
The development of new drugs to treat cancer has under-
gone a dramatic renaissance in the past decade, spear-
headed by the development of both small-molecule and 
biological agents that have shown remarkable clinical 
activity without the toxicity that is associated with con-
ventional cytotoxic chemotherapy. However, the new 
agents are highly selective and effective only in a minority 
of cancers that are identified by specific genetic lesions or 
alterations. Key examples include gefitinib and erlotinib, 
which target tumours with some mutations in epidermal 
growth factor receptor (EGFR)1,2,3; imatinib (also known 
as Glivec or Gleevec), which is effective against tumours 
harbouring translocations of AbL1 (Ref. 4); and lapatinib, 
which is efficacious in breast cancers with amplification 
of erbb2 (Ref. 5). Therefore, the frustration in the field 
has been the inability to develop drugs that target the 
most frequent alterations in human cancer, such as  
the mutation of the ras genes, the overexpression of myc 
and (as discussed in this Review) the almost universal 
alteration of the p53 pathway. The reason for these dif-
ficulties lies in the nature of the targets presented by these 
frequent alterations, which fall outside the scope of tar-
gets commonly found to be suitable for small-molecule 
or biological drug development.

This has produced a wonderful challenge. How  
can we successfully increase the number of targets that can 
be approached for therapeutic development and, at the 

same time, develop new cancer drugs that will benefit 
the majority of patients? Progress is highly promising 
owing to the use of two broad approaches, which are 
both well illustrated in the case of p53. In one approach, 
new methods of screening, chemistry and structure-
based design are yielding effective molecules that target 
protein–protein interactions and protein folding path-
ways, which increases the number of direct targets for 
small-molecule drugs. Protein–protein interaction sites 
are usually large and shallow, and affinity is achieved 
through the summation of many weak interactions.  
A small molecule must effectively mimic these numer-
ous and widespread interactions while maintaining 
good drug-like properties. The interaction surface of 
these sites also presents another challenge: shape com-
plementarity. As these sites are usually flat and planar, it 
is difficult to attain high specificity through maximiz-
ing shape recognition. Important work by Clackson and 
Wells6 demonstrated that some protein–protein interac-
tion surfaces are not featureless and are not reliant on a 
wide distribution of weak interactions, but are in fact 
mediated by a set of key interactions that contribute 
to a large component of the binding affinity. This sub-
region of key interactions was termed the ‘hot spot’, and 
its dimensions were comparable to the size of a small 
organic molecule. Examples of this approach to block 
protein–protein interactions include the BCL-2 inhibitor 
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Cytotoxic chemotherapy
Cell-killing drugs used to treat 
various cancers by targeting 
rapidly dividing cells.

Awakening guardian angels:  
drugging the p53 pathway
Christopher J. Brown*, Sonia Lain‡, Chandra S. Verma§, Alan R. Fersht||  
and David P. Lane*

Abstract | Currently, around 11 million people are living with a tumour that contains an 
inactivating mutation of TP53 (the human gene that encodes p53) and another 11 million 
have tumours in which the p53 pathway is partially abrogated through the inactivation of 
other signalling or effector components. The p53 pathway is therefore a prime target for new 
cancer drug development, and several original approaches to drug discovery that could have 
wide applications to drug development are being used. In one approach, molecules that 
activate p53 by blocking protein–protein interactions with MdM2 are in early clinical 
development. Remarkable progress has also been made in the development of p53-binding 
molecules that can rescue the function of certain p53 mutants. Finally, cell-based assays are 
being used to discover compounds that exploit the p53 pathway by either seeking targets 
and compounds that show synthetic lethality with TP53 mutations or by looking for 
non-genotoxic activators of the p53 response.
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Missense mutation
A single nucleotide is changed, 
resulting in a codon that 
encodes a different amino acid 
(non-synonymous).

ABT-373 and the mdm2 inhibitor nutlin7,8. In another 
radically different approach alterations in cellular path-
ways brought about by oncogenic mutations are tar-
geted; the most dramatic example is the efficacy of the 
poly (AdP-ribose) polymerase (PARP) inhibitors, which 
inhibit dNA repair through the base excision repair 
pathway9,10 and thereby selectively kill cells that have 
lost the function of the BRCA tumour suppressor pro-
teins that are required for dNA repair through homolo-
gous recombination11. This Review provides an update 
on using both these direct and indirect approaches for 
targeting the p53 system (TABLe 1).

Crucial concepts in drugging the p53 pathway
The tumour suppressor protein p53 is a transcription 
factor that has an essential role in guarding the cell in 
response to various stress signals through the induction 
of cell cycle arrest, apoptosis or senescence. Recently, 
other functions of p53 in tumour suppression have been 
discovered that are independent of its ability to trans-
activate gene expression. These include direct effects 
on survival proteins in the mitochondria12,13, regula-
tion of microRNA processing14 and reports of possible 
direct p53 involvement in dNA repair pathways15–19 
(fIG. 1). other new targets of p53-induced transcrip-
tion have been identified that are involved in protein 
translation20,21. Impairment of p53 function has a cru-
cial role in tumour evolution by allowing evasion from 
p53-dependent responses. p53 inactivation in tumours 
occurs through two general mechanisms. First, the inac-
tivation of p53 function by point mutations in p53 itself 
or second, through the partial abrogation of signalling 
pathways or effector molecules that regulate p53 activity. 
A series of genetic models has, however, established that 
the restoration of p53 activity in established tumour cells 
is an exceptionally effective intervention22–24.

p53 is under precise control by mdm2, which is 
an E3 ubiquitin ligase that targets p53 for ubiquitin-
dependent degradation, functioning as a crucial negative  

regulator25 (fIG. 2). mdm2 also inhibits p53 function by 
modulating its transcriptional activity and by preventing 
its interaction with the general transcription machinery26. 
In an important feedback loop, p53 activates transcription 
of mDm2 (Ref. 27). The increased expression of mdm2 
leads to a decrease in p53 levels and the inactivation of 
p53, which in turn leads to a decrease in the rate of mDm2 
transactivation by p53. Besides mdm2, mdm4 (also 
known as Hdm4, mdmX or HdmX) and ARF  
(also known as p14ARF in humans and p19ARF in mice) also 
have an important role in controlling p53 stability. mdm4 
is a structural homologue of mdm2 that can form a hete-
rocomplex with mdm2 and potentiate the ubiquitylation 
of p53, and ARF is a tumour suppressor that interacts with 
mdm2 and inhibits p53 degradation, thereby stabilizing 
it (fIG. 2). In more than half the tumours with a fault in 
the p53 pathway, TP53 itself is not mutated but the p53 
pathway is abrogated. mechanisms that result in this abro-
gation include increased expression of the p53-negative 
regulators mdm2 (Ref. 28) and mdm4 (Refs 29–31) and 
deletion or epigenetic inactivation of the p53-positive 
regulator and mdm2 inhibitor ARF32,33.

In the other p53-defective tumours TP53 is mutated, 
and approximately 95% of these mutations34 lie in the 
core dNA-binding domain, which reflects the fact that 
a key function of p53 is as a transcriptional activator 
(fIG. 3). Furthermore, 75% of these mutations occur as 
missense mutations, which result in the tumour-associated 
form of p53 being predominantly full length, with a 
single amino acid change in the core domain34. These 
point mutations fall into two broad classes: structural 
and dNA contact. dNA contact mutations have little or 
no effect on p53 folding and they directly interfere with 
residues involved in dNA binding; structural mutations 
can disrupt the local structure only or they destabilize 
the whole protein35. These mutations usually confer 
the mutant protein with a dominant-negative activity 
over the remaining wild-type allele, a mechanism that 
involves hetero-oligomerization of the mutant pro-
tein with the wild-type protein36–38. It is also becoming 
increasingly clear that in addition to losing their tumour-
suppressive function many p53 mutants also gain dom-
inant-negative activities and new oncogenic properties 
(the gain-of-function theory)39. These mutations pro-
mote an inhibitory interaction between mutant p53 
and the homologous p53 family members p73 and  
p63, thereby reducing their transcriptional activity40,41. p53 
mutants may also have gained other transcriptional 
regulatory functions42,43.

Consequently, the challenge has been — as high-
lighted by Levine and oren44 — to develop molecules 
that can reactivate p53 function in human tumours. 
Progress has been made along several distinct lines. In 
the first of these, small molecules have been sought that 
will bind to either full-length p53 (Refs 45,46) or the core 
dNA-binding domain of mutant p53 and restore its nor-
mal activity47. In the second approach, inhibitors of the 
protein–protein interaction of p53 with the negative reg-
ulator mdm2 have been developed that show clear anti-
tumour activity in preclinical animal models8,48. using 
a third approach, molecules and drug combinations 

 At a glance

•	p53	functions	as	the	‘guardian	of	the	genome’	by	inducing	cell	cycle	arrest,	
senescence	and	apoptosis	in	response	to	oncogene	activation,	DNA	damage	and	
other	stress	signals.	Loss	of	p53	function	occurs	in	most	human	tumours	by	either	
mutation	of	TP53	itself	or	by	inactivation	of	the	p53	signal	transduction	pathway.

•	In	many	tumours	p53	is	inactivated	by	the	overexpression	of	the	negative	regulators	
MDM2	and	MDM4	or	by	the	loss	of	activity	of	the	MDM2	inhibitor	ARF.	The	pathway	
can	be	reactivated	in	these	tumours	by	small	molecules	that	inhibit	the	interaction	of	
MDM2	and/or	MDM4	with	p53.	Such	molecules	are	now	in	clinical	trials.

•	Cell-based	screens	have	been	used	to	find	several	new	non-genotoxic	activators	of	
the	p53	response,	which	include	inhibitors	of	protein	deacetylating	enzymes.

•	Molecules	that	bind	and	stabilize	mutant	p53	—	restoring	wild-type	function	—	have	
been	discovered	by	both	structure-based	design	and	cell-based	screens.

•	Activating	a	p53-dependent	cell	cycle	arrest	in	normal	cells	and	tissues	can	protect	
them	from	the	toxic	effect	of	anti-mitotic	drugs	while	not	reducing	their	efficacy	in	
killing	p53	mutant	tumour	cells.	This	drug	combination	approach	represents	a	new	
way	to	exploit	the	p53	system.

•	The	intense	study	of	the	p53	pathway	is	helping	to	develop	new	paradigms	in	drug	
discovery	and	development	that	will	have	widespread	application	in	other	areas	of	
drug	discovery.
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Forward chemical genetics
fCG. Libraries of small 
molecules are screened for 
their ability to induce a 
particular phenotype in cells or 
cellular extracts. fCG requires 
three components: a collection 
of compounds, a biological 
assay with a quantifiable 
phenotypic output and a 
method to identify the target(s) 
of the active compounds.

have been sought using forward chemical genetics (FCG)  
cell-based methods to identify molecules that selectively 
kill tumour cells by activating mutant or wild-type p53 
(Refs 49–53). These approaches have identified large 
numbers of putatively active compounds, but in only a 
few cases has their precise mode of action been deter-
mined. In addition to the research outlined above, p53 
recombinant adenovirus-based gene therapy has been 
approved in China (BOX 1), but remains in extended pre-
registration trials in the united states. This approach has 
provided considerable discussion about the level of effi-
cacy required for regulatory approval. Adenovirus-based 
gene therapy works by introducing a functional copy of 
TP53 into tumours following local injection54. As not 
all cells will be injected, clinical efficacy depends on the 
bystander effect in the tumour55. In a second approach, 
the oNYX-015 virus has been in extended clinical trials 
on the basis of the idea that a certain virus may only 
replicate in tumour cells that lack p53 function56.

Strategies for reactivating mutant p53
The core domain of wild-type p53 is rather unstable, 
with a melting temperature of 44 °C and a short half-
life of 9 minutes at body temperature57. The tumour-
associated mutations thermally destabilize the protein 
further at body temperature, leading to the abroga-
tion of dNA binding and the impairment of the p53 
response58. small molecules that stabilize p53 in its 
active biological conformation — restoring its binding 
function — could potentially rescue wild-type  
p53 function. Early results with antibodies that bind the p53 
carboxy-terminus (such as pAb421)59 and a synthetic 
peptide (p53C)60 derived from the C-terminal domain 
showed a stimulatory effect on the dNA binding ability 

of p53. Importantly, the C-terminal-derived peptide also 
restores binding to some dNA contact as well as several 
structurally destabilized mutants (H175, A143 and s249) 
in vitro61 and it induces apoptosis in cancer cells express-
ing p53 contact mutants45,62. However, the mechanism of 
action of this interesting peptide is still unclear. snyder et al. 
synthesized a p53C retro-inverso peptide fused to the 
protein transduction domain TAT that induced p53 
expression in cancer cell lines. This peptide also proved 
active in animal models of peritioneal carcinomatosis 
and peritoneal lymphoma, significantly increasing life-
span and generating disease-free animals63. However, the 
challenges that are associated with peptide stability and 
transport into tumour cells in human clinical trials have 
yet to be completely addressed64.

several non-peptide molecules, identified from small-
molecule screens, have also been proposed to restore wild-
type p53 activity, including CP31398 (identified by Pfizer 
on the basis of an in vitro assay of mutant p53 unfold-
ing)46. despite the positive initial data for CP31398, which 
showed that it could induce the expression of both reporter 
and endogenous p53 target genes following transfection of 
TP53-null cells with two different mutant TP53 genes46, 
more recent work has revealed that the molecule does not 
directly bind to p53 but instead interacts directly with 
dNA65. The challenge of reactivating mutant p53  
with peptides, antibodies or small molecules is whether 
or not they will be able to target all the mutation classes 
observed in p53 or a highly specific subset only. If these 
potentially therapeutic molecules are interacting with p53 
itself then this implies that there is a common mechanism, 
which could be used to rescue the many diverse mutants 
of p53. The existence of such a mechanism is supported 
by the fact that many different p53 mutant proteins exhibit 

Table 1 | Strategies and mechanisms for small molecules that target the p53 pathway 

Molecule Mechanism of action Stage in clinical testing

Reactivate mutant p53

PRIMA-1 Protein folding49 Phase I (APR-246)

CP-31398 Protein folding46 Preclinical

PhiKan083 Protein thermal stability69 Preclinical

Activate wild-type p53

Nutlin MdM2 binding8 Phase I

MI-219 MdM2 binding48 Phase I

Tenovin-6 SIRT1 and SIRT2 inhibition50 Preclinical

RITA p53 binding51 Preclinical

Leptomycin B CRM1 binding72,135 Phase I (Elactocin; withdrawn147) 

Actinomycin d RPL11 and RPL5 release118 Approved (dactinomycin)

Cyclotherapy (temporal combination of p53 activator and mitotic inhibitor) 

Nutlin* BI-2536 (PLK1 inhibitor52)‡ Phase I/Phase I§

Nutlin* VX680 (Aurora inhibitor||)‡ Phase I/Phase I§

Tenovin-6* Taxol (Tubulin binding52)‡ Preclinical/approved§

Actinomycin d* Taxol‡ Approved/approved§

*p53 activator. ‡ Mitotic inhibitor. §Combinations are not in trial together or have been approved together. ||d.L.P., unpublished 
observations. CRM1, exportin 1; PLK1, polo-like kinase 1; RITA, reactivation of p53 and induction of tumour cell apoptosis;  
RPL, ribosomal protein L; SIRT, sirtuin.
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Differential scanning 
calorimetry
Measures the heat changes 
that occur in biomolecules 
during controlled increases or 
decreases in temperature. It 
measures the enthalpy of 
unfolding and the change in 
heat capacity owing to heat 
denaturation: the higher the 
thermal transition (melting 
point) the more stable the 
molecule.

two common properties: the PAb240 (Ref. 66) continuous 
epitope, which is normally inaccessible in correctly folded 
p53, is exposed, and the PAb1620 epitope67, which is sensi-
tive to the loss of the correct p53 tertiary structure, is lost 
(reviewed in Ref. 68).

Another approach using structural data and taking 
advantage of computational techniques to isolate a refined 
library of probable p53 stabilizers has yielded exciting 
data69. The determination of the crystal structure of a 
series of tumour-associated mutant p53 proteins showed 
that the Y220C mutation creates a binding pocket in the 
core domain of the mutant protein (fIG. 3) on the opposite 
face to the dNA-binding domain47. This in turn allowed 
in silico screening and the identification of small molecules 
that could bind to this pocket and, owing to their inter-
action, stabilize the mutant Y220C core domain in the 
wild-type conformation. Differential scanning calorimetry 
confirmed that binding of the compound PhiKan083 

raised the melting temperature by 2 °C. An increase in 
the melting temperature reflects the higher enthalpy 
required to denature the protein and the extra stabilizing 
interactions made by the ligand. A high resolution X-ray 
structure of the p53-Y220C–PhiKan083 complex demon-
strated the occupancy of the drug in the predicted binding 
pocket. This work presents the possibility of developing 
mutant-specific reactivating drugs. Although it can be 
argued that such drugs would be difficult to develop as not 
all mutations in the p53 dNA-binding domain generate 
a cleft that is ideal for small-molecule binding, precedent 
suggests that highly active and specific drugs for cancer 
can find substantial markets. Indeed, tumours with this 
p53 mutation occur at a similar frequency worldwide to 
tumours with the BCR-ABL1 translocation, which is the 
target of imatinib4.

The therapeutic approaches discussed above have 
focused strongly on traditional high-throughput and 
computational design strategies (BOX 2). Another attrac-
tive approach is to use cell-based screens for identifying 
p53 pathway-selective drugs. This FCG approach has 
several advantages and challenges over more traditional 
screens70. ‘Hit’ compounds from a cell-based screen are 
generally not cytotoxic, as they are selected for their abil-
ity to increase a synthetic event — that is, the accumula-
tion of a reporter gene product. searching for compounds 
that activate the transcriptional activity of mutant p53 
in cells should lead to the discovery of compounds that 
directly interact with p53 or compounds that affect the 
folding and processing of proteins. The most advanced of 
these molecules, which is now in clinical trials (APREA, 
sweden), is the compound PRImA-1. It was discovered 
following a cell-based screen in which Bykov and col-
leagues49 established a saos-2 (TP53-null) osteosarcoma 
cell line with a tetracycline-inducible mutant TP53 gene. 
They screened a small library of diverse compounds 
obtained from the us National Cancer Institute (NCI) 
in a simple 48 hour cell growth assay (using WsT-1,  
a tetrazolium salt that is cleaved to formazan by cellular 
enzymes) and looked for molecules that reduced growth 
in a p53 mutant-selective manner. PRImA-1 was iden-
tified and shown to protect several p53 mutants from 
unfolding in vitro and to restore p53-dependent tran-
scription in various cell-based systems expressing the 
p53 mutants H273 and H175, such as the sKoV, H1299 
and sW80 cell lines. However, the exact determination 
of the mechanism of action of this fascinating molecule 
has proved elusive. Recent papers have demonstrated that 
although it has activity in p53-independent cell-based 
phenotypic assays it can nevertheless form adducts with 
p53 through a mechanism that involves the covalent 
modification of cysteine residues71. This is a provocative 
result as several natural products that target particular 
cellular proteins with high specificity have been shown to 
use this Michael acceptor-based mechanism. For example, 
leptomycin B — a known activator of wild-type p53 — 
binds to the nuclear export protein CRm1 (also known as 
XPo1) by forming a covalent bond at Cys528 (Ref. 72).

The genetic concept of synthetic lethality also provides 
an alternative framework for identifying genotype-
selective anticancer agents. In this approach, changes 

Figure 1 | The p53 pathway. p53 is at the centre of a complex web of biological 
interactions that translates stress signals into cell cycle arrest or apoptosis26. Upstream 
signalling to p53 increases its level and activates its function as a transcription factor in 
response to a wide variety of stresses, whereas downstream components execute the 
appropriate cellular response. The principal sensors seem to be MdM2 and MdM4  
and their interaction with p53. In non-stressed conditions these proteins bind p53, 
ubiquitylate it and target it for degradation by the proteasome. In stressed conditions the 
function of the MdM2–MdM4 complex is blocked by phosphorylation, protein-binding 
events and/or enhanced degradation141. Hence, phosphorylation of MdM4 is essential for 
the p53 response to ionizing radiation, and the response to oncogene activation depends 
on the binding of ARF to MdM2. Many p53-activating small molecules function by causing 
the release of ribosomal proteins from the nucleolus to the nucleoplasm, where they bind 
to MdM2 and MdM4 and inhibit their function. Molecules that activate wild-type p53  
in tumours by disrupting MdM2 activity can compensate for any missing upstream 
components of the p53 pathway, for example the loss of ARF expression that is frequent  
in cancer cells142. However, defective downstream p53 signalling might substantially 
decrease their effectiveness. Therefore, the ability to identify tumours in which 
downstream p53 signalling is unaffected is important. The development of strategies to 
ensure that the desired p53 response is initiated when it is reactivated might be necessary 
and could require the judicious use of drug combinations. 53BP1, p53 binding protein 1; 
ATM, ataxia telangiectasia mutated; ATR, ataxia telangiectasia and Rad3 related; BAI1, 
brain-specific angiogenesis inhibitor 1; BAX, BCL2-associated X protein; BBC3, BCL2 
binding component 3 (also known as PUMA); dR, death receptor; GAdd45, growth arrest 
and dNA-damage-inducible 45; KILLER, p53-regulated dNA damage-inducible cell death 
receptor (also known as TNFRSF10B); LRdd, leucine-rich repeats and death domain 
containing; miRNA, microRNA; PMAIP1, phorbol-12-myristate-13-acetate-induced 
protein 1 (also known as NOXA); RPRM, reprimo; RRM2B, ribonucleotide reductase M2 B; 
ST13, suppression of tumorigenicity 13 (also known as p48); TP53I3, tumour protein p53 
inducible protein 3; THBS1, thrombospondin 1; UV, ultraviolet. 
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Michael acceptor
The Michael reaction occurs 
between a Michael donor (such 
as cysteine residues in 
proteins) and a Michael 
acceptor molecule (such as 
leptomycin B) in the presence 
of a base. The reaction itself is 
the nucleophillic addition of a 
carbanion to an α-, 
β-unsaturated carbonyl 
compound.

Synthetic lethality
Two genes are in a synthetic 
lethal relationship if a mutation 
in both genes leads to cell 
death but a mutation in one 
gene alone does not.

Aptamers
Molecules that interact with a 
specific target molecule usually 
generated from a large random 
artificial library, which can  
be RNA-, DNA-, peptide- or 
protein-based.

Cis-imidazoline compounds
A class of compounds 
synthesized around a core 
imidazole structure, such as the 
nutlins.

Benzodiazepenes
Chemical compounds with a 
core chemical structure that is 
the fusion of a benzene ring 
and a diazepine ring.

Spiro-oxindole
A molecule with a core scaffold 
that contains a tryptophan-like 
structure.

IC50

The concentration of a drug 
that causes a 50% inhibition of 
the activity of a target enzyme.

in cellular physiology that arise as a consequence of 
oncogene activation or tumour suppressor gene loss, 
rather than oncoproteins themselves, are targeted to 
achieve tumour selectivity. Therefore, in the case of  
p53 therapeutics this could lead to compounds that kill p53 
mutant cells only. All the approaches described so far rely 
on the restoration of transcriptional activity to mutant 
p53. However, the cell-based screening approach might 
also yield compounds that kill p53 mutant tumour cells 
because these cells lack selective cell cycle checkpoint 
or repair mechanisms. This would be directly analo-
gous to the discovery of the sensitivity of BRCA1- or 
BRCA2-negative cells to PARP inhibitors73. PARP1 
activity is required for base-excision repair, a dNA 
repair mechanism that eliminates dNA bases that have 
been damaged by oxidation during the normal cell cycle. 
If PARP1 is chemically inhibited, oxidized bases accu-
mulate and dNA replication forks stall at sites of dNA 
damage, which leads to double-stranded dNA breaks. 
Homologous recombination normally repairs these 
breaks, but cell death occurs if this mechanism is absent 
(as is the case with cancer cells deficient in BRCA1 or 
BRCA2). These approaches are at an early stage, but the 
lack of a dNA damage-induced G1 checkpoint in p53 
mutant cells has been reported to make them more sus-
ceptible to anti-mitotic agents such as polo-like kinase 1 
(PLK1) inhibitors52.

Reactivating wild-type p53
The search for drugs that activate wild-type p53 has 
used both target-based approaches and FCG methods 
(BOX 2). Inhibition of p53 activity in tumours by the 
increased expression of mdm2 has been the target of 
development for many small-molecule-, peptide- and 
aptamer-based therapies. mdm2 is overexpressed in 
many human tumours, often owing to an amplification 
of a chromosome segment that includes mDm2 (Ref. 74), 
although overexpression of the protein is possible with-
out gene amplification75. There has been extensive vali-
dation of mdm2 as a target, ranging from studies with 
aptamers and peptides through to antisense approaches 
and, perhaps most tellingly, a set of remarkable experi-
ments using a hypomorphic allele of mdm2 in the 
mouse76. In these systems, small reductions in mdm2 
levels are sufficient to trigger a mild p53 response (as 
shown by increased levels of lymphopenia and apop-
tosis in intestinal crypts) in response to increased p53 
activity. The volume of the thymus is also reduced and 
there is a small effect on weight gain during develop-
ment. Gene dosage studies have found levels of mdm2 
that selectively inhibit the development of colon carci-
noma induced by the absence of adenomatous polyposis 
coli (APc) without adverse affects on normal tissues76. 
These powerful studies provided proof of a therapeutic 
index for mdm2 inhibition that has now been con-
firmed by the first small molecule candidates, includ-
ing nutlin8, mI-219 (Ref. 48) and reactivation of p53 and 
induction of tumour cell apoptosis (RITA; also known 
as NsC 652287 and discussed below)51, which produce 
tumour regression in vivo in human tumour xenografts 
in nude mice.

Nutlin-type inhibitors. The first reported small-molecule 
mdm2 antagonists with in vivo activity, the nutlins, were 
identified from a class of cis-imidazoline compounds8 (fIG. 3). 
The nutlins could displace p53 from mdm2 in vitro with 
nanomolar potency. Crystal structure studies demon-
strated that the nutlins bind to the p53 pocket of mdm2 
in a way that mimics the molecular interactions between 
mdm2 and the crucial amino acid residues from p53 
(Ref. 8). Nutlins enter many types of cultured cells and 
inhibit the p53–mdm2 interaction with a high degree 
of specificity, leading to the stabilization of p53 and the 
activation of the p53 pathway8. Proliferating cancer cells 
that express wild-type p53 are effectively arrested in 
the G1 and G2 phases of the cell cycle or can undergo 
apoptosis when treated with micromolar concentra-
tions of nutlins77. This indicates that some cells are more 
susceptible to nutlin-induced apoptosis than other cells 
in which a reversible cell cycle arrest is observed. The 
key cellular characteristics that underlie this difference 
in response are the subject of intense investigation. This 
differential response may occur owing to abnormalities 
further downstream in the p53 pathway.

other small molecules that have been developed to target 
the p53–mdm2 interaction include benzodiazepenes78 

and spiro-oxindole79,80. The benzodiazepene-based 
derivatives disrupt the mdm2–p53 interaction in vitro 
with IC50 values of 0.5–2 μm and have also been 
shown to suppress the growth of cell lines containing  

Figure 2 | a negative feedback loop controls cellular 
levels of p53. In normal cells, p53 increases transcription 
of MdM2 over basal levels. MdM2 also inhibits p53 function 
by modulating its transcriptional activity by preventing its 
interaction with the general transcription machinery28. 
MdM2 also forms a heterodimeric complex with MdM4 
that promotes the degradation of p53 (Ref. 92). ARF adds 
another level of control to the system by inhibiting MdM2 
function143, the expression of which is in turn also repressed 
by p53 (Ref. 144). MdM2, as well as promoting p53 
degradation, ubiquitylates (Ub) MdM4 (Refs 94,96) and 
promotes the degradation of the MdM2–MdM4 complex in 
response to ionizing radiation. This is mediated at least in 
part through ATM- and CHK2- dependent phosphorylation 
of MdM4, which inhibits binding to 14-3-3 proteins and the 
deubiquitylating enzyme USP7 (also known as herpes 
virus-associated ubiquitin-specific protease (HAUSP)), thus 
permitting its proteasomal destruction141,145,146. These 
cellular mechanisms result in subtle control of p53 levels. 
ATM, ataxia telangiectasia mutated; dUB, deubiquitylase. 
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wild-type p53. Administration of the benzodiazepene 
derivative TdP665759 to normal mice led to an 
increase in p21 (also known as WAF1 and CIP1)  
levels in liver samples81. Finally, TdP665759 synergizes 
with doxorubicin both in culture and in xenografts of 
A375 melanoma cells to decrease tumour growth81–83. 
ding et al.79,80 identified several compounds with a 
spiro-oxindole core structure that could inhibit the 
mdm2–p53 interaction in vitro in numerous cell lines 
with IC50 values of 30–2000 nm80. This work has resulted 
in a spiro-oxindole derivative, mI-219, which shows good 
pharmacodynamics and bioavailability in mice com-
pared with the initial spiro-oxindole compounds84. This 
compound induces tumour regression in the absence of  
tissue-specific toxicity, although it induces low levels  
of p53 in normal tissues, which activates p21. However, 
these low levels of p53 are not sufficient to induce apoptosis 
even in sensitive tissues such as the thymus48.

There is little doubt that given the range of pharma-
cophores already identified against the mdm2–p53 
interaction, in conjunction with the excellent preclinical 
profiles reported for nutlin and mI-219, effective  
inhibitors can be developed. However, several potential 
drawbacks to targeting the mdm2–p53 interaction can 
be envisioned. First, mdm2 is induced by p53 activa-
tion as part of an inducible feedback loop that negatively 
regulates the p53 response. Therefore, the drugs would 

induce their target, limiting their potential efficacy. 
second, the current molecules fail to effectively 
target mdm4.

The interplay of mDm2 and mDm4 in regulating 
wild-type p53. Genetic studies indicate that mdm2 
and mdm4 have non-redundant functions to keep 
p53 inactive during embryogenesis and throughout 
develop ment85,86. deficiency in either protein results in 
embryonic lethality, which is dependent on p53 status. 
Therefore, Trp53–/–mdm2–/– mice are viable, whereas 
Trp53+/–mdm2–/– results in embryonic lethality; this 
is also the case for mdm4–/– mice85–87. Therefore, the 
expression of both mdm2 and mdm4 is necessary for 
the regulation of p53 during development.

mdm4, unlike mdm2, does not have significant 
intrinsic E3 ubiquitin ligase activity88. However, mdm4 
forms heterodimers with mdm2 through C-terminal 
RING domain interactions89, which stimulates mdm2 to 
ubiquitylate p53 leading to its degradation90–93. Another 
consequence of mdm2–mdm4 heterodimerization is 
that mdm4 can be ubiquitylated by mdm2 and is con-
sequently degraded94–96. This is an important mechanism 
for controlling mdm4 levels and thereby fine-tuning 
the levels of p53 during the stress response. In addition, 
mdm4 might exhibit greater stability in unstressed 
cells owing to its preferential deubiquitylation by herpes 
virus-associated ubiquitin-specific protease (HAusP; 
also known as usP7)97 (fIG. 2).

mdm4 overexpression has been found in 40% 
(13 of 31) of the tumour cell lines studied98, and in  
9% of breast (41 of 218), 19% of colon (5 of 27) and 18% 
of lung (16 of 88)29 human primary tumours studied. 
more recently, 32 of 49 (65%) of human retinoblas-
toma samples investigated had extra copies of mDm4 
(Ref. 30). In general, increased mDm4 mRNA occurs in 
tumours with wild-type p53, and mdm4 knockdown 
in breast carcinoma and retinoblastoma cell lines leads 
to p53-dependent growth arrest or apoptosis29,30,99. 
This implies that in the absence of any other regulatory 
changes mdm4-dependent inhibition of p53 is crucial 
for tumorigenesis.

The amino-terminal of mdm4 shares 50% 
sequence similarity with that of mdm2 and binds to 
the same region of p53 (Ref. 100); this region is there-
fore an obvious target for drug development as it could 
be specific for both mdm2 and mdm4. such dual-
specific peptides have been described101. Although 
peptides themselves are not often effective drugs, 
owing to problems of cell penetration and stability, 
great progress has been reported using chemical meth-
ods to ‘staple’ peptides into a conformation that sub-
stantially improves their pharmacodynamics102. These 
peptides have been shown to interact with mdm2 at 
nanomolar affinities and enter sJsA-1 cells, as well as 
to induce p53-dependent transactivation of cDKN1A 
(which encodes p21)102. It is of great interest whether 
these peptides retain the activity of the unstapled pep-
tide against mdm4, and the recent solution of the p53 
binding domain structure of mdm4 will greatly assist 
these approaches101,103.

Figure 3 | Structural applications to p53-based drug therapies. a | Most inactivating 
mutations of p53 occur in the dNA-binding domain (dBd), whereas the amino-terminal 
transactivation domain (TA) is relatively free of point mutations. Mutations in yellow affect 
dNA contacts, those in light blue cause local distortions and those in dark blue cause 
global denaturation. b | Therapeutics that disrupt MdM2 binding to the TA, for example 
nutlin8, are designed to reactivate wild-type p53 by displacing MdM2, which is 
overexpressed in many p53 wild-type tumours. The crystal structure of nutlin8 (cyan) in 
complex with MdM2 shows how it mimics the three key residues from p53 (orange) that 
are involved in the interaction. The small molecule PhiKan083 has also been designed to 
specifically interact with the p53-Y220C mutant. This demonstrates the possibility of 
therapeutically targeting tumours with different inactivating mutations of p53. Parts c and 
d of the figure show the cleft generated on the surface of p53 by the missense mutation 
(c), where PhiKan083 (Ref. 69) has also been shown to bind using crystallography (d).  
These two therapeutic strategies are designed to reactivate p53 but differ in that the first 
method reactivates wild-type p53 and the second reactivates mutant p53. PR, proline-rich 
domain; Reg, carboxy-terminal regulatory domain; Tet, tetramerization domain.
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Topoisomerse inhibitors
Chemotherapy agents that 
interfere with the actions of 
topoisomerase 1 and 
topoisomerase 2, which are 
involved in DNA replication 
during the cell cycle.

other specific targets in the mdm2–mdm4 regulatory 
pathway are also being identified. sites in mdm2 and 
mdm4 that are involved in the E3 ubiquitin ligase activ-
ity, binding ARF and interactions with other regula-
tory proteins have been shown to be potential targets104. 
molecules have also been reported by Yang et al.105 that 
inhibit the E3 ubiquitin ligase activity of mdm2 and as 
a result cause activation of p53 and the accumulation of 
mdm2. In addition, a screen for nutlin resistance yielded 
the dNA repair protein, p53-binding protein 1 (53BP1), 
as a potential target106. RNA interference-based studies of 
the p53 pathway have identified several deubiquitylating 
enzymes and proteasome subunits, the inactivation of 
which induces a p53 response107.

The binding pocket of the N terminus of mdm2 has 
shown itself to be eminently druggable, and a future 
challenge is whether or not these drugs can proceed to 
the clinic and whether they can also be refined to tar-
get mdm4. Apart from this avenue of research, other  
target sites have been identified in this p53 regulatory 
pathway that show the potential for drug development, 
and it remains to be seen if they generate therapeutic 
leads that have low toxicity in normal tissues.

Cell-based screens for p53-activating molecules
Phenotypic screens offer some advantages over screens 
using purified components as they select compounds that 
are cell permeable and active in cells at concentrations 
that are reasonable for further tests in animals. In the p53 
 research field, screens typically use the induction of a  
p53 reporter in a cell line as a readout, and this has led 
to the identification of a wide variety of compounds, of 
which some have been proved to have anti-tumour activity 
in vivo. once a hit compound with interesting properties 
in vitro and in vivo is selected, the biggest challenge is 
to elucidate how the compound achieves p53 activation. 
This is important from a basic research point of view as 
it could reveal new p53 regulatory factors. Additionally, it 
enables further optimization of a primary hit compound 
based on the structure of the binding site of the com-
pound. so far, p53-based phenotypic screens have led 
to the discovery of several categories of compounds  
(discussed below).

Compounds that interact with DNA or affect topoisomer-
ase function. Given the role of p53 as “the guardian of 
the genome” (Ref. 108), dNA-interacting compounds and 

topoisomerase inhibitors are (not unexpectedly) frequent 
hits in p53 cell-based phenotypic screens109,110. These can 
easily be identified through reporter assays such as dNA 
binding experiments, topoisomerase activity assays, the 
induction of dNA damage-induced p53 phosphoryla-
tion at ser15 or ser20, the increased phosphorylation of 
ataxia telangiectasia mutated (ATm) and histone H2AX 
(which are indicative of a dNA damage response), or 
comet assays, which detect broken dNA. However, there 
are interesting examples of dNA intercalators that have 
been selected from p53 phenotypic screens that do not 
cause extensive dNA damage, such as the anti-malaria 
drug quinacrine111. Chloroquine, another dNA interca-
lating anti-malaria drug, activates ATm and induces p53 
without causing dNA breaks and prevents lymphoma 
development in a p53-dependent manner in vivo112. This 
work also suggests that the chloroquine-mediated inhi-
bition of lysosomal protein degradation may be related 
to the induction of p53-dependent cell death.

Inhibitors of nucleic acid synthesis. deoxyribonucleotide 
triphosphate (dNTP) biosynthesis inhibitors induce the 
accumulation of cells in s phase of the cell cycle, leading 
to extensive genomic damage. When cells are treated 
with these compounds, or with aphidicolin (which 
inhibits dNA polymerase-α), p53 is stabilized, but only 
certain downstream effectors such as PIG3 (also known 
as TP53I3), but not p21 or mdm2, are expressed113. 
Inhibitors of the ribonucleotide synthesis pathway such as 
PALA (n-phosphonacetyl-L-aspartate) and mycophenolic 
acid cause an increase in p53 levels and the accumulation 
of cells in G1 or G0 of the cell cycle in a p53-dependent 
manner without inducing chromosomal aberrations114,115. 
An obvious consequence of ribonucleotide depletion is 
the inhibition of transcription. one possible explana-
tion for the activation of p53 without the induction of 
dNA damage is that p53 senses ribonucleotide depletion 
partly through the inhibition of RNA elongation. In fact 
the mRNA synthesis inhibitor and adenosine analogue 
dRB (5,6-dichloro-l-β-d-ribofuranosylbenzimidazole) 
can increase p53 levels and transcriptional activity116,117.

screening for activators of wild-type p53-dependent 
transcription in cells has led to the identification of two 
ribonucleoside analogues, NCI188491 and NCI154829, 
that are similar in structure to the purine ribonucleoside 
analogue sangivamycin110. All three compounds increase 
p53 levels and transcriptional activity in cells at sub-
micromolar concentrations. In the case of the two NCI 
compounds, p53 activation was not accompanied by sub-
stantial increases in genome-damage markers, although 
the exact mechanism by which these compounds 
and sangivamycin activate p53 and the effect of these  
molecules in preclinical models are still unknown

A large screen of a natural product library identified 
actinomycin d as a potent p53-activating compound118. 
one of the clearest effects of actinomycin d is to inhibit 
ribosomal RNA synthesis, which disrupts the nucleoli 
and prevents ribosome biogenesis, thus causing the 
release of the ribosomal protein L11 (RPL11) and RPL5, 
which bind and inactivate mdm2 (Ref. 119). mutations 
in the zinc finger region of mdm2 that abolish RPL11 

 Box 1 | TP53 gene therapy

Jack	Roth	was	the	first	scientist	to	carry	out	clinical	trials	of	gene	therapy	for	tumours	
using	p53	and	he	subsequently	established	Introgen,	which	has	an	adenovirus	
vector-based	TP53	gene	therapy	(Advexin)	in	numerous	clinical	trials	in	the	United	
States.	Although	some	of	these	trials	have	reached	Phase	III	the	treatment	has	not	yet	
crossed	that	final	approval	hurdle.	Meanwhile,	in	China,	Shenzhen	SiBiono	GenTech	
gained	approval	for	its	similar	product,	Gendicine,	in	October	2004	and	has	been	
marketing	it	ever	since.	Side	effects	are	mild	but	the	treatment	requires	local	injection	
into	the	tumour	site	and	may	not	be	effective	in	all	patients	compared	with	the	best	
standard	of	care.	Attempts	to	improve	efficacy	by	modifying	p53	and	enhancing	delivery	
remain	an	active	area	of	research.	The	publication	of	extensive	post-registration	efficacy	
data	from	Shenzhen	SiBiono	GenTech	is	eagerly	awaited.
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Taxol
A compound that stabilizes 
microtubules by irreversibly 
binding to the β-subunit of 
tubulin.

Vinca alkaloids
Anti-mitotic and anti- 
microtubule agents that 
prevent tubulin polymerization 
and so interfere with 
chromosomal replication and 
subsequent separation.

binding render cells containing wild-type p53 resistant 
to RPL11 inhibition120. Because dRB treatment, nucleo-
tide depletion and dNA damage also lead to nucleolar 
disruption121, it is tempting to speculate that increased 
interaction of mdm2 with free ribosomal proteins is one 
of the main mechanisms leading to p53 activation.

Although actinomycin d, which causes dNA dam-
age, is a rather toxic drug at high doses, initial studies 
using low doses showed that it was very specific for 
inducing p53 activity118. Inactivation of p53 had previ-
ously been found to render cells completely resistant to 
the growth inhibitory effects of the drug122. Remarkably, 
using gene expression arrays to compare the effects of 
actinomycin d with the effects of nutlin showed that 
low-dose actinomycin d induced an identical pattern 

of gene expression in p53 wild-type and p53 mutant cells 
as the pattern induced by nutlin118. Actinomycin d is 
clinically approved and is effective in the treatment of 
Wilm’s tumour123.

Compounds that disrupt mitosis. The treatment of 
cells with classic chemotherapeutics such as taxol or the  
vinca alkaloids markedly increases p53 levels, an event that 
is essential to avoid polyploidy in response to these tubu-
lin poisons. Exactly how p53 is stabilized and activated 
in response to mitotic poisons is still under investiga-
tion, but p53-based phenotypic screens led to the iden-
tification of numerous mitotic poisons. In a recent study, 
staples and co-workers124 identified 17 inhibitors of 
mitosis among the top 33 hits from a phenotypic screen 

Box 2 | Routes to drug discovery

Direct against a purified target
This	is	the	route	by	which	most	drugs	have	recently	been	discovered	and	is	highly	favoured	by	the	pharmaceutical	
industry139.	It	typically	involves	the	development	of	a	small-molecule	inhibitor	of	an	enzyme	or	receptor	that	has	already	
been	identified	as	crucial	to	the	disease	process,	such	as	the	BCR-ABL1	kinase	in	chronic	myelogenous	leukaemia	(CML)4.	
Large	chemical	libraries	(sometimes	as	many	as	3	million	compounds)	are	then	screened	in	high-throughput	assays	for	the	
inhibition	of	the	target	protein	function.	Various	assay	formats	are	used,	with	recent	developments	including	reduced	
assay	volumes	and	extensive	automation.	The	approach	is	supplemented	by	structure-based	design	in	which	the	X-ray	or	
nuclear	magnetic	resonance	(NMR)-determined	structure	(as	shown	in	part	a	of	the	figure	for	the	p53–MDM2	interaction)	
of	the	active	site	is	used	in	computational	approaches	for	virtual	screening	to	validate	and	improve	the	binding	of	small	
molecules	to	the	target	protein.	Recently,	small	molecules	(less	than	350	Da)	have	also	been	used	to	help	in	lead	finding	in	
a	process	known	as	fragment-based	screening140.	Once	‘hits’	have	been	developed,	teams	of	medicinal	chemists	work	to	
improve	potency,	bioavailability	and	reduce	the	toxicity	of	the	hit	to	convert	it	into	a	drug	lead.	This	process	has	been	
likened	to	solving	a	Rubik’s	cube	as	all	three	aspects	must	be	optimized	in	the	final	drug.	The	big	advantage	of	this	
approach	is	that	the	target	is	known	and	so	biophysical	and	structural	methods	can	readily	be	applied.	The	challenges	are	
that	not	all	hits	can	be	converted	to	leads	(owing	to	problems	with	chemistry),	not	many	proteins	are	suitable	targets	for	
this	approach	(owing	to	difficulties	including	low	expression	and	purification)	and	our	incomplete	understanding	of	
biology	means	that	target	validation	may	fail	such	that	unexpected	side	effects	are	seen	in	humans.

Indirect against a pathway
This	is	the	route	by	which	most	‘old’	drugs	were	discovered.	For	example,	some	antibiotics	(such	as	penicillin)	and	
analgesics	(such	as	aspirin)	were	developed	and	widely	used	without	knowing	how	they	worked	or	what	their	precise	
molecular	targets	were.	In	cases	in	which	no	targets	are	well	defined	(such	as	for	the	development	of	new	malaria	
treatments)	or	in	which	the	purified	target	approach	has	been	unsuccessful	(for	example,	the	mutant	Ras	protein)	then	
these	indirect	routes	are	attractive.	In	this	method	large	numbers	of	compounds	are	screened	for	activity	in	phenotypic	
assays	searching	for	selective	cell	killing	or	the	activation	of	a	transcription	reporter,	as	illustrated	in	part	b of	the	figure	
for	p53.	The	main	advantages	of	this	method	are	that	any	phenotype	is	in	principal	druggable:	the	compounds	by	
definition	show	biological	activity	and	therefore	have	some	drug-like	properties.	The	major	difficulty	is	that	the	medicinal	
chemists	have	few	clues	as	to	how	to	improve	potency	as	the	key	features	of	the	molecule	that	interacts	with	the	target	
are	unknown.	Therefore,	a	key	area	of	activity	in	the	field	is	improving	methods	by	which	the	targets	of	unknown	active	
compounds	can	rapidly	be	determined	so	that	targets	validated	by	such	forward	chemical	genetic	or	phenotypic	screens	
can	then	be	developed	using	direct	target-based	approaches.	An	example	is	the	tenovins,	which	were	shown	to	be	active	
inducers	of	p53,	and	their	protein	target	was	then	identified	to	be	the	sirtuins50.
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Roscovitine
An olomoucine-related purine 
flavopiridol, which is a highly 
potent inhibitor of the kinase 
activity of cyclin-dependent 
kinases CDK1, CDK2, CDK5 
and CDK7. It induces the 
activation, stabilization and 
accumulation of p53 in the 
nucleus through the 
suppression of MDM2 
expression and partial 
inhibition of its transcription.

Neutropenia
A haematological disorder 
characterized by an 
abnormally low number of 
neurophils.

(using the activation of p53-dependent transcription) 
of 30,000 compounds. All but four of these compounds 
proved to be inhibitors of tubulin polymerization, and 
an optimized version of one, JJ78:12, showed significant 
inhibition of xenograft tumour growth.

Compounds that directly interact with p53. so far, RITA 
is the only compound derived from a phenotypic screen 
that can be included in this category. This compound was 
shown to directly bind to p53 and inhibit the interaction 
of p53 with mdm2 (Ref. 51). Whether this is the only 
mechanism by which RITA increases p53 activity in cells 
is still controversial125,126, as there is evidence that RITA 
can bind to multiple proteins127 and activate the dNA 
damage response pathways126,128. However, it is intriguing 
that the induction of markers of dNA damage (namely 
phosphorylation of CHK1 and histone H2AX) were 
reported to occur only in cells harbouring wild-type p53 
(Ref. 129). Although, like the nutlins, RITA can block the 
mdm2–p53 interaction, RITA is a more effective inducer 
of apoptosis than the nutlins. It has been shown that this 
might be due to the ability of mdm2, released from p53 
by RITA, to degrade p21 and thus promote apoptosis 
rather than cell cycle arrest130. Another possible mech-
anism explaining the pro-apototic effect of RITA is its 
ability to inhibit the expression of survival factors in a 
p53-dependent manner131. These interesting observa-
tions and the in vivo anti-tumour activity of RITA51,126 
justifies further studies on its mechanism of action.

Compounds that target p53 regulatory factors. Examples 
of this type of compound that were identified through a 
p53-based phenotypic screen are tenovin-1 and its more 
water-soluble derivative tenovin-6 (Ref. 50). Tenovins rap-
idly increase p53 levels in cells treated with low micro-
molar concentrations, and daily intraperitoneal injection 
of tenovin-6 at 50 mg per kg delays xenograft tumour 
growth in mouse models50. Through a yeast genetic screen 
and subsequent enzymatic assays tenovins were shown 
to inhibit the NAd+-dependent deacetylase activity of 
sIRT1 and sIRT2 (Ref. 50), two members of the sirtuin 
family of class III histone deacetylases. p53 deacetylation 
by sIRT1 impairs p53 stability and transcriptional activ-
ity132–134. Therefore, inhibiting the sirtuins should lead to 
increased p53 stability. Indeed, treatment of mCF-7 cells 
with tenovins led to the accumulation of acetylated p53 
and acetylated tubulin, which are established substrates 
of sIRT1 and sIRT2, respectively. Further chemical opti-
mization of the potency of the tenovins is now possible 
owing to the elucidation of sIRT1 and sIRT2 as the cel-
lular targets. The discovery and characterization of the 
tenovins is an example of how current technological 
advances in target identification and p53 basic research 
contribute to the understanding of the mechanism of 
action of bioactive small molecules.

Aside from screening approaches, potent p53  
activators have been found by simply testing candidate 
small molecules that are known to modulate a phe-
nomenon that is likely to impinge on p53 activity. The 
clearest examples of this are the nuclear export inhibitor 
leptomycin B and its derivatives. The natural compound 

leptomycin B inhibits CRm1 and new variants of it — with 
improved therapeutic windows — are producing promising 
results in pre-clinical xenograft models135.

so far, there have been no reports of compounds 
derived from phenotypic screens that directly inter-
act with mdm2 or mdm4 even though analysis of 
nutlin activity and mdm2 binding peptides (which 
were identified with direct screening approaches) 
shows that such compounds would be highly active in  
cell-based assays.

Drug combinations and cyclotherapy
The multiple signalling pathways that converge on p53 
and the role that p53 has in cell cycle checkpoints has 
stimulated the search for drug combinations that might 
exploit the p53 system (TABLe 1). Indeed, low doses of p53-
activating drugs such as nutlin, dRB and roscovitine have 
shown clear synergy in activating p53-induced apopto-
sis in human wild-type p53 tumour cells53. However, the 
approach that is currently attracting the most excitement 
is the idea of treating patients with p53 mutant tumours 
using cylcotherapy136. According to this concept, normal 
cells in the body are placed into a transient cell cycle 
arrest by activation of p53 with a non-genotoxic drug 
such as nutlin or low-dose actinomycin d118,137. However, 
the p53-mutant tumour cells would be unaffected and 
continue to proliferate. The patient would then be treated 
with a mitotic inhibitor, such as a PLK1 inhibitor or a 
taxane, to selectively target the cycling tumour cells52. 
The p53-induced arrest in non-tumour cells functions 
as a chemoprotectant of tissues that would otherwise be 
cycling and thereby damaged by the anti-mitotic drug. 
Therefore, side effects such as hair loss, damage to the 
alimentary canal and loss of white blood cells following 
chemotherapy would be prevented without reducing the 
anticancer activity of the anti-mitotic drug. The lack of 
toxicity of a temporary cell cycle arrest in the normal 
tissues of an adult mouse has been demonstrated by 
Gerard Evan’s laboratory with an inducible dominant-
negative mYC inhibitor138. In various tissue culture mod-
els cyclotherapy has proved to be remarkably effective, 
but the real excitement has been generated by the recent 
study in which nutlin treatment inhibited the neutropenia 
that was induced by the PLK1 inhibitor BI-2536 without 
blocking its anti-tumour effect52 (TABLe 1).

Conclusions and summary
There is little doubt that drugs that exploit the loss of p53 
pathway function could have wide applications in the 
treatment of cancer. As p53 is not a conventional target 
for the translational industry, the desire to exploit the p53 
system has led to many new approaches. These include the 
search for molecules that affect protein folding and stabil-
ity, as well as molecules that block protein–protein inter-
actions. It has also been suggested that various phenotypic 
screening approaches and the combinatorial use of drugs 
could improve the selectivity and therapeutic index. In the 
sense that many other pathways in biology offer a similar 
challenge, the intense effort to target the p53 pathway is 
encouraging and supportive of the development of new 
approaches to drug discovery and therapy.
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