock protein 90. J. Natl. Cancer Inst.
91, 19401949

Blagosklonny, M. V., Toretsky, J. and Neckers, L. (1995) Geldanamycin selectively
destabilizes and conformationally alters mutated p53. Oncogene 11, 933—939
Blagosklonny, M. V., Toretsky, J., Bohen, S. and Neckers, L. (1996) Mutant
conformation of p53 translated /n vitro or in vivo requires functional HSP90. Proc.
Natl. Acad. Sci. U.S.A. 93, 83798383

Bartek, J., Bartkova, J., Vojtesek, B., Staskova, Z., Lukas, J., Rejthar, A., Kovarik,
J., Midgley, C. A., Gannon, J. V. and Lane, D. P. (1991) Aberrant expression of the
p53 oncoprotein is a common feature of a wide spectrum of human malignancies.
Oncogene 6, 1699—1703

Kirn, D., Hermiston, T. and McCormick, F. (1998) ONYX-015: clinical data are
encouraging. Nat. Med. 4, 1341-1342

Lane, D. P. (1998) Killing tumor cells with viruses — a question of specificity.

Nat. Med. 4, 10121013

Venot, C., Maratrat, M., Sierra, V., Conseiller, E. and Debussche, L. (1999)
Definition of a p53 transactivation function-deficient mutant and characterization of
two independent p53 transactivation subdomains. Oncogene 18, 2405-2410
El-Deiry, W., Tokino, T., Velculescu, V. E., Levy, D. B., Parsons, R., Trent, J. M., Lin,
D., Mercer, W. E., Kinzler, K. W. and Vogelstein, B. (1993) WAF1, a potential
mediator of pd3 tumor suppression. Cell 75, 817—-825

Gorospe, M., Cirielli, C., Wang, X., Seth, P., Capogrossi, M. C. and Holbrook, N. J.
(1997) p21(Waf1/Cip1) protects against p53-mediated apoptosis of human
melanoma cells. Oncogene 14, 929—935

LaBaer, J., Garrett, M. D., Stevenson, L. F., Slingerland, J. M., Sandhu, C., Chou,
H. S, Fattaey, A. and Harlow, E. (1997) New functional activities for the p21 family
of CDK inhibitors. Genes Dev. 11, 847—862

Cheng, M., Olivier, P., Diehl, J. A, Fero, M., Roussel, M. F., Roberts, J. M. and
Sherr, C. J. (1999) The p21(Cip1) and p27(Kip1) CDK ‘inhibitors’ are essential
activators of cyclin D-dependent kinases in murine fibroblasts. EMBO J. 18,
15711583

Xiong, Y., Zhang, H. and Beach, D. (1993) Subunit rearrangement of the cyclin-
dependent kinases is associated with cellular transformation. Genes Dev. 7,
15721583

Harper, J. W., Adami, G. R., Wei, N., Keyomarsi, K. and Elledge, S. J. (1993) The
p21 Cdk-interacting protein Cip1 is a potent inhibitor of G1 cyclin-dependent
kinases. Cell 75, 805816

Zhang, H., Xiong, Y. and Beach, D. (1993) Proliferating cell nuclear antigen and
p21 are components of multiple cell cycle kinase complexes. Mol. Biol. Cell. 4,
897-906

Harper, J. W., Elledge, S. J., Keyomarsi, K., Dynlacht, B., Tsai, L. H., Zhang, P.,
Dobrowolski, S., Bai, C., Connell-Crowley, L., Swindell, E. et al. (1995) Inhibition
of cyclin-dependent kinases by p21. Mol. Cell. Biol. 6, 387—400

Hengst, L., Gopfert, U., Lashuel, H. A. and Reed, S. I. (1998) Complete inhibition of
Cdk/cyclin by one molecule of p21(Cip1). Genes Dev. 12, 3882—3888

Cai, K. and Dynlacht, B. D. (1998) Activity and nature of p21(WAF1) complexes
during the cell cycle. Proc. Natl. Acad. Sci. U.S.A. 95, 12254—12259

Zhang, H., Hannon, G. J. and Beach, D. (1994) p21-containing cyclin kinases exist
in both active and inactive states. Genes Dev. 8, 1750—1758

Luo, Y., Hurwitz, J. and Massague, J. (1995) Cell-cycle inhibition by independent
CDK and PCNA binding domains in p21Cip1. Nature (London) 375, 159—161
Chen, J., Jackson, P. K., Kirschner, M. W. and Dutta, A. (1995) Separate domains
of p21 involved in the inhibition of Cdk kinase and PCNA. Nature (London) 374,
386388

Nakanishi, M., Robetorye, R. S., Adami, G. R., Pereira-Smith, 0. M. and Smith, J. R.
(1995) Identification of the active region of the DNA synthesis inhibitory gene
p21Sdi1/CIP1/WAF1. EMBO J. 14, 555-563

Lin, J., Reichner, C., Wu, X. and Levine, A. J. (1996) Analysis of wild-type and
mutant p21WAF-1 gene activities. Mol. Cell. Biol. 16, 1786—1793

Ball, K. L., Lain, S., Fahraeus, R., Smythe, C. and Lane, D. P. (1997) Cell-cycle
arrest and inhibition of Cdk4 activity by small peptides based on the carboxy-
terminal domain of p21WAF1. Curr. Biol. 7, 71-80

Adams, P. D., Sellers, W. R., Sharma, S. K., Wu, A. D., Nalin, C. M. and Kaelin, Jr.,
W. G. (1996) Identification of a cyclin-cdk2 recognition motif present in substrates
and p21-like cyclin-dependent kinase inhibitors. Mol. Cell. Biol. 16, 6623—6633
Warbrick, E., Lane, D. P., Glover, D. M. and Cox, L. S. (1995) A small peptide
inhibitor of DNA replication defines the site of interaction between the cyclin-
dependent kinase inhibitor p21WAF1 and proliferating cell nuclear antigen.

Curr. Biol. 5, 275-282

Scott, M. T., Morrice, N. and Ball, K. L. (2000) Reversible phosphorylation at

the C-terminal regulatory domain of p21(Waf1/Cip1) modulates proliferating cell
nuclear antigen binding. J. Biol. Chem. 275, 11529-11537

© 2000 Biochemical Society



16

T. R. Hupp, D. P. Lane and K. L. Ball

209

210

21

212

213

214

215

216

27

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

Park, J. A, Kim, K. W, Kim, S.I. and Lee, S. K. (1998) Caspase 3 specifically
cleaves p21WAF1/CIP1 in the earlier stage of apoptosis in SK-HEP-1 human
hepatoma cells. Eur. J. Biochem. 257, 242—248

Stewart, Z. A, Leach, S. D. and Pietenpol, J. A. (1999) p21(Waf1/Cip1) inhibition of
cyclin E/Cdk2 activity prevents endoreduplication after mitotic spindle disruption.
Mol. Cell. Biol. 19, 205-215

Rousseau, D., Cannella, D., Boulaire, J., Fitzgerald, P., Fotedar, A. and Fotedar, R.
(1999) Growth inhibition by CDK-cyclin and PCNA binding domains of p21 occurs
by distinct mechanisms and is regulated by ubiquitin-proteasome pathway.
Oncogene 18, 3290—3302

Savio, M., Stivala, L. A., Scovassi, A. |, Bianchi, L. and Prosperi, E. (1996)
p21waf1/cip1 protein associates with the detergent-insoluble form of PCNA
concomitantly with disassembly of PCNA at nucleotide excision repair sites.
Oncogene 13, 1591-1598

McDonald, IIl, E. R., Wu, G. S., Waldman, T. and EI-Deiry, W. S. (1996) Repair
Defect in p21 WAF1/CIP1 =/~ human cancer cells. Cancer Res. 56, 2250-2255
Eastham, J. A, Hall, S. J., Sehgal, I, Wang, J., Timme, T. L., Yang, G., Connell-
Crowley, L., Elledge, S. J., Zhang, W. W., Harper, J. W. et al. (1995) /n vivo

gene therapy with pd3 or p21 adenovirus for prostate cancer. Cancer Res. 55,
51515155

Wang, Y. A., Elson, A. and Leder, P. (1997) Loss of p21 increases sensitivity to
jonizing radiation and delays the onset of lymphoma in atm-deficient mice. Proc.
Natl. Acad. Sci. U.S.A. 94, 14590—14595

Xu, Y., Yang, E. M., Brugarolas, J., Jacks, T. and Baltimore, D. (1998) Involvement
of p53 and p21 in cellular defects and tumorigenesis in Atm =/~ mice. Mol. Cell.
Biol. 18, 4385-4390

Jones, J. M., Cui, X. S., Medina, D. and Donehower, L. A. (1999) Heterozygosity of
p21WAF1/CIP1 enhances tumor cell proliferation and cyclin D1-associated kinase
activity in a murine mammary cancer model. Cell Growth Differ. 10, 213—-222
Derossi, D., Chassaing, G. and Prochiantz, A. (1998) Trojan peptides: the penetratin
system for intracellular delivery. Trends Cell Biol. 8, 84—87

Mutoh, M., Lung, F. D., Long, Y. Q., Roller, P. P., Sikorski, R. S. and 0’Connor,

P. M. (1999) A p21(Waf1/Cip1) carboxyl-terminal peptide exhibited cyclin-dependent
kinase-inhibitory activity and cytotoxicity when introduced into human cells. Cancer
Res. 59, 34803488

Miyashita, T., Krajewski, S., Krajewska, M., Wang, H. G., Lin, H. K., Liebermann,
D. A., Hoffman, B. and Reed, J. C. (1994) Tumor suppressor p53 is a regulator of
bcl-2 and bax gene expression /n vitro and in vivo. Oncogene 9, 1799—1805
Miyashita, T. and Reed, J. C. (1995) Tumor suppressor p53 is a direct
transcriptional activator of the human bax gene. Cell 80, 293—299

Oltvai, Z. N. and Korsmeyer, S. J. (1994) Checkpoints of dueling dimers foil death
wishes. Cell 79, 189-192

Manon, S., Chaudhuri, B. and Guerin, M. (1997) Release of cytochrome ¢ and
decrease of cytochrome ¢ oxidase in Bax-expressing yeast cells, and prevention of
these effects by coexpression of Bcl-xL. FEBS Lett. 415, 29-32

Rosse, T., Olivier, R., Monney, L., Rager, M., Conus, S., Fellay, I., Jansen, B. and
Borner, C. (1998) Bcl-2 prolongs cell survival after Bax-induced release of
cytochrome ¢. Nature (London) 391, 496—499

Jaattela, M., Wissing, D., Kokholm, K., Kallunki, T. and Egeblad, M. (1998) Hsp70
exerts its anti-apoptotic function downstream of caspase-3-like proteases. EMBO J.
17, 6124-6134

Kiefer, M. C., Brauer, M. J., Powers, V. C., Wu, J. J., Umansky, S. R., Tomei, L. D.
and Barr, P. J. (1995) Modulation of apoptosis by the widely distributed Bcl-

2 homologue Bak. Nature (London) 374, 736—739

Cheng, E. H., Levine, B., Boise, L. H., Thompson, C. B. and Hardwick, J. M. (1996)
Bax-independent inhibition of apoptosis by Bcl-XL. Nature (London) 379, 554556
Chittenden, T., Flemington, C., Houghton, A. B., Ebb, R. G., Gallo, G. J., Elangovan,
B., Chinnadurai, G. and Lutz, R. J. (1995) A conserved domain in Bak, distinct from
BH1 and BH2, mediates cell death and protein binding functions. EMBO J. 14,
5589-5596

Cosulich, S. C., Worrall, V., Hedge, P. J., Green, S. and Clarke, P. R. (1997)
Regulation of apoptosis by BH3 domains in a cell-free system. Curr. Biol. 7,
913-920

Holinger, E. P., Chittenden, T. and Lutz, R. J. (1999) Bak BH3 peptides antagonize
Bcl-xL function and induce apoptosis through cytochrome c-independent activation
of caspases. J. Biol. Chem. 274, 13298—13304

Williams, A. C., Collard, T. J. and Paraskeva, C. (1999) An acidic environment leads
to p53 dependent induction of apoptosis in human adenoma and carcinoma cell
lines: implications for clonal selection during colorectal carcinogenesis. Oncogene
18, 3199-3204

Sugano, T., Nitta, M., Ohmori, H. and Yamaizumi, M. (1995) Nuclear accumulation
of pb3 in normal human fibroblasts is induced by various cellular stresses which
evoke the heat shock response, independently of the cell cycle. Jpn. J. Cancer Res.
86, 415418

© 2000 Biochemical Society

233

234

235

236

237

238

239

240

24

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

Nitta, M., Okamura, H., Aizawa, S. and Yamaizumi, M. (1997) Heat shock induces
transient p53-dependent cell cycle arrest at G1/S. Oncogene 15, 561568

Linke, S. P., Clarkin, K. C., Di Leonardo, A., Tsou, A. and Wahl, G. M. (1996) A
reversible, pb3-dependent GO/G1 cell cycle arrest induced by ribonucleotide
depletion in the absence of detectable DNA damage. Genes Dev. 10, 934—947
Graeber, T. G., Osmanian, C., Jacks, T., Housman, D. E., Koch, C. J., Lowe, S. W.
and Giaccia, A. J. (1996) Hypoxia-mediated selection of cells with diminished
apoptotic potential in solid tumours. Nature (London) 379, 88—91

Tibbetts, R. S., Brumbaugh, K. M., Williams, J. M., Sarkaria, J. N., Cliby, W. A,,
Shieh, S. Y., Taya, Y., Prives, C. and Abraham, R. T. (1999) A role for ATR in the
DNA damage-induced phosphorylation of p53. Genes Dev. 13, 152—157
David-Pfeuty, T. (1999) Potent inhibitors of cyclin-dependent kinase 2 induce
nuclear accumulation of wild-type p53 and nucleolar fragmentation in human
untransformed and tumor-derived cells. Oncogene 18, 7409—7422

Hirao, A., Kong, Y. Y., Matsuoka, S., Wakeham, A., Ruland, J., Yoshida, H., Liu, D.,
Elledge, S.J. and Mak, T. W. (2000) DNA damage-induced activation of p53 by the
checkpoint kinase Chk2. Science 287, 1824—1827

Tominaga, K., Morisaki, H., Kaneko, Y., Fujimoto, A., Tanaka, T., Ohtsubo, M., Hirai,
M., Okayama, H., lkeda, K. and Nakanishi, M. (1999) Role of human Cds1 (Chk2)
kinase in DNA damage checkpoint and its regulation by p53. J. Biol. Chem. 274,
31463-31467

Cuddihy, A. R., Wong, A. H., Tam, N. W., Li, S. and Koromilas, A. E. (1999) The
double-stranded RNA activated protein kinase PKR physically associates with the
tumor suppressor p53 protein and phosphorylates human p53 on serine 392 in
vitro. Oncogene 18, 2690—2702

Cuddihy, A. R., Li, S., Tam, N. W., Wong, A. H., Taya, Y., Abraham, N., Bell, J. C.
and Koromilas, A. E. (1999) Double-stranded-RNA-activated protein kinase PKR
enhances transcriptional activation by tumor suppressor p53. Mol. Cell. Biol. 19,
24752484

Chai, Y. L., Cui, J., Shao, N., Shyam, E., Reddy, P. and Rao, V. N. (1999) The
second BRCT domain of BRCA1 proteins interacts with p53 and stimulates
transcription from the p21WAF1/CIP1 promoter. Oncogene 18, 263—268

Dasika, G. K., Lin, S. C., Zhao, S., Sung, P., Tomkinson, A. and Lee, E. Y. (1999)
DNA damage-induced cell cycle checkpoints and DNA strand break repair in
development and tumorigenesis. Oncogene 18, 7883—7899

Schlichtholz, B., Bouchind’homme, B., Pages, S., Martin, E., Liva, S., Magdelenat,
H., Sastre-Garau, X., Stoppa-Lyonnet, D. and Soussi, T. (1998) p53 mutations in
BRCA1-associated familial breast cancer. Lancet 352, 622

Chan, T. A, Hermeking, H., Lengauer, C., Kinzler, K. W. and Vogelstein, B. (1999)
14-13-3Sigma is required to prevent mitotic catastrophe after DNA damage. Nature
(London). 401, 616—620

Hermeking, H., Lengauer, C., Polyak, K., He, T. C., Zhang, L., Thiagalingam, S.,
Kinzler, K. W. and Vogelstein, B. (1997) 14-13-3 sigma is a p53-regulated inhibitor
of G2/M progression. Mol. Cell. 1, 3—11

Tan, M., Li, S., Swaroop, M., Guan, K., Oberley, L. W. and Sun, Y. (1999)
Transcriptional activation of the human glutathione peroxidase promoter by p53.

J. Biol. Chem. 274, 1206112066

Wu, X., Bayle, J. H., Olson, D. and Levine, A. J. (1993) The p53-mdm-2
autoregulatory feedback loop. Genes Dev. 7, 1126—1132

Buckbinder, L., Talbott, R., Velasco-Miguel, S., Takenaka, |, Faha, B., Seizinger,

B. R. and Kley, N. (1995) Induction of the growth inhibitor IGF-binding protein 3 by
p53. Nature (London) 377, 646—649

Neuberg, M., Buckbinder, L., Seizinger, B. and Kley, N. (1997) The p53/IGF-1
receptor axis in the regulation of programmed cell death. Endocrine 7, 107—109
Hollstein, M., Sidransky, D., Vogelstein, B. and Harris, C. C. (1991) p53 mutations
in human cancers. Science 253, 49-53

Hollstein, M., Shomer, B., Greenblatt, M., Soussi, T., Hovig, E., Montesano, R. and
Harris, C. C. (1996) Somatic point mutations in the p53 gene of human tumors and
cell lines: updated compilation. Nucleic Acids Res. 24, 141146

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

Fourie, A. M., Hupp, T. R., Lane, D. P., Sang, B. C., Barbosa, M. S., Sambrook, J. F.
and Gething, M. J. (1997) HSP70 binding sites in the tumor suppressor protein
p53. J. Biol. Chem. 272, 1947119479

Bischoff, J. R., Casso, D. and Beach, D. (1992) Human p53 inhibits growth in
Schizosaccharomyces pombe. Mol. Cell. Biol. 12, 14051411

Stephen, C. W., Helminen, P. and Lane, D. P. (1995) Characterisation of epitopes on
human p53 using phage-displayed peptide libraries: insights into antibody—peptide
interactions. J. Mol. Biol. 248, 5878

Blaydes, J. P., Vojtesek, B., Bloomberg, G. and Hupp, T. R. (2000) The development
and use of phospho-specific antibodies to study protein phosphorylation. Methods
Mol. Biol. 99, 177-189



The p53 pathway and the treatment of human cancer 17

258

259

260

261

262

Appella, E. and Anderson, C. W. (2000) Signaling to p53: breaking the
posttranslational modification code. Pathol. Biol. (Paris) 48, 227—245

Sturzbecher, H. W., Brain, R., Addison, C., Rudge, K., Remm, M., Grimaldi, M.,
Keenan, E. and Jenkins, J. R. (1992) A C-terminal alpha-helix plus basic region
motif is the major structural determinant of p53 tetramerization. Oncogene 7,
1513-1523

Friedman, P. N., Chen, X., Bargonetti, J. and Prives, C. (1993) The p53 protein is
an unusually shaped tetramer that binds directly to DNA. Proc. Natl. Acad. Sci.
U.S.A. 90, 3319-3323

Selivanova, G., lotsova, V., Okan, 1., Fritsche, M., Strom, M., Groner, B., Grafstrom,
R. C. and Wiman, K. G. (1997) Restoration of the growth suppression function of
mutant p53 by a synthetic peptide derived from the p53 C-terminal domain.

Nat. Med. 3, 632—638

Selivanova, G., Ryabchenko, L., Jansson, E., lotsova, V. and Wiman, K. G. (1999)
Reactivation of mutant p53 through interaction of a C-terminal peptide with the core
domain. Mol. Cell. Biol. 19, 33953402

263

264

265

266

267

Milner, J. and Medcalf, E. A. (1990) Temperature-dependent switching between
‘wild-type’ and “mutant’ forms of p53-Val135. J. Mol. Biol. 216, 481—484

Cohen, P. A, Hupp, T. R., Lane, D. P. and Daniels, D. A. (1999) Biochemical
characterization of different conformational states of the Sf9 cell-purified p53His175
mutant protein. FEBS Lett. 463, 179—184

Ganly, 1., Kirn, D., Eckhardt, S. G., Rodriguez, G. I., Soutar, D. S., Otto, R.,
Robertson, A. G., Park, 0., Gulley, M. L., Heise, C. et al. (2000) A phase |

study of Onyx-015, an E1B attenuated adenovirus, administered intratumorally to
patients with recurrent head and neck cancer. Clin. Cancer Res. 6, 798—806
Rogulski, K. R., Freytag, S. 0., Zhang, K., Gilbert, J. D., Paielli, D. L., Kim, J. H.,
Heise, C. C. and Kirn, D. H. (2000) /n vivo antitumor activity of ONYX-015 is
influenced by p53 status and is augmented by radiotherapy. Cancer Res. 60,
1193-1196

You, L., Yang, C. T. and Jablons, D. M. (2000) ONYX-015 works synergistically with
chemotherapy in lung cancer cell lines and primary cultures freshly made from lung
cancer patients. Cancer Res. 60, 1009—1013

© 2000 Biochemical Society



