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ABSTRACT 

p53 is a potent tumour suppressor that is inactivated in the majority, if not all human 
cancers. In about 50% of the cases, the gene is mutated and in the rest it is rendered 
inactive mainly by deregulation of its negative regulators such as Hdm2 and HdmX. 
Targeting p53 has been shown to be a promising strategy to fight cancer and the first 
compounds reactivating p53 have reached the stage of clinical trials. In addition to 
immediate clinical use, compounds that activate p53 are valuable tools to increase the 
knowledge about fundamental p53 biology.  
RITA is an example for such a compound activating p53. We found that it induces 
decreased protein levels of the negative regulator of p53, HdmX, in a p53-dependent 
manner. This is mediated by ATM-induced phosphorylation. In addition expression of 
Wip1 is inhibited. Wip1 depletion is an important event for HdmX decrease, as Wip1 
reverses ATM mediated phosphorylation and thus can prevent ATM-induced HdmX 
decline. The biological significance of HdmX and Wip1 inhibition is highlighted by the 
fact that a knockdown of either of them enhances cell killing by the p53-activating 
drugs RITA and nutlin3a.    
To get insight into mechanisms of p53 mediated transcriptional regulation, we 
compared genome-wide chromatin occupancy by p53 upon its activation by three 
different compounds, RITA, nutlin3a and 5-FU that cause different biological 
outcomes. We compared genome-wide chromatin occupancy by p53. Surprisingly, the 
regions that were bound by p53 to the highest extent were the same after all three 
treatments, despite their different biological outcomes. Comparison of the p53-
occupied sites with gene expression changes upon p53 activation by nutlin3a allowed 
identifying 280 previously unknown target genes. The common p53 binding motif is 
present much more frequently in the promoter region of induced genes than in that of 
repressed genes. This suggests different mechanisms for gene induction versus 
repression by p53, presumably distinguished by the involvement of cofactors. This is in 
line with our finding that binding sites for cofactors in the proximity of p53 sites are 
distinct for induced and repressed genes. We identified AURKA (Aurora kinase A) as a 
novel p53-repressed target gene, and found that STAT3 also regulates it, antagonising 
p53. Finally we found, that expression of our newly identified panel of p53 target genes 
correlated with the p53 status, the grade of tumours and the long-term survival in a set 
of 250 breast cancer patients. 
Malignant melanomas have very poor prognosis with extremely low long-term survival 
once the metastatic stage is reached. It has been shown that in 3-dimensional collagen 
type I matrix that mimics the microenvironment of the human dermis, melanoma cells 
induce integrin-dependent inactivation of p53, rescuing the cells from apoptosis. Thus, 
reactivation of p53 might be a promising strategy to kill melanoma cells. To test this, 
we treated melanoma cells that were grown in 3D conditions with the p53 reactivating 
compound PRIMA-1MET/APR-246. Indeed, this induced apoptosis in the cells in a p53 
dependent manner. Consistently, the growth of melanoma xenografts in mice was 
suppressed in a p53-dependent manner after PRIMA-1MET treatment.  
In summary, this thesis demonstrates examples for both the use of p53 activating 
compounds as research tools to uncover new details of p53 biology as well as their 
application for therapy, exemplified by effects of PRIMA-1MET in malignant 
melanomas in vitro and in vivo. 
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1 TUMOUR SUPPRESSOR PROTEINS AND CANCER 

As organisms became more complex during evolution, also the need for more advanced 
protection mechanisms against new diseases arose. One such disease that appears only 
late in evolution is cancer. Cancer is marked by uncontrolled cell division ultimately at 
the cost of vital systems and death of the organism. Obviously, a single cell organism 
like a bacterium or yeast does not need protection against uncontrolled cell division, 
while multicellular organisms cannot afford it, and thus the evolutionary need for 
tumour suppressors was born.  
 
1.1 TUMOUR SUPPRESSOR PROTEINS  

All higher organisms consist of a huge number of cells. Given the limited life span of 
most of these cells, there is a constant need for renewal. This means, cells need to be 
generated permanently in order to replace cells that have lost their functionality. Cell 
generation is achieved by proliferation, i.e. division of one cell into two daughter cells. 
A mechanism like that on the one hand yields the possibility to unleash the life span of 
an organism from the life spans of its components, the cells, but on the other hand it 
also creates the danger of losing control over its integral parts by losing control over 
cell division. Thus, tight control entities are needed, the tumour suppressor proteins 
(Hussain and Harris 1998).  
 

 
Figure 1: The mode of action of tumour suppressors. When a cell is exposed to genotoxic stress, its DNA is 
damaged. This activates tumour suppressor proteins and leads to either repair of the damage or elimination of the 
affected cell. If this system is malfunctional, the damaged cell can divide and eventually form a tumour. 

 
Tumour suppressor proteins sense the state of a cell, including genome integrity, 
nutrition supply, tissue context, and much more. If any of the parameters fails a quality 
check, tumour suppressor proteins stop the cell from dividing or even induce 

normal cell 

damaged  
cell 

damaged  
cell 

cancerogenic event  
e.g. UV irradiation 

tumour suppressors  
e.g. p53, pRb 

elimination of 
the cell 

repair of the 
damage dividing tumour 

cells 



 

 
2 

elimination of the cell. This means, only an optimal setting gives green light for cell 
division, while tumour suppressors prevent it otherwise.  
 
The two most prominent tumour suppressor 
proteins are p53 and pRb, both of which are 
transcription factors. pRb is probably the most 
potent break of the cell cycle, acting mainly in 
early G1 phase (for explanation, see info-box) 
(Weinberg 1995). Its name is derived from 
protein in retinoblastoma, where it was first 
found (Knudson 1971). Closer discussion of 
the biology underlying this interesting protein 
is beyond the scope of this thesis and it is not 
part of the studies described in any of the used 
papers. All three papers are focussed on the 
second tumour suppressor protein mentioned above, p53, which will be described in 
more detail.   
 
1.2 P53, P63 AND P73 – A FAMILY OF GENES ENSURING GENOME-

INTEGRITY 

The tumour suppressor p53 is part of a family of proteins that in humans comprises 
three members, namely p53, p63 and p73 (Jost et al 1997, Kaghad et al 1997, Yang et 
al 1998). They all have a common ancestor, which appears already in invertebrates, 
such as choanoflagellates and sea anemones for the first time during evolution (Nedelcu 
and Tan 2007, Pankow and Bamberger 2007). The function of this ancient gene in sea 
anemones is protection of germ cells, thus preventing accumulation of mutations in the 
genome of the species (Pankow and Bamberger 2007). A clear indication of the 
importance of this gene is the fact, that it gains new functions and duplicates or even 
triplicates as evolution moves on, although only being more copies of the same gene at 
first (Nedelcu and Tan 2007).  
 
Duplication of the lineal ancestor led to diversion of the two copies into two genes, p53 
and a common p63/p73 gene, which again duplicated and evolved into p63 and p73. 
Not until the appearance of vertebrates, the three members p53, p63 and p73 are found 
as separate genes. The oldest species where all three genes were confirmed is zebrafish, 
and in principle this has not changed until homo sapiens. (Belyi et al 2010). Consisting 
of three members now, the proteins became more specialised and protecting germ cells 
was no longer the sole function. All three members gained additional functions. p63 is 
involved in skin and epithelial development (Mills et al 1999, Suh et al 2006, Yang et 
al 1999), while p73 is important in neuronal development and differentiation (Pozniak 
et al 2000). p53 turned into a protector of somatic cells. As cancer is a disease mainly 
of somatic cells (and/or somatic stem cells), it is not surprising that p53 thus became 
the family member with the biggest implications in cancer.   
 

Info-box: Cell cycle 
Cell cycle refers to the state of a cell 
during division. When a cell enters the 
cell cycle, it is in G1, which means it is 
a single “normal cell”. In order to 
divide into two daughter cells, it needs 
to duplicate its genome. This happens 
in the synthesis phase, the S-phase. 
Once the cell has completed genome 
duplication, it is in G2, being ready to 
divide. The division itself is called 
mitosis, and the formed offspring cells 
can now either enter G1 again, or stop 
dividing, which is then termed G0.    
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1.3 P53 – THE GUARDIAN OF THE GENOME  

In 1979, p53 was discovered independently by four groups (DeLeo et al 1979, Kress et 
al 1979, Lane and Crawford 1979, Linzer and Levine 1979), and was termed p53 
attributing to its molecular weight of ~53kDa (protein 53). At first, p53 was thought to 
be an oncogene as it was found at elevated levels in human tumours, a correlation that 
was misleading in a time where not much was known about tumour suppressor 
proteins. However, during the following years it became obvious that p53 was carrying 
mutations in those tumour cells where it was found at high levels whereas the non-
mutated version of p53 could actually impede transformation of cells (Finlay et al 
1989).  
 

 
Figure 2: Activation of p53 and resulting cellular effects. Diverse forms of genotoxic stress induce signalling 
pathways that activate p53. In response to that, p53 acts on its transcriptional targets, which then in turn lead to 
cellular responses like cell cycle arrest or apoptosis. 

 
With time and increasing knowledge it became clear that p53 is absolutely essential to 
prevent tumours and preserve genomic integrity. Very to the point it was thus termed 
“the guardian of the genome” (Lane 1992). Monitoring p53-null mice convincingly 
showed its importance. Almost all animals are born phenotypically normal. However, 
p53-null mice develop tumours with a penetrance of 100% as early as about 250 days 
of age, while a p53 positive control group does not show any tumour formation by 500 
days of age (Jacks et al 1994).   
 
Without doubt p53 is indispensable for an organism to remain tumour-free. When a cell 
in the body is exposed to genotoxic stress, p53 senses that and induces its target genes 
leading to an appropriate response that stops the cell from dividing (Figure 1 and 2). In 
addition, p53 can induce cell death via a transcription-independent mechanism, acting 
at the mitochondria (Caelles et al 1994, Marchenko et al 2000). Active p53 ensures that 
no genomic lesions can accumulate, as affected cells are hindered to pass them on to 

genotoxic 
stress 

p53 activation 

appropriate 
response 

UV irradiation oncogenes lack of 
nucleotides 

signalling 

Induction of 
target genes 

cell cycle 
arrest apoptosis senescence 

ATM, ATR, DNA-PK, HIPK2, ... 

p53 activation 

CDKN1A, GADD45A, BAX, BBC3, ! 



 

 
4 

daughter cells. Depending on the severity of the stress, p53 induces an appropriate 
response such as growth arrest, senescence or apoptosis (Figure 2 and info-box).  
 
An example that everybody can relate to is 
regular sunburn. Extensive exposure to sun 
means irradiation of the skin. This irradiation 
causes DNA damage and activates p53. The 
tumour suppressor p53 now senses the severity 
of the caused damage and will induce a 
reaction ensuring that cells that had been 
damaged do not proliferate and pass on 
damaged DNA to their offspring cells. As we all know, the most severe immediate 
reaction to unreasonable sun exposure is peeling of the skin. In this case the UV dose 
was so high, that p53 induced the ultimo ratio, cell death by apoptosis to neutralize the 
damaged cells.  
 
As all events that ultimately lead to tumour formation cause genotoxic stress, this leads 
to an easy conclusion: In order to form a tumour, p53 has to become inactivated. 
Uncontrolled cell proliferation is halted by intact p53, which will always induce a 
reaction following genotoxic stress (Kastan 2007).  
 
 

 
Figure 3: The domains of the p53 protein. P53 consists of 6 domains with distinct functions. (1) The N-terminal 
transactivation domain is the place where negative regulators such as Hdm2 and HdmX bind. (2) A proline-rich 
region that has a regulatory role in the transcriptional activity of p53 follows it. (3) The core domain is the part of p53 
that binds DNA, and most inactivating mutations are located here. (4) The following linker region has no assigned 
function. (5) Towards the C-terminus is the tetramerization domain, which is, as the name implies important for the 
formation of the tetrameric state of p53. (6) The very C-terminal region has implications in autoregulation of p53’s 
protein activity and is subject to many post-translational modifications.   

 
The p53 protein consists of 393 amino acids and can be structurally divided into 6 
domains, as schematically shown in Figure 3. The N-terminal transactivation domain, 
is a very flexible region that is important for protein-protein interactions. Negative 
regulators such as human double minute 2 (Hdm2) and human double minute X 
(HdmX) as well as cofactors like p300/CBP bind here (Bottger et al 1999, Grossman 
2001). Next, there is a proline-rich region that binds SH3 domains (Walker and Levine 
1996) and has a regulatory role as it is involved in the DNA damage response (Jiang et 
al 2001, Okorokov et al 2002) and its loss increases the binding of p53 to DNA 
(Muller-Tiemann et al 1998). By far most attention is paid to the core domain. It is 
required for specific DNA binding (Cho et al 1994) and home to the majority of all 
mutations found in the human TP53 gene (Hainaut and Hollstein 2000, Olivier et al 
2002). In between the core-domain and the C-terminal domains there is a linker that has 
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severely to repair the damage.  
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not been in the focus of research and to which, to my knowledge, no function has yet 
been assigned. On the C-terminal end of the protein two domains are of importance. 
The tetramerization domain is crucial for polymerization and thus for the formation of 
p53 homo-tetramers (Chene 2001). The second C-terminal domain of importance is the 
basic domain. It can bind DNA non-specifically (Foord et al 1991, Wang et al 1993) 
and is subject to diverse post-translational modifications (Toledo and Wahl 2006). 
 
In order to bind DNA, the protein conformation of p53 is of essential importance. 
Assessment of the conformation can be made by use of conformation-specific 
antibodies that discriminate between correct folding (“wild-type”) and loss of correct 
folding (“mutant”). The conformational state depends on the redox-state as well as the 
binding of a zinc-ion.  
 
While oxidative conditions impair p53’s conformation and thereby its ability to bind 
DNA, reducing conditions stabilise the wild-type conformation and favour sequence 
specific DNA-binding (Hainaut and Milner 1993a, Parks et al 1997). In accordance 
with its redox sensitivity, factors that influence the redox system in a cell, such as Ref1 
and thioredoxin influence p53’s DNA binding ability (Jayaraman et al 1997, Seemann 
and Hainaut 2005, Seo et al 2002, Ueno et al 1999).  
 
In addition to the redox state, incorporation of a zinc ion is essential to ensure proper 
p53 folding (Hainaut and Milner 1993b, Meplan et al 2000a). Zinc is bound by three 
cysteines and a histidine in the core domain and is mandatory for the 3D structure that 
is needed to bind DNA (Meplan et al 2000b, Rainwater et al 1995). 
 
1.4 P53 REGULATION 

Along with the dramatic effects p53 can execute to prevent tumour formation 
(ultimately cell killing) comes the consecution that p53 must be tightly controlled in 
normal, healthy cells not to cause harm. The major control units are the two main 
negative regulators of p53, Hdm2 and HdmX.  
 
These two proteins are structurally alike (Figure 4) and both bind p53 directly through 
their really interesting gene (RING) domain. Also other proteins like Pirh2 and Cop1 
can negatively regulate p53 (Dornan et al 2004, Leng et al 2003), but are less potent 
and biologically dispensable. The importance of tight p53 regulation is underlined by 
the fact that a knockout of either of the two major negative regulators (Hdm2 and 
HdmX) is embryonically lethal as unrestrained p53 causes too much harm to the cells 
of the developing organism. Hence, this lethality can be rescued by parallel p53 
knockout, however leading to tumour formation in all animals just as in all mice that 
are p53-null (Marine and Jochemsen 2004).  
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Figure 4: The structure of the Hdm2 and HdmX proteins. Hdm2 and HdmX are structurally very similar. They 
share a highly conserved N-terminal domain through which they bind p53. The following domain contains a nuclear 
localisation signal (NLS) and a nuclear export signal (NES) in the Hdm2 protein but not in the HdmX protein. Next, 
there is an acidic domain, rich in acidic amino acids. Another domain that shows very high similarity between the two 
proteins is the zinc-binding domain. Both proteins contain a RING domain at their N-termini that is responsible for 
homo-and hetero-dimerization.    

 
Hdm2 is an E3 ligase that polyubiquitinates p53, leading to its proteasomal degradation 
(Figure 5) (Marine and Lozano 2010). As transcription of MDM2 (the gene encoding 
Hdm2) is induced by p53 (Barak et al 1993, Perry et al 1993), this confers a direct 
negative feedback loop, ensuring persistently low levels of p53 as long as this 
regulatory circuit is undisturbed. In the event of genotoxic stress, signalling cascades 
are initiated that interfere with the regulatory loop between p53 and Hdm2, leading to 
stabilisation of p53 protein levels. This can be achieved by reducing Hdm2 levels 
and/or its activity (Marine and Lozano 2010).  
 
In addition to inducing proteasomal degradation, Hdm2 can also inhibit p53’s 
transcriptional activity by mere binding (Thut et al 1997).  
 
 

 
Figure 5: Simplified mechanism of p53 inhibition by Hdm2 and HdmX. Hdm2 polyubiquitinates p53 and thereby 
induces its proteasomal degradation. HdmX on the other hand renders p53 transcriptionally inactive by binding to it 
and preventing its translocation to the target genes.  

 
HdmX on the other hand does not display an E3 ligase activity and does thus not 
decrease p53 levels (Stad et al 2001). However, just as Hdm2 it directly binds p53 and 
thereby renders p53 transcriptionally inactive (Figure 5) despite protecting it from 
Hdm2-mediated degradation (Jackson and Berberich 2000, Little and Jochemsen 2001, 
Shvarts et al 1996). The underlying mechanism is not yet completely understood, but 
obviously p53 is hindered from regulation of its target genes. HdmX has been shown to 
play an important role in early embryonic development (Migliorini et al 2002). 
 
In order to execute its E3 ligase activity, Hdm2 forms either homodimers or 
heterodimers with HdmX, both through the RING domains (Tanimura et al 1999). 

1	   2	   3	   4	   5	  

1	   2	   3	   4	   5	  

Hdm2  

HdmX  

1	  –	  p53	  
binding	  

• Both	  proteins	  
bind	  p53	  
through	  this	  
domain	  

2	  

• Contains	  NLS	  
and	  NES	  in	  
Hdm2	  but	  not	  
HdmX	  

3	  –	  acidic	  	  

• High	  content	  
of	  acidic	  
amino	  acids	  

4	  –	  zinc	  	  

• Binds	  Zn-‐ions	  	  

5	  –	  RING	  

• Homo-‐and	  
hetero-‐	  
dimerization	  



 

 
7 

Interestingly, Hdm2/HdmX heterodimers are more efficient as an E3 ligase towards 
p53 as Hdm2 homodimers (Linares et al 2003).  
 
Under normal circumstances, DNA damage signalling leads to ataxia telangiectasia 
mutated (ATM)-mediated phosphorylation of Hdm2 and HdmX (Pereg et al 2005). 
This in turn prevents the formation of dimers (which are needed to ubiquitinate p53) 
(Cheng et al 2009) and triggers Hdm2 for autoubiquitination as well as ubiquitination 
of HdmX, causing proteasomal degradation of the respective protein. As a 
consequence, p53 levels are stabilised and its transcriptional activity is elevated (Cheng 
and Chen 2010).  
 
The wild-type p53 induced phosphatase 1 (Wip1) can reverse ATM-dependent 
phosphorylation of Hdm2 and HdmX and is thus a key player in the network of 
p53/Hdm2/HdmX following DNA damage. It counteracts DNA damage signalling and 
thereby confers a feedback loop to restrain p53. Wip1 is expressed at elevated levels in 
many cancers, e.g. breast cancer, medulloblastomas and neuroblastomas (Bulavin et al 
2002, Castellino et al 2008, Li et al 2002, Natrajan et al 2009, Saito-Ohara et al 2003), 
and its implication in p53 regulation is becoming more and more recognised.  
 
1.5 P53 AS A TRANSCRIPTION FACTOR 

The main capacity of p53 to execute its tumour suppressor function is to act as a 
transcription factor and induce or repress its target genes, which in turn initiate the 
necessary cellular responses, such as cell cycle arrest or apoptosis (Figure 2). Upon 
receipt of a stimulus, p53 forms tetramers and binds DNA specifically through its 
central DNA-binding domain (reviewed in (Vogelstein and Kinzler 1992)). The list of 
direct p53 target genes is long and still constantly increasing. To date, 162 direct target 
genes have been confirmed (Wang et al 2009) and many more have been suggested by 
high-throughput methods, though without reliable confirmation (Smeenk et al 2008, 
Wei et al 2006). It remains unclear how p53 “decides” for the set of target genes to 
induce under a specific condition. The most likely answer is that it happens by 
availability of and binding to cofactors depending on the cellular context (Vousden and 
Lu 2002).  
 
The common DNA sequence that p53 binds to, the “consensus motif”, is composed of 
two palindromic decamers, separated by a 0-13 base pair long spacer. The decameric 
sequence is RRRCWWGYYY (R = purine; Y = pyrimidine; W = A or T). It has been 
suggested that the sequence is different for induced and repressed genes (Wang et al 
2009), but details in the decision process between gene induction and gene repression 
by p53 remain unclear. Understanding the process of target gene decision-making is of 
imminent value because it potentially allows modulating p53’s mode of action and 
might lead to immediate clinical use.  
 
1.6 LOSS OF P53 FUNCTION IN CANCER 

Since active p53 does not allow for tumour cell proliferation, it is imperative that p53 is 
inactivated by one or the other means in literally every human tumour (Kastan 2007). 
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The most common ways are mutation and deregulation of its negative regulators. Other 
mechanisms, like impairment of downstream targets also exist, but are less prominent. 
 
1.6.1 Mutations in the TP53 gene 

TP53 is the most frequently mutated gene in human cancers, mutations can be found in 
about 50% of all tumours. The DNA-binding domain is the mutational hotspot region, 
accounting for 97% of all p53 mutations confirmed in human tumours (Hainaut and 
Hollstein 2000, Olivier et al 2002, Petitjean et al 2007). Mutations at certain hotspots 
within this region render the protein unable to bind DNA and perform its job as 
transcription factor. The six most frequently mutated loci are codons 175, 245, 248, 
249, 273, and 282, all of which are mutations that impair DNA binding (Bullock and 
Fersht 2001, Ko and Prives 1996).  
 
The magnitude of p53 mutations is potentiated by two additional phenomena, namely 
the dominant negative effect and the gain of function effect.  
 
P53 acts as a tetramer, and its functionality requires four intact subunits. Mutation of 
one p53 allele leads to the formation of hetero-tetramers between the wild-type protein 
and the mutant protein, rendering any tetramer containing at least one mutant protein 
non-functional (Milner and Medcalf 1991, Milner et al 1991, Sigal and Rotter 2000). 
Thus, mutation of one allele in many cases results in the loss of p53 function.  
 
p53 mutants are usually overexpressed and very seldom p53 expression is completely 
lost in tumours. This suggests that p53 mutation has a selective advantage for tumour 
growth. Thus, the idea of a gain of function (GOF) by mutant p53 has been discussed in 
the p53 field for many years. Indeed, it has been shown that mutant p53 can act as an 
oncogene on a p53-null background (Dittmer et al 1993, Wolf et al 1984) and promote 
the expression of the multi-drug resistance 1 gene (ABCB1) (Bush and Li 2002, Chin et 
al 1992). On top of that, mutant p53 can interfere with apoptosis (Li et al 1998) and 
induce pro-proliferative genes (Brosh and Rotter 2009). However, the mechanism, by 
which mutant p53 selectively induces genes remains unclear.  
 
In light of these findings, it is not surprising that a germ-line mutation of p53 leads to 
an extremely severe phenotype, the Li-Fraumeni-Syndrome, named after its 
discoverers, the two scientists Li and Fraumeni (Li and Fraumeni 1969). Affected 
individuals develop many different forms of cancer already early in life.  
 
1.6.2 Deregulation of negative regulators 

Most tumours that retain wild-type p53 achieve its inactivation through deregulation of 
its negative regulators. A very high proportion of human tumours harbour elevated 
levels of either Hdm2 or HdmX.  
 
Overexpression of Hdm2 as a way to inactivate p53 was already found as early as 1992 
(Oliner et al 1992). This overexpression leads to loss of p53’s abilities to induce cell 
cycle arrest and apoptosis (Chen et al 1994, Oliner et al 1993). Also HdmX has been 
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shown to be overexpressed in many tumours carrying wild-type p53 (Danovi et al 
2004).  
 
The underlying reasons are manifold. Gene expression can be increased due to 
amplification of the respective gene; promoters can be deregulated, for example as a 
consequence of translocation events. A transcription independent mechanisms leading 
to increased protein levels in the cells via the loss of upstream regulators, such as 
p14/ARF is a prominent example for that (Martinez et al 2005, Obermann et al 2004). 
P14/ARF is a protein that competes with p53 for binding to Hdm2. This means, that 
loss of p14/ARF shifts the balance of free Hdm2 towards binding p53, leading to its 
constant degradation.   



 

 
10 

2 P53 AS A TARGET FOR CANCER THERAPY 

In light of the tremendous impact of p53 on tumour formation as discussed above, it is 
of crucial importance to understand if p53 is a suitable target to combat already 
established tumours. Cancer care has in most cases the primary goal of cancer 
regression and only to a minor extent prevention of new tumours. Three studies have 
addressed this issue elegantly with striking results (Martins et al 2006, Ventura et al 
2007, Xue et al 2007).  
 
G.I. Evan and colleagues made use of a system, where p53 is active or inactive 
depending on the exposure to tamoxifen. They crossed mice bearing regulable p53 with 
Emu-Myc mice, expressing the c-myc oncogene under an immunoglobuline promoter. 
From birth on, the mice did not express transcriptionally active p53 and at the same 
time overexpressed c-myc, leading to rapid formation of lymphomas. Once these 
lymphomas were established, active p53 was induced, leading to p53 activity in the 
tumour cells. This intervention led to significantly increased survival (Martins et al 
2006).    
 
S.W. Lowe and his group, also using conditionally active p53, showed similar results. 
They knocked down p53 in embryonic liver progenitor cells with a regulable construct 
and awaited the formation of tumours. Following the detection of tumours, they 
switched p53 expression back on and observed tumour regression (Xue et al 2007). 
 
T. Jacks and co-workers were the third group that successfully confirmed re-
introduction of p53 in already established tumours to be a curative option. They 
employed the Cre-loxP system in a mouse model to conditionally allow for p53 
transcription. A stop signal, flanked by lox sites was cloned into the first intron of p53. 
This rendered the mice p53-null until intervention by induction of Cre. After 
establishment of tumours, in this case lymphomas and sarcomas, Cre was induced by 
tamoxifen and led to excision of the loxP flanked stop signal, thereby restoring p53. 
This led to tumour regression and left normal tissues unaffected (Ventura et al 2007). 
 
Closer investigations of in vivo p53 restoration revealed, that not all tumour cells are 
affected to the same extent. The observed effects seem to be more pronounced in later 
tumour stages and high-grade tumours, while early lesion are not as sensitive to re-
introduction of p53 (Feldser et al 2010, Junttila et al 2010). 
 
These studies clearly demonstrate, that activating p53 in established tumours can 
induce regression and has potential for clinical implications. 
 
Therefore, pharmaceutical activation of p53 is one of the most promising approaches 
for a new generation of cancer therapies. The most traditional cancer therapy, surgery, 
will never be replaced by any means. It is the fastest way to remove a tumour and it has 
extremely little side effects (in most cases a scar is all that is left after some time). 
However, surgery is not always applicable and even when it is, it needs to be 
complemented by other methods in most cases. It is obviously limited to solid tumours 
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of detectable size at accessible positions in the body, and minimal residual disease or 
undetected (micro-) metastasis often lead to tumour reoccurrence.  
 
The most common adjuvant therapy is chemotherapy. Depending on the cancer type, it 
shows good success rates and has saved many millions of lives, but we all know the 
downside of any chemotherapy, the tremendous side effects. Chemotherapeutics 
damage cells. Any cells. Most cells in the human body can deal with this and repair the 
damage. Cells that divide at constantly high rates, however, do not have the time to 
repair the damage before the next division. Consequently, they will either be eliminated 
by tumour suppressor proteins, or accumulate the damage until it is so severe that the 
cells are no longer viable and die. As tumour cells are very fast dividing cells, they are 
heavily affected by this mechanism, explaining the good efficiency of chemotherapies 
in cancer treatment. The problematic part is that the targeted property, fast cell division, 
is not unique for cancer cells. The cells producing hair and the epithelial cells of the 
stomach are fast dividing cells as well, just to name two examples. This is the 
explanation for two of the best-known side effects of chemotherapy, hair loss and 
permanent nausea.  
 
Consequently, the need for novel, more specific cancer therapies with less side effects 
is pressing! Also, some cancers, like melanomas, are poorly responsive to 
chemotherapies, creating the urgent need for alternative approaches. There are some 
very successful examples of antibody-based cancer therapies, e.g. Herceptin 
(Trastuzumab) (Goldenberg 1999), but these therapies are limited to certain cancer 
types and extremely expensive, which makes them inaccessible to a broad range of 
people. 
 
Activation of p53 by small molecules is a possible solution for these problems 
(reviewed by (Selivanova 2010)). As discussed above, loss of p53 function is a 
common denominator of cancer cells as compared to healthy cells, and active p53 per 
se has been shown to be sufficient to induce tumour regression (Martins et al 2006, 
Ventura et al 2007, Xue et al 2007). As p53 acts depending on the cellular context, it 
will not cause lasting effects on undamaged, healthy cells, while its activity will cause 
drastic effects in tumour cells. This ensures tumour specific targeting and minimizes 
side effects. In addition, small chemical compounds are cheap to produce and there are 
little limits in production scales as opposed to antibodies. This could make small 
molecular p53 activators a modern, efficient cancer medicine that is potentially 
accessible for anybody.    
 
The key to a successful therapy based on activation of p53 is a directed approach that 
takes into account by which means p53 is inactivated in the target tumour. Modes of 
activation need to be different if p53’s conformation is impaired by mutation from 
when negative regulators prevent full p53 activation. In case of a mutation, the 
desirable solution would be a compound that binds p53 and compensates for the loss, 
e.g. by stabilising the conformation that is able to bind DNA. Sustained p53 
inactivation by its negative regulators on the other hand would open the possibility of 
targeting the protein-protein interaction between p53 and the respective negative 
regulator. Both these strategies have used and the resulting compounds are promising. 
Some of them have already reached the stage of clinical trials (e.g. nutlins, PRIMA-
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1MET/APR-246). Independent of possible clinical use all of these compounds have one 
thing in common: they are very valuable research tools to improve the understanding of 
p53 biology, which will eventually lead to new, even better activators for possible 
clinical use.   
 
2.1 P53-ACTIVATING COMPOUNDS 

Thinking of an applicable mode of how to choose a targeted therapy that aims for the 
specific needs of a cancer patient, I think it makes sense to categorise p53 activators 
into those targeting mutant p53 versus the ones targeting wild-type p53. Sequencing 
genes from biopsy samples is neither pricy nor time-consuming nowadays, and thus 
determining the p53 status in a given patient can be a smart way to decide for the 
medicine of choice.  
 
Wild-type p53 activation has been of extensive clinical use for many decades, even 
though it was not realised that it is p53 that is the key to the success of many therapies. 
The first chemotherapies have been used as early as in the 1940ies (Goodman et al 
1984) and most chemotherapies are exploiting the biological role of p53. The common 
ground for all chemotherapies is the induction of some sort of genotoxic stress that 
initiates a p53 response as discussed in earlier chapters of this thesis. However, within 
the last decade numerous attempts have been made to find more specific wild-type p53 
activating agents, mainly through targeting the interaction of p53 with its negative 
regulators. Nutlins, RITA, MI219 and the SAH-p53 peptide prevent p53’s binding to 
Hdm2 (Bernal et al 2007, Issaeva et al 2004, Shangary et al 2008, Vassilev et al 2004) 
while HLI98 prevents Hdm2’s E3 ligase activity towards p53 (Yang et al 2005). Also 
the interaction of p53 and HdmX has been targeted, for example by SJ172550 and a 
stapled p53 helix (Bernal et al 2010, Reed et al 2010). Also more upstream activation 
of p53 through sirtuins by the small molecular tenovins has been reported (Lain et al 
2008).  
 
Attempts to activate mutant p53 mainly try to achieve this by restoring the correct 
conformation of the protein; examples for that are PRIMA-1MET, SCH529074, CDB3 
and CP31398 (Bykov et al 2002, Demma et al 2010, Foster et al 1999, Friedler et al 
2002).  
 
New p53 activators are appearing constantly and these listings do not claim 
completeness. The molecules used in the papers included in this thesis will be discussed 
in more detail in the following sections and are depicted in Figure 6.  
 
 

 
Figure 6: Chemical structures of the p53 activating molecules used for the studies in this thesis.  
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2.1.1 5-FU 

5-FU represents compounds that can be categorised as classical chemotherapeutics. As 
such, it is one of earliest pharmaceuticals that made use of p53 activation, though in a 
very unspecific way. Already long before p53 was discovered, 5-FU was used in the 
clinic and has shown good results, but to the cost of severe side effects. 5-FU is a 
pyrimidine analogue that interferes with the synthesis of pyrimidine bases and therefore 
impedes the production of nucleic acids. This induces DNA damage signalling in S-
phase, which in turn activates p53. It cannot be claimed that 5-FU is a specific p53 
activator as p53 activation is a downstream event of the DNA damage pathway. 
Nonetheless, induction of p53 levels and the activation of its transcriptional function 
are very strong after exposing cells to 5-FU, leading to extensive cell death. 
 
2.1.2 PRIMA-1MET (APR-246) 

As mentioned previously, the common denominator of almost all cancerogenic p53 
mutations is, that the DNA binding domain is affected in a way that p53 is not able to 
bind DNA and induce/repress its target genes any more. The underlying cause is a 
change in the tertiary structure of DNA-binding domain, which renders the protein 
inactive. Re-establishing p53’s correct conformation despite mutations is therefore a 
tempting anti-tumour strategy. Aiming to find compounds capable of achieving this, 
Bykov et al. performed a cell-based screen in the p53-null cell line Saos-2, transfected 
with a tetracycline-regulated mutant p53 construct (His-273). They screened a chemical 
library for compounds that would inhibit cell proliferation in a mutant p53-dependent 
manner. This led to identification of the compound PRIMA-1 (p53 reactivation and 
induction of massive apoptosis). PRIMA-1 works in a broad set of cell lines carrying 
mutant p53, restores its wild-type conformation and subsequently its DNA-binding 
ability, and induces apoptosis in cell culture and in mouse xenographts (Bykov et al 
2002, Shi et al 2008). Restoration of the wild-type conformation is induced by direct, 
covalent binding of PRIMA-1 to the DNA-binding domain of mutant p53 (Lambert et 
al 2009). 
 
Based on the results with PRIMA-1, the compound was further optimised by chemists 
to increase its efficiency, which led to the methylated version, PRIMA-1MET. It inhibits 
the growth of mouse tumours carrying mutant p53 (Zache et al 2008).  
 
PRIMA-1MET induces a broad set of genes leading to the mutant p53-dependent 
induction of many different pathways that induce apoptosis (Lambert et al 2010).  
 
However, PRIMA-1MET is not exclusively active on mutant p53, but in some settings 
works irrespective of the p53 status, for example in AML (Nahi et al 2008). Clinical 
trials with PRIMA-1MET have successfully finished phase I/II in AML patients.  
 
2.1.3 Nutlin3a 

Elevated levels of Hdm2 are frequent in tumours carrying wild-type p53, resulting in its 
increased proteasomal degradation. This degradation is strictly dependent on 
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ubiquitination by Hdm2 followed by direct Hdm2/p53 binding. Thus, inhibition of this 
binding offers a therapeutic possibility to rescue p53 protein levels in tumour cells, 
thereby preventing tumour growth. To achieve that, Vassilev et al screened a library of 
synthetic chemicals for inhibition of the interaction of purified p53/Hdm2, leading to 
the identification of a group of molecules that did so, the nutlins (the name refers to 
Nutley, the location where these molecules were found). Bioinformatics confirmed 
binding of the nutlins to the exact pocket of Hdm2 where p53 binds, preventing this 
protein/protein interaction. Nutlin3a turned out to be the most efficient among the 
molecules of this group. Further on, nutlin3a was shown to be non-genotoxic, to induce 
p53 target genes and to efficiently kill tumour cells in cell culture as well as in a mouse 
xenographt model in a wild-type p53-dependent manner (Vassilev et al 2004). Further, 
nutlin3a was shown to be highly specific for its target Hdm2 (Tovar et al 2006) while it 
shows 30-fold lower activity towards the structurally very similar HdmX (Patton et al 
2006).  
 
2.1.4 RITA 

Given the success of finding the mutant p53 activator PRIMA-1 in a cell-based screen, 
a similar approach was used to find small compounds activating wild-type p53. Issaeva 
et al. made use of the isogenic cell lines HCT116 and HCT116TP53-/-, which are only 
distinguished by the expression of endogenous wild-type p53 (HCT116) or a non-
functional fragment of the protein lacking an exon (HCT116TP53-/-). The NCI library 
of small molecules was screened for compounds that would affect cell viability in a 
p53-dependent manner leading to the identification of the small molecule RITA 
(reactivation of p53 and induction of tumour cell apoptosis). RITA binds directly to 
p53, preventing the binding of Hdm2 and subsequent proteasomal degradation, thus 
stabilising p53 protein levels (Issaeva et al 2004).  
 
RITA was originally discovered already 5 years earlier and reported to show anti-
tumour effects (Rivera et al 1999). It was then termed NSC 652287, and its anti-tumour 
effects were attributed to its crosslinking abilities and the resulting DNA damage 
(Nieves-Neira et al 1999). However, this DNA damage is p53-dependent and can thus 
not be the cause for p53 activation and subsequent p53-dependent effects (Yang et al 
2009).  
 
Treatment with RITA induces potent inhibition of numerous oncogenes and in parallel 
induction of pro-apoptotic genes (Grinkevich et al 2009). This leads to preferential 
induction of apoptosis over growth arrest through inhibition of p21 via hnRNP-K (Enge 
et al 2009) as compared to other p53 activators.  
 
In addition to the better studied effects on wild-type p53 bearing cells, RITA has also 
been shown to be a potent activator of mutant p53, leading to induction of apoptosis in 
a p53-dependent manner (Zhao et al 2010). The underlying mechanisms of mutant p53 
activation by RITA are, however, not understood yet. 
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2.2 GENE THERAPY USING P53 

Gene therapy is the transfer of genetic material into the cells of an organism in order to 
achieve a therapeutic effect. This means in easy words, nucleic acids are used as drugs. 
One of the biggest issues is the choice of delivery systems, the most promising being 
non-pathogenic viral systems that are able to deliver DNA to cells in the body by 
infecting them without carrying the pathogenic effects of the underlying virus.  
 
A major setback for gene therapy was a clinical trial, in which 18-year old Jesse 
Gelsinger received adenovirus mediated gene transfer in order to treat an inherited 
metabolic disease. Four days later he died of multiple organ failure evoked by the viral 
vector. He was included in this clinical trial despite many exclusion criteria should have 
prevented that, but nonetheless his death caused massive damage for the reputation of 
the whole field. Nonetheless, in theory the potential of the method is big, and better 
delivery systems are under development.  
 
It seems plausible that reintroducing p53 into cells that have lost functional p53 or do 
not contain sufficient amounts of functional p53 can lead to similar effects as 
reactivation of p53. To achieve this, adenoviral systems have been used to deliver p53 
into tumour cells. Examples for that are Advexin and Gendicine, which show good 
response rates and have reached stage III in clinical trials (Chen et al 2010, Gabrilovich 
2006). However, problems with the delivery systems cannot be denied, and most likely 
that is the reason why little attention is drawn to these viruses.   
 
A second gene therapy approach that makes use of p53 is ONYX-015 (Heise et al 
1997). However, it is indirect and does not reintroduce p53 into tumour cells. Instead it 
is able to lyse p53-deficient cells, while it is eliminated in cells with active p53. The 
wild-type version of the used adenovirus contains the protein E1B-55k, which binds to, 
and thus inactivates p53. Once p53 is inactivated, the virus can replicate and lyse the 
cell. ONYX-015 was made by creating a virus that does not contain the gene for E1B-
55K. While the virus now is not able to harm cells with functional p53, it does not need 
the lacking protein to lyse cells without functional p53. Consequently, all p53-defective 
tumour cells are killed, leaving other cells unaffected (Bischoff et al 1996). However, 
the mechanism of action is still not that straightforward and is not completely 
understood. Also the role of p53 has been questioned (O'Shea et al 2004). It is the first 
oncolytic adenovirus that reached clinical trials and is close to approval or even 
approved depending on regulations in different countries (Crompton and Kirn 2007).   
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3 CONCLUDING REMARKS 

In my personal view, cancer is the biggest threat to individual lives in modern Europe. I 
am a 30-year-old person that grew up in Bavaria/Germany and is living in Sweden at 
the moment, dating the year 2011. In this place at this time, luckily there is little risk 
that major dramas like wars or big nature catastrophes will happen, also general social 
security and health conditions are very good. However, the risk that oneself or people 
in the near personal periphery will be struck by cancer during one’s life span is 
extremely high for everybody and it is constantly increasing as life expectancy is. 
Thinking about this, it should be a wake-up-call for everybody to intensify efforts to 
combat cancer.  
 
Tremendous efforts are carried out within an endless number of laboratories around the 
globe in both universities and industry. Industry and academia surely both have pros 
and cons. For me it is hard to judge industrial research and how it works in companies 
when they do research. I can see that many of them are successful and products that 
enter clinical trials are mostly from industrial companies, but I am not going to arrogate 
to know how it works there. Maybe that is one of the deficits that most universities still 
face, the clarification of non-university life. What does it mean to work in a company? I 
have no idea! 
 
Being a PhD student I have seen the ups and downs of academic science, which 
provides amplitudes that are probably not existent in many professions. To be a 
scientist provides an outstanding possibility to do good and lead to medical progress, 
but it also it diminishes the role of a person because you neither get much money nor 
much recognition outside a small circle of people in the long run, at least in relation to 
the educational level. A person needs to be of very strong personality to succeed in this 
without loosing social skills, and not everybody manages that.  
 
Nonetheless, I think that high-level science is the most important and most 
straightforward mark of modern societies. Working at Karolinska Institutet makes me 
proud and it is indeed a place that helps saving unbelievably many lives with fantastic 
science! Scientists at Karolinska Institutet invented amongst other things radiotherapy, 
one of the most used and most successful treatments against cancer today. 
 
So maybe p53 is next!  
 
I do honestly believe that p53 has the potential to be one of the key players in a future 
patient-customised cancer therapy without severe side effects. And that must be the aim 
of modern medicine! Customisation and reduction of side effects are the two issues 
where cancer therapy at the moment still has big deficits. Cancer therapies are already 
good today. A cancer diagnosis is no longer a death verdict. However, in many cases it 
means a lot of suffering for the individual during therapy and huge costs that affect 
everybody through the health systems. To individualise therapies while keeping the 
costs at a level that is reasonable and affordable for the health systems is incredibly 
difficult but we have to find ways to achieve that. It is still a very brave and optimistic 
wish, but determining the molecular mechanisms of p53 inactivation and then deciding 
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for the p53-reactivating compound of choice is a vision that is not completely out of 
imagination. Also introduction of functional p53 into cancer cells by gene therapy 
might be a way to achieve the desired effect. This, however, prerequisites reliable and 
safe delivery mechanisms. In my opinion, small chemical compounds are to be the 
future of p53 activation. The perfect compound might not be developed/discovered yet, 
but the attempts go in the right direction and I guess it needs some more understanding 
of basic p53 biology to be able to modulate the biological outcome well enough. 
 
And it must be possible - right? It is just some protein of about 53kDa that we need to 
reactivate and then everything is fine!  
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P.S.: Congratulations to everybody who read the thesis all way until here! Writing this 
was kind of cool (unexpectedly!) and I hope you learned something reading it! And for 
those who only read this passage without reading the whole thesis: shame on you! ;-) 
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4 THESIS AIMS 

In order to use p53 as a therapeutic target, it is crucial to understand the biology 
underlying p53’s tumour suppressor functions. To study this, small molecules that 
activate p53 by different means are excellent tools.  
 
The aim of this thesis was to make use of compounds that activate p53 and uncover 
new details of p53 biology. This includes both identification of new regulatory loops 
(paper I) and improved understanding of p53’s role as a transcription factor (paper II).  
 
The ultimate goal of studying the biology of p53 is of course the development of novel 
cancer treatments. To address this, the use of small molecular p53 activators for the 
treatment of malignant melanomas was assessed (paper III).   
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5 RESULTS AND DISCUSSION 

The common ground of the three papers included in this thesis is that small molecules 
were used to activate p53. Papers I and II uncovered new details of basic p53 biology 
and Paper III demonstrates an application of p53 as a target for pharmaceutical cancer 
therapy. 
 
Paper I 
 
Abrogation of Wip1 expression by RITA-activated p53 potentiates apoptosis 
induction via activation of ATM and inhibition of HdmX 
 
C. Spinnler*, E. Hedström*, H. Li, J. de Lange, F. Nikulenkov, A.F.A.S. Teunisse, M. Verlaan-
de Vries, V. Grinkevich, A.G. Jochemsen, and G. Selivanova 
* equal contribution 
 
Key words: p53, RITA, HdmX, ATM, Wip1 
 
This study was based on the finding that HdmX protein levels decrease after RITA 
treatment. This was surprising, because all effects previously observed upon RITA 
treatment were p53-dependent, while at the given time nothing was known about p53 
dependent regulation of HdmX, only vice versa.  
 
To clarify this issue we first confirmed that also this particular RITA-induced effect 
was p53-dependent, and went on to show that it is also RITA specific, being absent 
after treatment with other p53 activating drugs. As HdmX is a very potent oncogene 
and targeting it by drugs is desirable, we looked closer into the mechanism of protein 
decrease.  
 
HdmX protein stability is most often regulated by the E3 ligase Hdm2, which 
ubiquitinates HdmX and thus triggers it for proteasomal degradation. Surprisingly, we 
could show that the RITA induced mechanism is Hdm2-independent, as a knockdown 
of Hdm2 did not prevent the decrease of HdmX levels after RITA treatment. 
 
We went on to check one more protein that is known to be involved in the regulation of 
HdmX protein stability, namely ATM. Indeed, inhibition of ATM by chemical 
inhibitors as well as AMT knockdown did inhibit HdmX protein decrease, showing 
ATM involvement. ATM activation is dependent on its phosphorylation, and we could 
demonstrate that ATM as well HdmX are phosphorylated after RITA treatment, 
thereby uncovering a large part of the mechanism. ATM-mediated phosphorylation of 
HdmX is usually reversed by Wip1, a known target gene of p53. To our surprise, 
PPM1D (the Wip1 gene) was transcriptionally repressed after treatment with the p53 
activator RITA, while it was induced after other p53 activators. Along with the 
transcription levels, also the protein levels of Wip1 decreased after RITA treatment. 
This eliminates stabilization of HdmX by Wip1 and thus represents the second part of 
the mechanism of HdmX decrease.  
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Furthermore, we could show that depletion of HdmX and Wip1 increases the efficiency 
of the p53 activators RITA and nutlin3a in inhibition of cell proliferation. This 
strengthens the notion that both oncogenes are important in p53 regulations and 
interesting targets for cancer therapy. 
 
Taken together, we found a new regulatory loop of p53. It can inhibit its own inhibitor 
HdmX through activation of ATM and repression of PPM1D. A question that arose is, 
how p53 decides between induction and repression of its target genes, in this case 
PPM1D. This will be subject to further investigation.    
  
Paper II 
 
Insights into p53’s transcriptional function via genome-wide chromatin occupancy 
and gene expression analysis 
 
F. Nikulenkov, C. Spinnler, C. Tonelli, M. Turunen, H. Li, T. Kivioja, A. Kel, J. Taipale, and 
G. Selivanova 
 
Key words: p53, ChIP-seq, transcription, RITA, nutlin3a, 5-FU 
 
The second study included in this thesis aimed at elucidation of the mechanisms 
underlying transcriptional regulation by p53. Little is known about how p53 decides 
which of its multiple target genes it induces and/or represses upon a certain stimulus.  
 
We made use of three different p53-activating compounds, leading to different 
biological outcomes: apoptosis (RITA), cell cycle arrest (nutlin3a) or a combination of 
both (5-FU). We treated the breast cancer cell line MCF7 with each of these 
compounds and subjected them to ChIP-seq. Briefly, after the respective treatment, the 
cells were exposed to formaldehyde to crosslink proteins and DNA, sonicated to shear 
the DNA and then immunoprecipitation with an anti-p53 antibody was performed. The 
precipitated, p53-bound chromatin was then sequenced and aligned to the genome to 
get a genome-wide picture of p53 binding to DNA after the three different stimuli.  
 
We found that p53 binding to the most extensively bound sites is independent of the 
stimulus and the resulting biological outcome. p53 binding in the proximity 
transcriptional starting sites (TSS) was compared with expression changes of the 
respective genes after nutlin3a treatment using microarray data. By this, we found 280 
novel potential p53 target genes. Of these 280 genes, 214 of which are induced and 66 
repressed. Analysis of p53-bound DNA sequences revealed that the consensus p53 
binding motif is present much more frequent in induced genes than in repressed genes, 
suggesting that gene repression by p53 is often achieved by indirect binding or via a 
different consensus site.   
 
One of the novel p53 target genes we identified is Aurora kinase A (AURKA). This 
known oncogene is repressed by p53 and we identified STAT3 as an antagonist of p53 
at the promoter site of AURKA. As an example of a p53 induced gene we identified 
Sertad 1 (SEI1). The p53-regulated expression of these two genes was in addition to 
validation by qPCR also shown by luciferase assays.  
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To investigate the relevance of the newly identified target genes, we correlated their 
expression levels with the p53 status, tumour grade and long-term survival in breast 
cancer patient samples. We observed a clear correlation of wild-type p53 with high 
levels of induced genes and low level of repressed genes and saw the opposite for 
mutant p53. Also tumour grading and long-term survival correlated with expression 
levels of the genes we found to be p53 targets. This proves the clinical relevance of the 
identified novel p53 target genes and makes them possible prognostic markers. 
 
Paper III 
 
PRIMA-1MET/APR-246 induces wild-type p53-dependent suppression of malignant 
melanoma tumour growth in 3D culture and in vivo 
 
W. Bao, M. Chen, X. Zhao, R. Kumar, C. Spinnler, M. Thullberg, N. Issaeva, G. Selivanova, 
and S. Strömblad 
  
Key words: 3D-culture, apoptosis, APR-246, melanoma, p53 
 
The third study is taking the use of p53 activating molecules one step further towards 
clinical application. We investigated the effects of PRIMA-1MET, which has been 
shown to reactivate mutant p53 as well as wild-type p53, in malignant melanomas.  
 
Metastatic malignant melanomas show extremely poor survival rates and do usually not 
respond to conventional therapies. Therefore novel treatments are of urgent need. It has 
been shown that one of the crucial steps in the malignant progression of melanoma 
cells is the inactivation of p53 via integrin signalling (Bao and Stromblad 2004). It 
remains unclear how p53 is inactivated, but in spite of that it makes it a promising 
target for therapy.   
 
We used a three-dimensional collagen model that mimics the microenvironment of the 
human dermis, which mainly contains collagen type I. In melanoma cells this 
microenvironment leads to integrin dependent inactivation of p53. We show that the 
p53-reactivating compound PRIMA-1MET induces p53 dependent apoptosis in 
melanoma cells in this setting. The activity of p53 was further proven by the induction 
of its target genes. The apoptosis induction is caspase-dependent, as can be seen by the 
cleavage of caspase 3 and 9, and by the fact that caspase inhibitors prevent apoptosis 
induction.  
 
To underscore the relevance of these effects, we went one step further and investigated 
the effects of PRIMA-1MET in a mouse xenographt model. The findings from the 3D 
model could be verified in vivo. PRIMA-1MET induced p53-dependent apoptosis, p53 
target genes were induced and caspase 9 was cleaved in vivo.  
 
The impact of this study is potentially very significant. There is literally no effective 
treatment for metastatic melanoma so far, and PRIMA-1MET might offer a very potent 
solution for this.  
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