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INTRODUCTION

Multicellular organisms must keep their cell number under control. Failure to do
so can lead to many pathologies, from which the tumours are by far the most life-
threatening. There are many mechanisms evolved during the evolution that can avoid the
unwanted proliferation of individual cells. Among others the tumour suppressor p53 has
received a special attention over the last 15 years.

p53 is not necessary for normal cell cycle or development. However, it becomes a
very important player, if cell faces stressful conditions. Originally described as an
important protein in DNA damage response pathway, p53 has also been shown to react in
the case of other stress signals. If p53 is absent or inactive, the unwanted proliferation of
cells is not avoided and this leads quickly to the development of tumours.

The range of p53 studies is wide. It covers protein crystallography and chemistry,
molecular interactions, cell biology, developmental biology, tumour development and
epidemiology to name just a few. Hopefully my results, summarised in this study, will
also contribute to the understanding of function of this interesting molecule and of
pathways it is involved.



1. REVIEW OF LITERATURE

1.1. p5S3 is a tumour suppressor protein

The function of p53 is well defined by knockout studies. p53 deficient mice
develop normally (with some exceptions, see below) and are phenotypically
indistinguishable from their wt littermates. However, all p53 knockout mice will get
tumours before 6 months of age (Donehower et al., 1992). 70% of these are lymphomas
and 20% are sarcomas. This defines p53 as a bona fide tumour suppressor and indicates
that some other pathway cannot compensate for the loss of p53. The tumour spectrum
may differ in different strains of mice (Blackburn and Jerry, 2002), but lymphomas
remain the prominent type of tumours in p53 knockout mice. Accordingly, the analysis of
normal bone marrow cells in p53-negative mice revealed a 20-fold elevation of
spontaneous stable chromosomal aberrations compared to wt (Bouffler et al., 1995).
Genomic instability is also detected in other tissues (Fukasawa et al., 1997). This led to
the defining the p53 as a "guardian of the genome" (Lane, 1992).

Although not detected in the first knockout study, the developmental defects in
p53-/- embryos are present at higher frequencies. Considerable number of female
knockout mice exhibit exencephaly (brain develops outside the scull) and subsequent
unencephaly (lack of brain) (Armstrong et al., 1995). Female mice are also born in
smaller numbers than expected. Also the teratogen induced in utero death and resorption
of embryos are more frequent with p53 -/- genotype (Nicol et al., 1995). In adult
knockout mice the liver (Dumble et al., 2001) and the eyes (Ikeda et al., 1999) show
some abnormalities, whereas the development of skeletal muscles is completely normal
(White et al., 2002). p53 seems to have role in suppression of developmental
abnormalities in general but not in some specific developmental process.

p53 heterozygous (+/-) mice exhibit an elevated tumour incidence compared to
the wt, but they survive longer than knockouts (Donehower et al., 1992). Approximately
half of the spontaneous tumours in p53 +/- mice retain their wt allele regardless of
tumour type (Venkatachalam et al., 1998). Wt p53 is functional in these tumours, this
indicates that its level of expression level might not be high enough to effectively
suppress tumour development. Another support for haploinsufficiency comes from study
of p53 activity during embryogenesis. It is much lower than expected in p53
heterozygous mice (Gottlieb et al., 1997). These facts indicate that p53 is normally
present in cells at limiting amounts as further reduction of its level leads to the
impairment of its activity. This hypothesis is further supported by results from Serrano
and colleagues. They generated and described a "super p53" mouse carrying a third copy
of wt p53 controlled by endogenous promoter (Garcia-Cao et al., 2002). These mice are
more resistant to tumours than wt mice and exhibited elevated p53 activity in response to
irradiation. It would be interesting to analyse the p53 status in the few tumours developed
in these mice.

p53 functions as a tumour suppressor also in humans. Its inactivation by
mutations is a most common genetic alteration in human tumours - approximately 50% of
tumours contain the mutant p5S3 (Hollstein et al., 1994). Most of these are missense
mutations, leading only to one amino acid change. Distribution of mutations along the
p53 molecule is highly non-random, they are clustered in the central part of the molecule



and 40% of mutations localise to only 3 "hot spot" amino acids. Because the p53 is a
tetramer (Friedman et al., 1993) the mutant form of the molecule can heterodimerise with
wt and disrupt the activity of the latter. This dominant negative effect is thought to be the
main reason for high number of missense mutations. Indeed, tumour-associated mutant
p53 is able to accelerate tumour incidence at the background of wt protein, but not in p53
knockout background (Harvey et al., 1995; Hegi et al., 2000). Some mutants are
described as "gain-of-function" mutants, being able to enhance the tumourigenesis even
in the absence of wt p53 (Dittmer et al., 1993; Hsiao et al., 1994). Whether this is true
also In vivo remains to be analysed.

p53 can be used also as a prognostic indicator of tumour development. Mutations
in coding sequence of p53 gene are associated with poor prognosis in breast (Bergh et al.,
1995; Kovach et al., 1996), liver (Honda et al., 1998) and colon (Pricolo et al., 1997)
carcinoma, in some lymphomas (Rodriguez et al., 1991) and leukaemias (Hsiao et al.,
1994). The information about the p53 status should help in choosing the most appropriate
scheme for tumour treatment. Germline p53 mutations in humans leads to the Li-
Fraumeni syndrome that is characterised by early onset of tumours (Akashi and Koeffler,
1998).

1.2. pS3 is a transcriptional activator

The transcriptional activation function is the best-characterised biochemical
activity of p53. p53 can bind sequence-specifically to DNA and activate transcription if
the binding site is in vicinity of basal promoter (El-Deiry et al., 1992; Funk et al., 1992).
The DNA binding site for p53 is defined quite loosely - only 4 out of 20 nucleotides are
absolutely fixed. The consensus site contains two copies of motif 5'-
PuPuPuC(A/T)(A/T)GPyPyPy-3', separated by 0-13 nucleotides. p53 binding sites
occurring in human and mouse genomes are derivatives of this sequence and almost
always contain some discrepancy from the consensus. More than 70 known or potential
p53 binding sites are described (Qian et al., 2002), but only one of them is a perfect
match with the p53 consensus DNA binding site. The high variation in binding site
sequences is accompanied with very different binding efficiencies. In context of the same
heterologous promoter two thirds of them are not capable of mediating p53-dependent
transcriptional activation, whereas at least some of them can do this in their natural
context (Qian et al., 2002).

Trans- Proline-
activation  rich o _ ' o
domain domain DNA binding domain Ollgomerlgatlon
domain
(jz I i vV v )
"

Figure 1. Schematic representation of the p53 molecule. The five conserved regions are
indicated by Roman numerals.



p53 binds to DNA through its central domain (amino acids 100-300) (Bargonetti
et al., 1993; Halazonetis and Kandil, 1993; Pavletich et al., 1993; Wang et al., 1993)
(Figure 1). The structure of this domain consists of a B-sandwich, comprising of two
antiparallel 3 sheets that serve as a scaffold for the structural elements at the DNA-
protein interface (Cho et al., 1994). Four evolutionary conserved regions comprise two
large loops (L2 and L3) and the loop-sheet-helix motif that have critical roles in
providing the structure, surfaces and residues that actually contact DNA. The
conformation of DNA binding domain is further stabilised by zinc, chelation of zinc
forces the p53 to take "mutant" conformation that is unable to bind DNA (Verhaegh et
al., 1998; Verhaegh et al., 1997).

The N-terminal part of the p53 (amino acids 1 - 40) functions as a transactivation
domain - when fused to DNA binding domain of the GAL4 protein it can activate
transcription from promoters containing GAL4 binding site (Fields and Jang, 1990). This
domain can bind components of TFIID (Liu et al., 1993; Lu and Levine, 1995; Thut et
al., 1995) and contain two amino acid residues, Leu 22 and Trp 23 of human p53, critical
for transactivation function of p53 (Lin et al., 1994). In addition, the proline-rich region
seems to be important for transactivation in vivo, as p53 with amino acids 75-91 deleted
is transactivation deficient in knock-in mice (Frank Toledo, unpublished results). p53
also binds several subunits of the human chromatin remodelling factor SWI/SNF (Lee et
al., 2002).

Transactivation capability seems to be a critical property of p53 to function as a
tumour suppressor. Amino acids Leu 25 and Trp 26 of mouse p53 (equivalent to human
Leu 22 and Trp 23) are absolutely necessary for transcription activation function. If these
residues are mutated in endogenous p53 (knock-in experiments), the mice are tumour
prone similarly to p53 knockouts. Both induced and spontaneous tumours arise with
similar frequencies, the tumour spectrum is the same and isolated cells in culture behave
like p53-/- cells (Chao et al., 2000; Jimenez et al., 2000)(Geoff Wahl, unpublished
results).

Another strong evidence arguing for importance of transactivation function in
tumour suppression comes from the analysis of mutations of p53 in human tumours.
Majority of mutations occurs in conserved regions II - V that are important in DNA
binding. Mutational hotspots are directly involved in protein-DNA contact formation
(Arg248) or maintaining the proper conformation (His175) (Cho et al., 1994).

In addition to transcriptional activation, p53 can also repress the transcription
from several target genes. These include stathmin (Ahn et al., 1999), MAP4 (Murphy et
al., 1996), survivin (Hoffman et al., 2002), cyclin B1 (Innocente et al., 1999) and cdc2
(Taylor et al., 2001). How exactly p53 represses the target promoters is not clear, but
unusual binding site for p53 seems to be responsible in the case of survivin. 3-nucleotide
insertion between two pentameric DNA sequences in p53 binding site defines a new
function - p53 can bind to it, but can't activate transcription. Mere binding seems to block
the influence of other transactivators (Hoffman et al., 2002). However, recent
experiments suggest that transcriptional repression function of p53 needs p21/WAFI1 to
be present in cells. According to these results the target gene repression is not direct
effect of p53, but mediated through its positively regulated target gene (see below).



Although other activities than transactivation have been assigned to p53 (Cox et
al., 1995; Dudenhoffer et al., 1998; Mummenbrauer et al., 1996), their roles in tumour
suppression in Vivo remains to be clarified.

1.3. Signalling to p53

p53 becomes active in transcription only in response to certain signals. These
include DNA damage (Maltzman and Czyzyk, 1984), aberrant expression of oncogenes
(de Stanchina et al., 1998; Zindy et al., 1998), depletion of ribonucleotides (Linke et al.,
1996), hypoxia (Graeber et al., 1994) and other types of stress. In all these cases p53
itself does not detect the stress directly, but receives the information through the
signalling pathways. The activation of p53 involves two types of events - the p53 protein
level rises in the cell and the transactivation activity of p53 is enhanced. The first is due
to the blocked degradation of the protein (Maltzman and Czyzyk, 1984) and enhanced
translation of p53 mRNA (Fu et al., 1996). Changes in transactivation activity are
accompanied with changes in posttranslational modifications of p53 protein.

It is not clear how cells initially sense the DNA damage. Inhibition of RNA
polymerase II is suggested as a trigger for p53 in response to UV and different chemicals
(Ljungman et al., 1999). Indeed, the p53 accumulation correlated well with inhibition of
mRNA synthesis, but not with DNA strand brakes formation. lonising radiation,
however, induced p53 without any effect on mRNA synthesis, indicating that multiple
mechanisms exist to activate pS3 in response to DNA damage. Recent discovery suggests
that disruption of nucleolus is the key event in stabilising the p53 (Rubbi and Milner,
2003), as p53 is not accumulating even in the case of large amount of DNA damage when
nucleolus is intact.

One of the earliest events in response to ionising radiation (IR) is the activation of
ATM kinase. Among other targets it can phosphorylate the serine 15 (S15) in human p53
in vitro (Banin et al., 1998; Canman et al., 1998) and p53 phosphorylation in response to
IR is delayed in cells were ATM is defective. In addition, ATM can phosphorylate
another kinase Chk2, which in turn is capable of phosphorylating p53 (serine 20) and
seems to be necessary for IR induced apoptosis (Chehab et al., 2000; Hirao et al., 2000;
Shieh et al., 2000). However, in some human cells the presence of Chk2 is not necessary
for p53 phosphorylation and activation (Ahn et al., 2003; Jallepalli et al., 2003). ATM
related kinase ATR is involved in activation of p53 in response to UV either directly
(Lakin et al., 1999; Tibbetts et al., 1999) or through Chk1 kinase (Shieh et al., 2000).
Also serines 6, 9 and 46 as well as threonine 18 can get phosphorylated in response to
DNA damage (Appella and Anderson, 2001). However not all the phosphorylated serines
are absolutely necessary for p53 response. Missense mutation in endogenous p53 gene
that changes serine 23, the murine equivalent of human serine 20, to alanine does not
affect p53 accumulation or p53-dependent apoptosis in ES cells or in thymocytes (Wu et
al., 2002). Similar change at serine 18 partially abolishes p53-dependent transactivation,
but has no influence on spontaneous tumorigenesis (Chao et al., 2003).

Phosphorylation of p53 at S15 and S20 disrupts its association with mdm?2 protein
(Shieh et al., 1997). In normal cells mdm?2 binds to N-terminus of p53 and inhibits the
transcriptional activity of the latter (Oliner et al., 1993). In addition mdm?2 binding

10



promotes nuclear export and degradation of p53 (Haupt et al., 1997; Kubbutat et al.,
1997). Mdm?2 has an E3 ubiquitin ligase activity and it is able to drive the
ubiquitinylation and subsequent degradation of the p53 protein. p53 regulation seems to
be the main activity of mdmz2, as the lethality of mdm2 knockout mice can be rescued by
p53 deficiency (mdm2-/- p5S3-/- mice are like p53-/- mice) (Montes de Oca Luna et al.,
1995). Mdm?2 is a p53 target gene itself and accumulates in response to pS3 activation
(Barak et al., 1993; Juven et al., 1993). Because p53 is phosphorylated at critical sites,
mdm?2 cannot initiate the degradation of p53. As soon as nonphosphorylated p53 appears,
either by dephosphorylation or de novo synthesis, it is rapidly degraded because of high
levels of mdm?2. This mechanism probably ensures the quick turnoff of p53 response.
Mdm?2 regulates p53 activity not only to response to genotoxic stress, but also in
homeostatic tissues without any DNA damage. Mice with a hypomorphic allele of mdm2
have elevated levels of p53 activity (Mendrysa et al., 2003) and these mice are small and
radiosensitive.

In addition to p53 stability its transactivation activity is also subject to regulation
by posttranslational mechanisms. Phosphorylation and acetylation of several residues in
p53 C-terminus are associated with this process (Appella and Anderson, 2001). By
classical model the C-terminus of p53 inhibits the sequence-specific DNA binding and
modifications like phosphorylation and acetylation can alleviate this inhibition. However,
recent results challenge this model. When assayed on chromatin templates, the C-
terminus is actually necessary for DNA binding and acetylation of p53 is completely
dispensable for transcription activation from in vitro chromatin templates (Espinosa and
Emerson, 2001). Instead, acetytransferase p300 acetylates nucleosomal histones in p53-
dependent manner. In vivo the p53-dependent transcription, but not DNA binding is
dependent on p53 acetylation (Barlev et al., 2001). Acetylation seems to regulate cofactor
recruitment rather than DNA binding of p53. In addition acetylation may affect p53
degradation because p53 acetylation and ubiquitinylation are alternative modifications
working on the same amino acids and therefore one type of modification excludes the
other (Jin et al., 2002; Li et al., 2002; Sabbatini and McCormick, 2002).

In addition to DNA damage, hypoxia can induce p53 accumulation (Graeber et
al., 1994). The protein kinase ATR is responsible for p5S3 phosphorylation and
accumulation under the hypoxic conditions (Hammond et al., 2002), but reactive oxygen
species (ROS) are also important in p53 stabilisation (Chandel et al., 2000). Accumulated
p53 mainly associates with transcriptional repressor mSIN3a, indicating that
transcriptional repression may be the dominant activity of p53 in the case of hypoxia
(Koumenis et al., 2001).

p53 can react to aberrant expression of oncogenes. The central protein in this
signalling pathway is Art/p19 (Arf/p14 in humans). How exactly Arf senses the
proliferative signal is not known, but E2F family transcription factors are important in
this process (Bates et al., 1998). Arf can bind mdm?2 and inhibit its ubiquitin ligase
activity (de Stanchina et al., 1998; Kamijo et al., 1998; Zhang et al., 1998; Zindy et al.,
1998). This leads to the p53 accumulation and transcriptional activation of its target
genes. Arf seems to play some role in DNA damage pathway also, as the response of Arf-
/- cells to damage is something between wt and p53-/- cells (Khan et al., 2000). Despite
of that lots of p53-dependent responses are preserved in Arf-/- cells, arguing against the
dominant role of Arf in DNA damage response. Arf-/- mice are tumour prone, indicating
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the importance of oncogene activation pathway in vivo. p53-/- Arf-/- mice have a tumour
incidence similar to the p53-/- mice (Moore et al., 2003). When mouse embryo
fibroblasts (MEF) are immortalised in cell culture they lose either p53 or Arf expression
(Kamijo et al., 1997), but almost never both. This places p53 and Arf to the same tumour
suppression pathway.

Overexpression of myc oncogene can induce the DNA damage and activate p53
without Arf (Vafa et al., 2002).

1.4. p53 target genes and their action

p53 executes its growth inhibitory function through its target genes. More than
hundred p53 target genes are described, but in lots of cases their role in p53 pathway
remains to be determined. Most of the target genes with known function can be divided
into two big classes: cell cycle inhibitory genes and inducers of apoptosis. mdm?2 is the
most well-known member of the third class of target genes - it is a negative regulator of
p53 (Barak et al., 1993; Juven et al., 1993)

1.4.1. Cell cycle inhibitors

Wafl

Wafl (p21/CIP) was one of the first p53 target genes described (El-Deiry et al.,
1993). There are two p53 binding sites in wafl promoter, 1.3 and 2.2 kb upstream from
transcription start site. Wafl is a 21 kDa protein capable of inhibiting Cdk2-cyclinE
complex and stopping the cell cycle progression from G1 to S phase. MEFs from wafl -/-
mouse have almost completely lost their ability to arrest in G1 phase in response to IR,
indicating that wafl is the main mediator of this p53-dependent process (Deng et al.,
1995). However, they possess some residual G1 arrest, if compared with p53 -/- MEFs,
indicating that there are some wafl independent mechanisms for p53 to induce the G1
arrest. Wafl is not required for p53-dependent mitotic spindle checkpoint or p53-
dependent apoptosis in mouse thymocytes. This data clearly defines wafl as a mediator
of pS3-dependent G1 arrest.

Wafl deficient mice do get tumours, but later than p53-/- mice do (Martin-
Caballero et al., 2001). The average age of tumour development for wafl-/- mice is 16
months whereas p53-/- mice get tumours at the age of 6 months. Wafl knockout mice
develop mostly sarcomas, but the T-cell lymphomas, that are the main tumour type in p53
deficient mice, are completely absent. In contrast to p53 knockouts the waf1-/- mice are
not susceptible to radiation induced tumourigenesis. These differences indicate that
although wafl has some role in tumour suppression there must be another pathways for
p53 to suppress tumourigenesis. This is further supported by the fact that wafl is not
mutated in human tumours (Shiohara et al., 1994; Shiohara et al., 1997).

14-3-3¢

14-3-30 is a member of a family of proteins that regulate cellular activity by
binding and sequestering phosphorylated proteins. 14-3-3c is induced after genotoxic

12



stress in p53-dependent manner, also p53 overexpression induces 14-3-3c (Hermeking et
al., 1997). This induction seems to be specific to epithelial cells, as 14-3-3c is not
induced in fibroblasts or endothelial cells. Epithelial cells arrest mainly in G2 in response
to genotoxic stress. In the absence of 14-3-3c cells show initial arrest, but fail to maintain
it. Cells proceed to mitosis and die due to the mitotic catastrophe (Chan et al., 1999). The
role of 14-3-36 is probably to sequester cdc2-cyclinB complex to cytoplasm thereby
avoiding it to enter the nucleus and induce mitosis.

14-3-36 is frequently silenced in human cancers because of the methylation of its
promoter region (Ferguson et al., 2000; Iwata et al., 2000; Suzuki et al., 2000).

GADD45

Gadd45 was identified as a p53 target gene already more than 10 years ago
(Kastan et al., 1992), but the exact role of this protein is still unclear. Gadd45 deficient
mice born normally and show no spontaneous tumour formation during their lifetime
(Hollander et al., 1999). However the cells from these mice show centrosome
abnormalities and genomic instability. If irradiated, gadd45-/- animals develop tumours
with decreased latency compared to wt. Thymic apoptosis is normal in these mice, but
they show deficiency in G2 checkpoint in splenic lymphoblasts. The global genomic
repair of UV induced lesions is impaired in gadd45-/- MEFs to the similar extent it is
impaired in p53-/- MEFs (Smith et al., 2000). Also the stabilisation of p53 is greatly
abolished in Gadd45-/- MEFs in response to UVB treatment (Jin et al., 2003). This
suggests that Gadd45 is part of some positive feedback loop in p53 stabilisation pathway.
Interestingly, the gadd45-/- mice exhibit a low frequency of exencephaly like p53-/- mice
(Hollander et al., 1999). Although the exact biochemical activity of gadd45 is still not
clear, it certainly has a role in p53 tumour suppression pathway.

1.4.2. Apoptosis promoting genes

PTEN

PTEN is a phosphatase capable of removing the phosphate group from the lipid
second messenger PI(3,4,5)P; (Maehama and Dixon, 1998). By this the PTEN blocks the
signalling pathways employing this molecule. Among others the Akt/PKB protein kinase
depends on PI(3,4,5)P;. Akt can promote cell survival in many ways being well-
established antiapoptotic factor. It can phosphorylate mdm2 and promote the nuclear
localisation of mdm2 (Mayo et al., 2002). Induction of PTEN expression leads to the
inhibition of Akt activity and apoptosis in many cells, loss of PTEN function results in an
increased PI(3,4,5)P; levels and hyperactivation of Akt pathway (Stambolic et al., 1998).
PTEN itself is a tumour suppressor gene, as it is frequently mutated in human tumours
(Cantley and Neel, 1999) and PTEN -/+ mice get different tumours (Di Cristofano et al.,
1999) (PTEN-/- mice are not viable).

Wt p53 is a direct transcriptional activator of PTEN gene (Stambolic et al., 2001).
It binds to DNA consensus element in PTEN promoter and this is necessary for p53-
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dependent regulation of PTEN. Especially noteworthy is the fact that p53-dependent
apoptosis is severely impaired in PTEN -/- fibroblasts. This can be compensated by
introducing the PTEN gene under the control of the fragment of its p53-dependent
promoter, but no compensation is achieved if p53 binding site in mutated in front of the
PTEN gene. PTEN is one of the few examples among apoptosis-related p53 target genes
whose deletion really impairs the p53-dependent apoptosis. Also the fact that mutations
in p53 and PTEN are mutually exclusive in breast carcinoma puts them to the same
tumour suppression pathway (Kurose et al., 2002).

Noxa

Noxa is a small protein that contains BH3 (Bcl-2 homology 3) domain as an only
recognisable motif. IR induces it in thymocytes undergoing p53-dependent apoptosis, but
not in p53-/- thymocytes that do not die after the IR. (Oda et al., 2000). Noxa protein
localises into mitochondria and its overexpression can initiate apoptosis. Noxa gene has a
p53 binding site in its promoter and critical nucleotides in this binding site are necessary
for p53-dependence. Antisense oligonucleotide for noxa gene blocks its expression and
can attenuate the p53-dependent apoptosis in response to pS3 overexpression and IR.
However, the p53-dependent apoptosis in most cell types is intact in noxa-/- mice
(Villunger et al., 2003). The only exemption seems to be apoptosis in MEFs induced by
etoposide. Another report (Shibue et al., 2003) argues for more widespread role for noxa
in p53-dependent apoptosis. This indicates that pS3 induces apoptosis at least partly by
inducing noxa expression.

PUMA

PUMA is also a BH3-only protein that, like noxa, localizes into mitochondria and
can initiate apoptosis. PUMA is a p53 target gene (Nakano and Vousden, 2001; Yu et al.,
2001) and a potential mediator of pS3-dependent apoptosis. When PUMA expression is
suppressed by antisense oligonucleotide, the p53-dependent apoptosis is reduced
although not eliminated. In some PUMA-/- cells p53-dependent apoptosis is attenuated,
as well as p53-independent cell death (Jeffers et al., 2003; Villunger et al., 2003). This
again indicates for existence of many parallel pathways for p53-dependent apoptosis.

p5S3AIP1

pS3AIPI is a protein without any detectable homology to known proteins. It is
strongly induced by p53 and also by genotoxic stress in p53-dependent manner (Oda et
al., 2000). It localizes to mitochondria and can induce apoptosis by altering the
membrane potential in mitochondria. pS3AIP1 expression is elevated later than the
expression of wafl and mutating the serine 46 in p53 to alanine abolishes the pS3AIP1
induction. Blocking p53AIP1 expression by antisense oligonucleotides almost completely
inhibits apoptosis induced by p53 overexpression. This underlines the importance of
pS3AIP1 in p53-dependent apoptosis.

Bax
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Bax was the first apoptosis promoting gene described as a p53 target gene
(Miyashita and Reed, 1995). Despite its wide acceptance as a mediator of p53-dependent
apoptosis there are evidence that bax is not a universal mediator of p53 induced
apoptosis. In many cases bax is not induced when other p53 target genes are and bax may
not be a p53 target gene in mouse at all (Schmidt et al., 1999). Thymocyte apoptosis,
known to be a p53-dependent process, is intact in bax-deficient mice (Knudson et al.,
1995). Recently the new p53 binding site was identified in the first intron of human and
murine bax gene (Thornborrow et al., 2002), but whether bax is a true p53 target gene is
still an open question.

PIG3

PIG3 was identified as a gene induced after pS3 overexpression in cells
committed to undergo apoptosis (Polyak et al., 1997). It is though to participate in
metabolism of reactive oxygen species (ROS). In addition to originally described p53-
responsive element in PIG3 promoter, a new p53-binding DNA sequence was recently
identified (Contente et al., 2002). It consists of microsatellite DNA and is polymorphic.
This suggests that there is a considerable variation in PIG3 induction among people.

p53 seems to be able to induce apoptosis also directly by enhancing the
cytochrome C release from mitochondria. Recent reports (Chipuk et al., 2004; Chipuk et
al., 2003; Dumont et al., 2003; Mihara et al., 2003) show that p53 can bind to Bcl-XL
and release Bax from inhibition by Bcl-X. This leads to the pore formation in
mitochodrial membrane and cytochrome C release. Some p53 mutants, that are unable to
activate transcription, are capable of initiating this mitochondrial arm of apoptosis,
whereas tumour-associated point mutants are not. Does transcription-independent
apoptosis play a role in the tumour supression function of p53 remains to be seen.

1.5. Choosing between cell cycle arrest and apoptosis

Whether the cell undergoes cell cycle arrest or apoptosis in response to p53
activation is a complex question and depends on many factors. Cell type, severity of
damage and presence of survival factors are just a few conditions influencing the output.

The first possibility is that p5S3 can somehow discriminate between binding sites
in front of cell cycle arrest genes and binding sites in front of the apoptosis genes. Indeed,
when analysed in the context of heterologous promoter in yeast assay, most binding sites
from cell cycle genes can support p53 dependent transactivation, whereas the most
binding sites from apoptosis genes can't (Qian et al., 2002). This indicates some general
difference in functioning of these two classes of binding sites. p53 might also use help of
specific cofactors in binding to the right promoters. ASPP1 and ASPP2 are two closely
related proteins capable of influencing the promoter binding choice of p53 (Samuels-Lev
et al., 2001). Coexpression of p53 and either ASPP proteins can markedly stimulate p53-
dependent transcription from the promoters of apoptosis-related genes bax and PIG-3. At
the same time ASPP expression had no effect on p21 or mdm2 promoter. p53-dependent
apoptosis was also enhanced in ASPP expressing cells.
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p53 family members p63 and p73 seem to have similar cofactor activities. Their
expression is necessary for p53-dependent activation of proapoptotic genes PERP and
bax, but not cell cycle gene wafl or mdm?2 (Flores et al., 2002). In p63-/- p73-/- cells the
p53-dependent apoptosis is absent (but not in single knockouts). Chromatin
immunoprecipitation experiments showed that p63 binds to p53 target promoters. This
binding is dependent on p53 in the case of wafl and mdm2, but independent of p53 in the
case of apoptotic genes noxa, bax and PERP. These experiments clearly define ASPP,
p63 and p73 as p53 transcriptional cofactors that are able to direct the binding site
preference of p53. Transcription factor Brn-3a can antagonise the apoptotic effect of p53
but co-operates with p53 to induce cell cycle arrest by driving the selective p53 target
gene activation (Budram-Mahadeo et al., 2002).

Upstream activators of p53 can also direct the choice between cell cycle arrest
and apoptosis. In mouse thymocytes deficient in ATM kinase the p53-dependent cell
cycle block is absent, but p53 dependent apoptosis is functional (Barlow et al., 1997).
Interestingly the accumulation of p53 is also impaired suggesting that the stability and
transcriptional activity of p53 protein are regulated separately. If another kinase, the
DNA-PK, is inactivated the p53 looses its apoptotic activity, but preserves the G1 arrest
function (Wang et al., 2000). Chk?2 -/- fibroblasts have a very similar phenotype (Jack et
al., 2002). These results indicate that factors upstream from p53 can determine the path
the p53 response should take. Indeed, phosphorylation of specific residues in p53 can
influence its DNA binding site preference (Wang and Prives, 1995). Whether differential
phosphorylation also determines the pathway choice in vivo remains to be clarified.

pS53-mediated growth arrest versus apoptosis can be modulated by growth factors.
Irradiation of murine hematopoietic cell line Baf-3 in the presence of interleukin-3 (IL-3)
leads to G1 arrest, in the absence of IL-3 irradiation induces apoptosis (Canman et al.,
1995). Both these processes are p53-dependent. Removal of IL-3 is accompanied with
p53-independent downregulation of wafl. Similar cytokine-dependent modulation of cell
cycle arrest versus apoptosis is described also for another system (Lin and Benchimol,
1995).

Transcription factor Myc together with its partner protein Miz can also determine
the choice between p53-dependent apoptosis versus growth arrest (Seoane et al., 2002).
They can bind to wafl promoter and abolish both p53-dependent and -independent wafl
expression. Myc overexpression can convert cell cycle arrest to apoptosis in irradiated
cells. Interestingly, the levels of two apoptotic p53 target genes PUMA and PIG-3 do not
change in response to myc overexpression. This suggests that p53 activates both types of
genes in either case and apoptosis/cell cycle block decision is made downstream of p53.

It is not clear whether all possibilities mentioned above take part of the decision
process at the same time or do they have some sort of cell type specificity. In any case
different cellular pathways are involved in apoptosis/cell cycle arrest decision and it
would be naive indeed to assign such a central task to p53 alone.

1.6 p53 and in vivo tumour models
As mentioned above, p53 can induce cell cycle arrest and apoptosis. In addition,

p53 is also involved in other processes, including DNA repair, senescence, angiogenesis
and the surveillance of genomic integrity (Evan and Vousden, 2001). In the case of
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mutated p53 all these functions will be compromised. However, only some of them might
be actually selected against during the tumour development whereas the loss of others
may be just a consequence of p53 inactivation. This issue has been addressed using
experimental lymphoma model, where the tumour is initiated by myc overexpression. It
turned out that disruption of apoptosis by overexpression of bcl-2 completely alleviates
pressure to inactivate pS3 during lymphomagenesis (Schmitt et al., 2002). Also p53 +/-
bel-2 cells have an in vivo growth advantage over the p53+/- cells but not over the p53-/-
cells, indicating that during the lymphoma formation and growth the apoptotic function
of p53 is the dominant activity that is selected against. However, p53 and p16-dependent
senescence and not apoptosis play the dominant role in tumour suppression during
chemotherapy (Schmitt et al., 2002). Because the same tumour model was used in these
studies it is clear that different pS3 functions are important at different stages of tumour
development.

Importance of apoptosis is underlined also by the fact that some p53 mutants,
isolated from human tumours, can still activate cell cycle block but are deficient in
apoptosis induction (Aurelio et al., 2000; Rowan et al., 1996). Mice who express a
truncated large T antigen from SV-40 virus in their choroid plexus develop slowly
growing benign tumours with high apoptosis rate (Symonds et al., 1994). In the p53+/-
background local fast-growing nodules with little apoptosis appear and p53 is lost in
these cells.

In different tumour models the cell cycle inhibitory function of p53 also seems to
be important. Transgenic mice expressing an activated allele of Ha-ras under the control
of the MMTYV promoter in the salivary and mammary glands develop tumours in both
tissues (Hundley et al., 1997). Crossing this transgene onto a p53 -/- background
accelerated tumour growth, but levels of apoptosis were low and constant in all tumours
regardless of tumour type. Instead, a higher growth rate and increased aneuploidy was
evident in p53 -/- background.

When amino acid 172 is changed from arginine to proline in mouse p53 genomic
locus the apoptotic activity of p53 is also lost, but cell cycle arrest function is retained,
although in diminished manner. These mice do get tumours, but slower than p53 -/- mice
(Liu et al., 2004), indicating there are some role for cell cycle inhibitory function of p53
in tumour development.

1.7 pS3-independent effects of genotoxic stress on cell proliferation

Not all genotoxic stress-induced processes are pS3-dependent. Rapid
downregulation of cyclinE-cdk2 activity in response to DNA damage occurs even in cells
lacking p53 (Rotman and Shiloh, 1999). Signalling starts with ATM/ATR and
Chk2/Chk1. Chk2 and Chk1 kinases phosphorylate cdc25A and target it to degradation
(Bartek and Lukas, 2001). Cdc25A is a protein phosphatase that normally removes the
inhibiting phosphates from cdk2. When cdc25A is absent, the cdk2 stays phosphorylated
at threonine 14 and tyrosine 15 and remains inactive. Another G1 checkpoint involves
rapid degradation of cyclin D1 (Agami and Bernards, 2000). This leads to a release of
wafl from cdk4 to inhibit cdk2. Both these responses are rapid, but transient. They are
later replaced by delayed and more sustained p53-dependent response. As a pure
speculation one can imagine that weak DNA damage provokes only a transient response
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during which DNA reparation can take place. More severe damage could lead to the
accumulation of p53 and sustained cell cycle arrest or apoptosis.

If cell cycle arrest is not permanent, the cells have to get back to cycle. Little is
known about this step, but recovery from UV induced cell cycle block needs c-jun
activity (Shaulian et al., 2000). UV, but not IR, induces c-jun. C-jun can repress the wafl
transcription in p53-dependent manner and accordingly c-jun -/- cells have higher wafl
expression levels and exhibit decreased clonogenic survival. When expressed
constitutively the c-jun prevents the UV induced cell cycle arrest. Interestingly, c-jun
expression only affects the outcome of UV exposure and has no influence on the IR
induced cell cycle arrest.

1.8 Tumour therapy through the p53

Because the inactivation of p53 by mutation is so common in human tumours,
considerable effort have been made to restore the p53 activity in cells with mutant p53.
Hopefully it would be enough to initiate proliferation block or apoptosis. The most
straightforward method is the overexpression of wt p53 in tumour cells, but the main
obstacle here is the delivery and these problems are beyond the purpose of this overview.

PRIMA-1 is a low molecular weight compound isolated as mutant p53 reactivator
(Bykov et al., 2002). It can restore the transactivation function of His-175 mutant, induce
the expression of endogenous p53 target genes and induce apoptosis in mutant p53-
dependent manner. PRIMA-1 has no effect on wt p53. It can suppress the growth of
human tumour xenographs in mouse and this suppression is dependent of mutant p53
expression. The mechanism behind the PRIMA-1 mediated mutant p53 reactivation is not
known, but it induces the conformational change in p53 DNA-binding domain.

Another promising compound, CP-31398, has the ability to stabilise the wt
conformation of mutant p53 protein (Foster et al., 1999). Incubation of mutant p53
expressing cells with this compound leads to the induction of p53 target genes. CP-31398
was able to suppress the tumour formation in mouse.

Both these compounds are also cytotoxic in p53 independent way. Whether the in
vivo effects of these drugs rely more on the activation of mutant p53 or some other effect
remains to be seen. Indeed, the connection between p53 stabilisation and cytotoxity of
CP-31398 is challenged by the work showing that this compound is quite cytotoxic
without any p53 (Rippin et al., 2002). Yet another compound, ellipticine, was recently
described also capable of reactivating tumour-associated point mutants of p53 (Peng et
al., 2003).

In vitro the DNA binding activity of mutant p53 can be induced also by short
peptides, derived from p53 C-terminus (Selivanova et al., 1997), but they are not tested in
mouse tumour models. The second-site suppressor mutations can also, at least partially,
restore specific DNA binding of mutant p53 (Brachmann et al., 1998; Wieczorek et al.,
1996), but the therapeutic usefulness of this scheme is hard to imagine.

Adenoviruses induce the p53 response through the action of their E1A gene
product. This response is suppressed by another adenoviral protein E1B 54K. In the
absence of E1B 54K, the virus can only replicate in p53 deficient cells. This simple, but
elegant, scheme led to the development of therapeutic virus strain ONYX-015 that can
only replicate in cells lacking the wt p53 activity and this leads to the lysis of cells
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(Bischoff et al., 1996). Although this approach has earned some criticism (Edwards et al.,
2002) the clinical trials look promising and had entered the phase III (Biederer et al.,
2002; Nemunaitis et al., 2000).

During the conventional radiation and chemotherapy, normal cells are also
affected. The treatment results in p53 activation and subsequent arrest or apoptosis in
these cells leading to the hair loss, cell death in intestine and compromised immunity.
Pifithrin o can temporarily suppress the p53 activity and therefore allows to use higher
doses of radiation or chemotherapy (Komarov et al., 1999). It effectively protected mice
from otherwise lethal doses of radiotherapy.

Many tumours retain the wt p53 gene, but its function is still compromised. One
reason for that is the overexpression of mdm2, the negative regulator of p53 (Freedman et
al., 1999). The peptide, capable of blocking mdm2-p53 interaction by binding to the
mdm?2, can induce the p53 response at least in cell culture (Bottger et al., 1997). Low-
molecular weight compound with similar properties have been recently described
(Vassilev et al., 2004). It also shows its effect in human tumour xenografts in nude mice.
The problem with this approach is that it does not discriminate between normal and
tumour cells.
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AIMS OF THE STUDY

p53 can bind DNA and activate transcription from near-by promoters. This
function is critical for p53 to carry out its tumor suppressor role. The objective of this
study was to characterize the regulation of p53 transactivating activity. More specifically
the aims of the present study were:

1. To characterize the mechanisms the mutated p53 can inhibit the transactivation
activity of the wt p53.

2. To analyze the differences in p53 response pathway in low versus high level of
DNA damage.

3. To clarify the relationship between the p53 protein accumulation and its
transcriptional activity regulation in response to genotoxic stress.

4. To analyze the p53 response to genotoxic stress at single cell level
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2. RESULTS AND DISCUSSION

2.1. The activities of monomeric p53 can be inhibited by mutated p53 without
heterooligomerisation (I)

During the oncogenic transformation process, cells must get rid of the p53 growth
suppressing activity. It is often achieved by point mutations occurring in the DNA
binding domain of p53 in one allele. Although during the tumour progression the second
allele is usually also lost, the coexpression of mutated and wt p53 proteins is enough to
inhibit the wt p53 activity. It has been shown that mutated p53 can drive wt into mutant
conformation (Milner and Medcalf, 1991) and the transactivation function of wt p53 is
inhibited by mutated p53 (Kern et al., 1992). Heterooligomerisation between wt and
mutated p53 is usually believed to be behind the wt p53 inactivation.

Here we show that mutated p53 can inhibit the activities of p53 also by other
mechanisms (we use human p53 in our experiments). Monomeric p53, from where the
oligomerisation domain (amino acids 324-355) is deleted, can activate transcription from
pS53-dependent promoters. Coexpression with p53, bearing the tumour-associated point
mutation, inhibits the transactivation activity of the monomeric p53 (I, fig.2 and 3).
Deletion of either N-terminal transactivation domain or C-terminal regulatory domain
does not affect the ability of the mutated p53 to inactivate monomeric p53. If both these
domains are absent, the mutated p53 looses its ability to inhibit the monomeric p53. At
the same time none of the mutated p53 forms showed any suppression of p53-
independent transcription (I, fig.4). This indicates that (1) suppression of transcription is
limited to p53-specific promoters and (2) cellular viability is not compromised. Mutated
p53 can also inhibit the growth suppression activity of monomeric p53 (I, fig.8). At the
same time neither the expression nor the nuclear localisation of monomeric p53 is altered
by coexpression with mutated p53 (I, fig.5 and 6). In addition, different point mutated
p53 proteins form tetramers in cells, but fail to heterooligomerise with monomeric p53 (I,
fig 7).

From this data we conclude that mutated forms of p53 can sequester some
important cofactor necessary for p5S3-dependent transcription. This putative cofactor must
be p53-specific, as the pS3-independent transcription is not affected. Many p53 cofactors
are identified, including ref-1 (Jayaraman et al., 1997), HMG-1 (Jayaraman et al., 1998),
p33/ING1 (Garkavtsev et al., 1998) and others (see Literature overview). Mutated p53
could also saturate the capacity of some modifying enzyme and leave the monomeric p53
depleted from this necessary modification. Despite the exact nature of this putative
cofactor, it should enhance the transcriptional activity of p53. This assumption became
the basis of our strategy to identify p53 cofactors.

2.2. Screening for p53 activators
We decided to take advantage of the powerful methods of yeast genetics and set
up a screen for pS3 activators in Saccharomyces cerevisiae. p53 can function as a

transcriptional activator in yeast (Scharer and Iggo, 1992). We constructed a yeast strain
where the wt p53 is under the control of GAL1 promoter. This allowed us to regulate the
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p53 expression by changing the concentration of galactose in the growth medium. We
also cloned the yeast selectable marker gene under the control of p53-dependent promoter
and integrated this construct into the yeast genome. In this way we obtained the yeast
strain whose growth in selective media was dependent on the p53 activity (figure 2A).
Then we determined the test growth medium where p53 is expressed, but not at levels
high enough to support the yeast growth under the selective conditions (figure 2B). The
activity of p53 is not sufficient in these conditions. After transfection with cDNA library
we looked for the growth of yeast colonies on the test medium. These should have an
elevated p53-dependent transcription, hopefully because of some p53 cofactor is

expressed from the library plasmid.
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Figure 2. A — Schematic representation of yeast strain designed for screening of p53
activators. Yeast growth in selective medium is dependent on p53 expression, which in
turn can be regulated by amount of galactose in growth medium. B — Screening strategy
for p53 activators. The left panel indicates that yeast growth is dependent on galactose

concentration (i.e. p53 expression level).
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We used two different cDNA libraries - one derived from 9.5-10.5 dpc (days post
coitum) mouse embryos and another from human thymus. In both cases we obtained a
couple of hundred colonies growing on test medium. Next we tested their ability to grow
on the selective media without p53 expression (without galactose present). All colonies
growing without p53 expression were considered to be false positives and excluded from
further analysis. More than 90% were eliminated by this step. We then purified the
plasmids from remaining yeast colonies, transformed them to bacteria, purified and
transformed the plasmids back to the original yeast test strain. None of the transformants
were able to repeat the original phenotype. This indicates that the growth of colonies on
the test medium was not dependent on cDNA expression. Instead the growing yeasts
probably acquired some mutation, enabling them to grow on selective media.

There are several possible explanations for our failure to identify p53 cofactors.
The easiest one is to blame a cDNA library - maybe it was not good enough to contain a
putative full length cofactor. Another possibility is that the DNA binding site for p53 is
"too good" and one can't make binding more efficient. Putative cofactors may need a
special DNA sequence in promoter to assist p53 to activate transcription. This DNA
element might be missing in constructed yeast promoter.

We set up a very similar screen to identify low molecular weight compounds
capable of reactivating the p53 bearing the tumour-associated point mutation. In this case,
the yeast strain was engineered to express a mutated p53 (arg273 to his). Screening
conditions allowed quite high expression level for mutated p53 (figure 3). We used
previously described assay format (Young et al., 1998) where the yeast cells are plated at
low densities in top agar onto test medium. No growth of yeast cells occurs because the
marker gene is not expressed. Then we applied 2 pl of testable compounds, dissolved in
DMSO, to the surface of agar plates. If some compounds are capable of entering the cells
and activating the mutant p53, the growth of yeast cells should be visible. We tested 7000
low molecular weight compounds obtained from National Cancer Institute, Bethesda,
Maryland, USA (http://dtp.nci.nih.gov). Although 3 compounds induced the growth of
the test strain, they did so also without p53 expression and therefore we discarded these
compounds as false positives. The screen failed to find any compounds capable of
restoring the transactivation function of mutant p53. As an assay, based on the human cell
growth inhibition, was used to identify the mutant p53 reactivating compound from the
same library (Bykov et al., 2002), our set-up was faulty in some stage. The yeast cell
wall, that might be an unpenetrable barrier for many chemicals, is the most likely
problem with this type of screen.
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Figure 3. Screening strategy for mutant p53 activating compounds. Despite high p53
expression the yeast cells can’t grow, because mutated p53 is unable to activate
transcription. If some compound is capable of entering the cells and restoring the
transactivation function of mutant p53, the yeast would grow around the application spot.

2.3. DNA damage dose-dependent responses of p53 pathway (11, I1I)

The p53-dependent pathways in cells are activated in response to various forms of
genotoxic stress. The strength of the stress can vary from barely detectable to lethal. It is
obvious that the cellular responses must be different for stresses with different severity.
How the p53 activity is regulated in response to varying the stress strength was the
question addressed in following experiments.

2.3.1 p53 protein accumulation in response to genotoxic stress (II, III)

In normal cells and in most cell lines containing wt p53, the DNA damage
induces accumulation of p53 protein (Deptala et al., 1999; Nelson and Kastan, 1994).
This happens due to the block of its degradation (Maltzman and Czyzyk, 1984) and
enhanced translation (Fu et al., 1996). We used different concentrations of camptothecin
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(CPT), a DNA damaging drug (Avemann et al., 1988; Ryan et al., 1991), to induce DNA
damage with variable severity in four cell lines carrying wt p53 (I, fig. 1). Low
concentrations of CPT do not induce any changes in p53 levels, except in LoVo cells,
which are very sensitive to CPT. p53 starts to accumulate if the concentration of CPT is
higher than some threshold. After a while it reaches the plateau - adding more CPT does
not result in higher p53 expression level anymore. So the concentration window exists,
where adding more CPT results in higher p53 expression. Interestingly the exact position
of this window is different in all cell lines tested. This shows that dose-dependent
relationship between DNA damaging agent and p53 expression levels holds only in the
certain concentration range and this range is different in different cell lines. If the
concentration of DNA damaging agent is below the lower threshold, p53 does not
accumulate and if it is above the higher threshold, there is no further increase in p53
level.

Inside this concentration window the submaximal p53 expression occurs. The
western blot measures only population average, so the question of distribution inside the
population arises. Whether all cells accumulate p53 at equal level or maybe some cells do
it maximally but in others the p53 level is unchanged? Higher doses of DNA-damaging
agent may increase the p53 expression levels equally in all cells, or alternatively the
number of cells with maximal p53 expression level increases. To discriminate between
these options, we stained the p53 in individual cells and analysed them in flow cytometer.
Cell staining profiles clearly indicate that p53 expression is homogenous and dose-
dependent (III, fig. 2). This is true for CPT and also for mitomycin C (MMC). The fact
that p53 is expressed in every cell at the same level also indicates that all cells have
experienced more or less equal amount of DNA damage.

Taken together we may say that p53 protein accumulates, if the concentration of
the DNA damaging agent exceeds a certain threshold, which is different in different cells.
All cells in population accumulate p53 dose-dependently, but only until the levels of p53
reach the plateau. Further increase in concentration of DNA damaging agent has no
influence on p53 protein level.

2.3.2 Transactivation activity of p53 is uncoupled from its protein accumulation and can
be regulated by on/off manner (II, III)

Transactivation activity is essential for p53 to function as a tumour suppressor
(Jimenez et al., 2000)(G. Wahl, personal communication). To get insight into the
regulation of p53 transactivation activity, we measured different p53 target gene mRNA
levels in response to wide range of CPT treatment (II, fig. 2, 3). mRNA levels of target
genes are elevated already at CPT concentrations that do not cause any changes in p53
protein level. This indicates the presence of so called latent p53 pool that can be activated
in the case of DNA damage. In NIH 3T3 fibroblasts, the increase in concentration of CPT
is accompanied by further increase in some, but not all target gene mRNA levels (I, fig.
2). Same treatment did not cause any activation of p53 target genes in pS3-negative cell
line 10(1). The fact that low level of DNA damaging agent induces p53-dependent
transcription indicates that signals for p53 activation and accumulation have different
sensitivities for DNA damage.
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Next we asked whether all cells in population regulate p53-dependent
transcription similarly. To monitor p53 transcriptional activity at the single cell level, we
integrated a reporter construct into the genome of NIH 3T3 cells. In this construct the p53
DNA binding site from mdm?2 gene is cloned in front of the basic promoter from
adenovirus ML gene and this hybrid promoter drives the expression of the Enhanced
Green Fluorescent Protein (EGFP). The resulting reporter cell line is clonal: the copy
number and integration site is identical for all cells in population. After treatment with
DNA damaging agents the EGFP accumulates in these cells indicating the activation of
p53 (111, fig. 3). However, the activation pattern is different from p53 protein
accumulation. Only certain subpopulation of cells become EGFP-positive, whereas others
remain EGFP-negative. Higher concentration of both CPT and MMC and longer
treatment leads to the higher percentage of EGFP positive cells. At the same time
stronger damage does not lead higher expression among EGFP-positive cells: the EGFP-
positive cells are with the same intensity after both 1 uM and 7 uM CPT treatment (III,
fig. 3). This indicates that p53-dependent transcription in response to genotoxic stress is
regulated in on/off manner and damage intensity changes the distribution of cells between
EGFP-positive and -negative subpopulation. This distribution is independent from p53
protein levels as both EGFP+ and EGFP- populations express p53 protein at the same
level (111, fig. 3 and fig. 7A).

More than a hundred p53 target genes are known, each of them having a unique
promoter structure. To get insight, how p53 regulates the promoters of its natural target
genes, we made cell lines where the expression of EGFP is controlled by Waf-1 or PIG3
promoters, both being established as the transcriptional targets of p53 (El-Deiry et al.,
1993; Polyak et al., 1997). Two analysed PIG3 cell lines exhibited the on/off type
transcriptional activation in response to genotoxic stress (III, fig. 4A). This indicates that
both artificial and natural p53 promoters can respond in a similar way. In contrast, the
Watf-1 promoter is regulated in graded manner after genotoxic stress (III, fig 4B). The
cells stain homogeneously for EGFP and the staining intensity is dose-dependent. This
shows that at least two types of p53-dependent promoters exist which differ from each
other in their regulation pattern (graded or on/ofY).

In order to get mechanistic insight into the on/off versus graded activation of
promoters we made several constructs where elements from artificial (on/off responder)
and Waf-1 (graded responer) promoters were combined. Waf-1 promoter contains at least
two p53 binding sites to which p53 protein can bind in vivo. We inserted both of these in
front of the artificial basal promoter and combined Waf-1 basal promoter with p53
binding sites from mdm2 promoter. In this way we could test the elements of Waf-1
promoter separately. All promoter constructs were inserted in front of the EGFP gene and
we used them to create stable cell lines (using NIH 3T3 cells). All three cell lines,
containing different element from Waf-1 promoter in their reporter constructs, behaved in
on/off manner after genotoxic stress (IIl, fig 5). This indicates that none of the sequence
elements analysed is able to ensure the graded response.

The transcriptional activity of p53 leads to the elevation of the protein levels of its
target genes. To follow the expression pattern of endogenous Wafl and mdm?2 proteins
we induced the genotoxic stress with CPT or MMC in different cell lines and stained the
cells for these proteins with appropriate antibodies. In Arf-/- MEF (data not shown) and
NIH 3T3 cell lines both Wafl and mdm?2 proteins followed the gradual model of
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induction (III, fig. 6A). This result is in good correlation with EGFP experiments, as the
reporter construct with Wafl endogenous promoter in NIH 3T3 based cell line also
exhibited gradual behavior. In contrast, in response to MMC treatment endogeneous
Wafl is induced in on/off manner in MCF7 cells (III, fig. 6C), while p53 protein
accumulates homogenously (III, fig. 6B and fig. 7B). There are two populations already
in untreated cells and induction of Wafl clearly follows the binary model. Subsequently
we created a stable cell line using MCF7 cells and Wafl promoter in front of EGFP gene
(clone MCF7 AS5). EGFP in this cell line is also induced in on/off manner (III fig. 6D),
mimicking the induction of Wafl protein. These results indicate that endogeneous p53
targets can also be induced by both gradual and binary mode.

Several conclusions can be drawn from these results. First, they again uncouple
p53 protein accumulation from its transcriptional activity. The mere accumulation of p53
protein is not enough to ensure the activation of p53-dependent transcription. Secondly,
the p53-dependent transcription can be regulated in both graded and on/off manner.

There seems to be a need for special DNA sequence in order to ensure the graded type of
promoter activation, as short versions of Wafl promoter have lost their gradual
behaviour. Different behaviour of Wafl promoter in NIH 3T3 (gradual) and MCF7
(on/ofY) cells indicates for a need of the special trans-factor for gradual promoter
activation. This putative factor must be absent or inactive in MCF7 cells.

The property to activate transcription in on/off manner is not unique to p53. The
two models— graded versus binary — have been studied earlier in other systems. Fiering
and colleagues have demonstrated that after stimulation of TCR pathway in Jurkat T cells
the NF-AT and NF-xB- dependent transcription is regulated by on/off pattern (Fiering et
al., 1990). In yeast cells, the GAL4-dependent transcription from GAL1l promoter
occurring in response to changes in sugar composition of the growth medium is also
regulated by binary mode (Biggar and Crabtree, 2001). These studies, however, did not
address the expression pattern of the transcriptional activator itself leaving open the
possibility that the differences in steady-state level of transcriptional activator can cause
the on/off type response. We show here that the binary transcriptional regulation occurs
in the presence of homogeneously expressed p53 protein and, therefore, this possibility is
excluded.

It has been shown that the same promoter can be regulated in either graded on
binary manner. Artificial tet-dependent promoter responds gradually to altered activity of
either tet-activator or tet-repressor (Rossi et al., 2000). However, when both modulators
are co-expressed, the transactivation is regulated in binary manner. In this example
doxycyclin controls the DNA binding activity of both the activator and repressor in
opposite ways and the binary regulation is apparently achieved due to the highly
cooperative binding of them to the multiple binding sites in the promoter. There is no
multimerised p53-binding sites in our reporter constructs. Although it cannot be
excluded, there are no data available about any repressors binding both PIG3 promoter
and artificial p53-dependent promoter we used. It is therefore unlikely that the on/off
regulation described by us is due to interplay between p53 and a repressor competing for
the same DNA sequence.

p53 might need a specific modification for transactivation initiation from PIG3
but not from waf-1 promoter in NIH 3T3 cells. Indeed, serine-18 (equivalent to human
serine-15) phosphorylation displays heterogenity among induced cells, but this does not
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correlate with EGFP staining (data not shown). It still may be that p53 acquires a specific
modification needed for transactivation from PIG3 promoter in only subset of cells.
Indeed, PIG3 and Waf-1 promoters have different requirements for p53 activity as the
p53 lacking the proline-rich domain can activate transcription from Waf-1 promoter but
not from PIG3 promoter (Venot et al., 1998).

2.3.3 p53-dependent transcription follows the stochastic model for gene activation

On/off type, or binary, regulation of transcription has been described before
(Biggar and Crabtree, 2001; Fiering et al., 1990) and it might be relatively common type
of regulation, because only few works have looked at transcription in single cells. The
ratio of GFP-positive and -negative cells, which seems to be determined by severity of
DNA damage, may relay on purely deterministic mechanisms. In that case the cell
population is consisting of different subpopulations and each of them has different
threshold for p53-dependent transactivation. Although genetically identical, cells in
culture differ from each other in their position in cell cycle. It could be that promoters
exhibiting on/off activation pattern are activated only in some specific cell cycle phase
and this is the main reason for their binary behaviour. We tested it by staining the cells
for their DNA content and analysed the cell cycle profile separately in EGFP+ and
EGFP- cells. It turned out that EGFP expression can be induced in all cell cycle phases
(I11, fig. 8A) and therefore the on/off regulation is not due to the activation taking place
only in some specific cell cycle phase.

After removal of the damaging agent EGFP+ and EGFP- cells behave differently
(IT1, fig. 8B). EGFP- cells transiently accumulate in S and G2 phase of the cell cycle and
then resume their normal cycle distribution. EGFP+ cells, on the contrary to EGFP- cells,
accumulate in G2/M and do not go through mitosis. This indicates that p53
transcriptional activity defines 2 subpopulations of cells with distinct behaviour after
genotoxic stress.

Alternatively the transactivation competent p53 can initiate transcription with
certain probability. This is higher if the damage-related signal is either stronger or lasts
longer. In this case the severity of genotoxic stress determines only the probability for
transactivation, but the choice to activate transcription in particular cell is stochastic. The
latter hypothesis is supported by reports describing stochastic steps in transcription
activation in both prokaryotic (Elowitz et al., 2002) and eukaryotic (de Krom et al., 2002;
Graubert et al., 1998) cells.

We analysed whether the cell decision to initiate the EGFP expression is
influenced by its previous decision. To do that we induced the genotoxic stress in on/off
responder cell line and sorted the EGFP+ and EGFP- subpopulations into separate pools.
After growing we subjected both populations to the second treatment and followed their
EGFP expression profile. The original EGFP+ and EGFP- populations behaved
indistinguishably from each other (II1, fig. 9) - their sensitivity to cpt treatment was the
same and they followed the same expression pattern. This result supports the stochastic
model for transcriptional activation.

The gradually changing concentration of DNA damaging agent must be converted
into discrete decisions by cells - arrest or proliferation, death or survival. Our results
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suggest that p53 transcriptional activity may be involved in generation of heterogeneity in
otherwise homogenous population. This means that in the case of DNA damage of
intermediate strength, in some cells the p53-dependent transcription is not activated.
They are functionally "p53-negative" and in danger to accumulate mutations. Thus, some
cells do not react to DNA damage “properly” even before the mutations in their DNA
have occurred: the sensitivity of activation of p53-dependent pathway seems to be
insufficient to ensure transcriptional activation of p53 in every single cell. This
hypothesis is supported by the fact that tumours developing in p53+/- mice retain the
functional wt p53 allele in 50% of cases (Venkatachalam et al., 1998). It seems that p53
is not active enough to block the uncontrolled proliferation in these cases. In p53-+/-
embryos the transcriptional activity of p53 is indeed reduced and is much weaker than in
wt embryos (Gottlieb et al., 1997). At the light of our results the lower p53 expression
level would reduce the probability to activate transcription and despite of intact p53
pathway the target genes are not activated in many cells.
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CONCLUSIONS

The knowledge I acquired during these studies can be summarised as follows.

1. Mutant p53 can inhibit the transcriptional activation activity of p5S3 without
heterooligomerisation. The most probable reason is the sequestering of some p53-specific
cofactor by mutant p53.

2. p53 protein accumulation is homogenous in cell population and depends on the dose of
damaging agent. This dose-dependency is observable only in the certain concentration
range of DNA damaging agent.

3. p53 transcriptional activity is regulated separately from the protein accumulation and is
more sensitive to DNA damage than the latter.

4. In single cells the p53 dependent transcription can be regulated either gradually or in
on/off manner. The latter regulation type results in heterogeneity among isogenic cells.

5. p53 transcriptional activity defines two subpopulations of cells. According to that some
cells do not activate p53 pathway in response to DNA damage and are in danger to
accumulate mutations.

In addition I learned that the screening projects are high-risk projects. If you find nothing
then all your effort is wasted and all you learn is this bitter piece of knowledge. Don't let
some screening to be your only project in graduate school.

The three papers discussed here also represent the development of my understanding of
adequate model systems in molecular cell biology: from transient overexpression to
activation of endogenous p53, from population average to single cell analysis. I have
been trying to move towards less manipulation and more observation of processes in the
cell.
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KOKKUVOTE

p53-soltuva transkriptsiooni regulatsioon

p53 on rakuline valk, mille peamiseks funktsiooniks on dra hoida kahjustatud
DNA-ga rakkude paljunemine. p53 ei ole hidavajalik rakkude normaalseks jagunemiseks
ega organismi slinnieelseks arenguks, kuid tema puudumisel tekivad hiirtel kiiresti
kasvajad. Ka inimeste kasvajates on p53 rohkem kui 50% juhtudest inaktiivne voi
puudub hoopis.

p53 on transkriptsiooniaktivaator ja oma kasvajaid mahasuruvat funktsiooni
tdidab ta eelkdige 1dbi oma mirklaudgeenidelt transkriptsiooni aktiveerimise. DNA
kahjustus ja teised stressisignaalid toovad kaasa rakus p53 valgu taseme tousu ja tema
aktiivsuse suurenemise. Selle tagajirjel tduseb p53 marklaudgeenide ekspressioon ja see
omakorda viib rakkude paljunemise peatamisele (rakutsiikli blokk) vdi nende
elimineerimisele (apoptoos).

Kui metsiktiilipi (wt) ja mutantne (inaktiivne) p53 on ekspresseeritud samas
rakus, siis suudab mutantne p53 inhibeerida wt aktiivsust. Peamiseks mehhanismiks
peetakse siin seda, et mutantne p53 moodustab wt heterooligomeere (p53 on normaalselt
rakus tetrameerina). Selle doktorit6o aluseks olevas esimeses artiklis nditame me, et
mutantne p53 suudab p53 transkriptsioonivdimet inhibeerida ka ilma
heterooligomeriseerumiseta. Inhibitsioonivoime sdilib, kui mutantsel p53 deleteerida kas
N- voi C- terminus, kuid kaob, kui deleteerida mdlemad. Samas pole mutantne p53
voimeline mdjutama p53-sdltumatut transkriptsiooni. Inhibitsioon ei ole tingitud p53
ekspressiooni voi lokalisatsiooni muutustest ning ka pS3 voime suruda maha rakkude
kasvu on héiritud mutantse p53 poolt oligomeriseerumisest soltumatult. Nendest
tulemustest jidreldame, et mutantne p53 seostub mone p53-spetsiifilise kofaktoriga ja selle
tagajdrjel kaotab pS3 oma vdime transkriptsiooni aktiveerida.

Selleks, et tuvastada see (ja ka teised) kofaktorid, 16ime me testslisteemi parmi
Saccharomyces cerevisiae rakkudes. Kahjuks ei dnnestunud meil iihtegi kofaktorit
identifitseerida.

DNA kahjustuse ulatus voib rakkudes varieeruda suurtes piirides. Teises artiklis
nditame me, et p53 valgu kogunemine leiab aset alles siis, kui genotoksilise aine hulk
iiletab teatud ldvivaartust. Seejédrel on niha doosisdltuvat p53 taseme tousu kuni
piirvdirtuseni, millest edasi p53 valgu tase enam ei muutu. Samas on p53-sdltuv
transkriptsioon aktiveeritud juba lavivairtusest madalamate dooside juures. See nditab, et
p53 valgu kogunemine ja p53-sdltuva transkriptsiooni aktiveerimine on eraldi
reguleeritud ja vastavad signaalirajad on erineva tundlikkusega.

Mingi parameetri muutust rakupopulatsioonis vdib saavutada kaht erinevat teed
pidi. Esiteks voib toimuda muutus koikides rakkudes iihtemoodi ja induktori doosist
soltuvalt (graduaalselt). Teiseks vdoimaluseks on, et muutus toimub individuaalsetes
rakkudes liilititaoliselt — on vdimalik vaid maksimaalne v8i minimaalne tase (binaarne
regulatsioon). Induktori doos muudab reageerivate rakkude arvu, kuid mitte parameetri
muutust iihes rakus. Kolmandas artiklis jdlgisime me p53 taseme ja tema
transaktivatsioonivoime muutusi vastusena genotoksilisele stressile tihe raku tasemel. p53
valgu tase indutseeritakse graduaalse mudeli alusel, samas v3ib p53-soltuv
transkriptsioon olla nii graduaalne kui binaarne. Erinevate promootorite
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konfiguratsioonide analiiiisidest jareldub, et graduaalne regulatsioon vajab spetsiifilist
DNA elementi ja selle puudumisel on regulatsioon binaarne. Ka endogeenseid p53
mérklaudgeene reguleeritakse mdlema mudeli alusel. Fakt, et esimesel korral reageerinud
rakud ei oma eelistust jargmise induktsiooni puhul viitab véimalusele, et valik, kas
reageerida vOi mitte, on tdendosuslik.
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