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ABSTRACT 

The tumor suppressor p53 is a transcription factor that is crucial for protecting cells 

from cancer development. The importance of p53 tumor suppression function is 

highlighted by the fact that the p53 pathway is inactivated in most, if not all cancers. 

Mutation of the p53 gene occurs in about 50% of all tumors, whereas in the tumors 

which retain wild-type p53, the function of p53 is abolished due to deregulation of the 

p53 pathway. Due to the potency of p53 in suppressing tumors, p53 is considered to be 

an attractive therapeutic target. This is further strengthened by the in vivo mouse 

models which demonstrated regression of already established tumors upon 

reinstatement of p53. 

The aims of this thesis were to identify new p53 reactivating compounds and to   

investigate the mechanisms of action of the previously identified p53-reactivating 

molecule RITA. The NCI library of low molecular weight compounds was screened for 

molecules that suppressed cell growth in a p53-dependent manner. We identified the 

small molecule MITA, which induces p53-dependent cell death in a variety of human 

tumor cells. The p53/MDM2 interaction is blocked by MITA which results in 

accumulation of p53 in cells. The expression of p53 target genes MDM2, BAX, PUMA 

and GADD45 is induced upon activation of p53 by MITA. Importantly, MITA does not 

induce p53 or its target genes in normal human diploid fibroblasts (NHDF), which 

correlates with the absence of growth suppression. 

The low molecular weight compound RITA was previously identified in a cell-based 

screen. RITA has been shown to bind p53 and subsequently inhibit its interaction with 

MDM2. RITA induces p53-dependent apoptosis in cancer cells and in vivo in human 

tumor xenografts in mice. In the studies presented in this thesis we further elucidated 

the mechanisms of RITA action. Oligonucleotide microarray analysis of gene 

expression profiles revealed that RITA targets p53 with high specificity and that it 

mainly induces pro-apoptotic targets of p53. In line with these results, p53 wild-type 

expressing cell lines of different origin revealed a predominant apoptotic response. We 

demonstrate that MDM2 released from p53 by RITA promotes degradation of p21 and 

the p53 cofactor hnRNP K, required for p21 transcription. This leads to downregulation 

of p21 on both transcriptional and protein level. Consequently, MDM2 acts as a switch 

between growth arrest and apoptosis upon p53 activation. 

The preferential induction of apoptotic response by RITA is further facilitated by the 

targeting of the p53 regulator HDMX. RITA inhibits the p53/HDMX interaction and 

induces p53-dependent downregulation of HDMX on protein and on mRNA level. This 

ensures a robust activation of p53 leading to induction of apoptosis.  

Additionally, a new cellular target of RITA was identified, namely the redox protein 

TrxR1. We demonstrated that RITA binds purified TrxR1 protein directly and inhibits 

its activity in vitro and in cells. Notably, the inhibition of TrxR by RITA appeared to be 

p53-depedent and correlated with the induction of a covalently linked TrxR1 dimer and 

induction of ROS. We believe that inhibition of TrxR1 in a tumor-dependent and p53-

dependent manner might contribute to the tumor-specific cell killing properties of 

RITA. 

In conclusion we believe that compounds such as RITA and MITA may not only be 

used as lead compounds for anti-cancer therapy, but may also be useful tools to study 

of p53 functional activity.  
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INTRODUCTION 

 

CANCER 

Human cancer is a genetic disease
 
caused by sequential accumulation of mutations each 

conferring growth advantage which leads to the progressive conversion of normal cells 

to cancer cells (Vogelstein and Kinzler, 2004). Six essential acquired capabilities have 

been suggested to be required to transform a normal cell to malignant, including self-

sufficiency in growth signals, insensitivity to growth inhibitory signals, evasion of 

apoptosis, limitless replicative potential, sustained angiogenesis, and tissue invasion 

and metastasis (Hanahan and Weinberg, 2000). Furthermore, statistic analysis of 

mutations detected by sequencing of breast and colon carcinomas suggest that most of 

the mutations found in an individual tumor are so called “passenger” mutations, which 

are not directly involved in cancer development, and that <15 mutations are likely to be 

responsible for driving the initiation, progression and maintenance of the tumor (Wood 

et al., 2007). These mutations appear to reflect alterations in signaling pathways, 

showing that deregulation of pathways rather than individual genes govern the course 

of tumorogenesis. These changes involve activation of oncogenes, inactivation of 

tumor suppressor genes and genome stability genes (genes involved in DNA damage 

repair). Alterations can occur in the genome through point mutations, deletions, gene 

amplifications, chromosomal aberrations, such as chromosomal translocations, or 

through epigenetic changes including DNA hypo- or hypermethylation and histone 

modification. 

The data demonstrating that defects in a relatively small number of pathways underlie 

many different tumor types suggests that therapies targeting major tumor-related 

pathways could be efficient against a broad range of cancers (Wood et al., 2007). 

 

 

p53 

In 1979 two reports were published describing the discovery of a new oncogene, named 

p53, which was found to bind the large T-antigen of the SV40 DNA tumor virus (Lane 

and Crawford, 1979; Linzer and Levine, 1979). Its overexpression in tumor cells as 

well as its ability to cooperate with the oncogene Ras in immortalizing and 

transforming cells further supported p53 oncogenic potential (Parada et al., 1984). 

However, ten years later the true function of p53 as a tumor suppressor was discovered 

when it was demonstrated that the previous studies had been performed using cells 

expressing mutated p53 gene (Finlay et al., 1989; Hinds et al., 1989). Further evidence 

of tumor suppressive function by p53 was uncovered by the findings that p53 null mice 

are susceptible to spontaneous tumors at early age (Donehower et al., 1992). 

Furthermore, patients with the dominantly inherited Li-Fraumeni syndrome which 

leads to early onset of tumorogeneisis carry germ line mutations in the p53 gene 

(Malkin et al., 1990). 

p53 is a tetrameric, sequence-specific transcription factor with a defined consensus for 

optimal DNA binding consisting of two RRRCWWGYYY palindromes (el-Deiry et 

al., 1992; Fields and Jang, 1990; Funk et al., 1992; Kern et al., 1991; Raycroft et al., 

1990; Wei et al., 2006). Upon stress signals, p53 is activated in a specific manner by 

post-transcriptional modification and triggers a variety of anti-proliferative processes 

including cell cycle arrest, cellular senescence or apoptosis (Levine et al., 2006). Thus, 

disruption of p53 function promotes checkpoint defects, cellular immortalization, 

genomic instability, and inappropriate survival, allowing the continued cell 



 

2 

proliferation and malignant evolution of damaged cells. Therefore, it is not surprising 

that p53 is the most commonly inactivated tumor suppressor gene in human cancer 

(Beroud and Soussi, 2003; Hussain and Harris, 1998). 

Localized on the short arm of chromosome 17 (17q13), the p53 encodes a protein of 

393 amino acid residues. p53 is evolutionary conserved in Drosophila and C. elegans, 

where it is an important component in damage surveillance (Brodsky et al., 2000; 

Frantz, 2001; Nordstrom and Abrams, 2000). Based on structural and functional 

analysis, the p53 protein is subdivided into five different domains; the N-terminal 

transactivation domain, the proline-rich domain, the DNA binding domain, the 

oligomerization domain and the regulatory domain in the C-terminus (May and May, 

1999) (Fig 1). 

 

 
Figure 1. Schematic presentation of the five domains of the p53 protein 

 

 

 

Regulation of p53 

Due to the important role of p53 in controlling life and death, the expression of p53 is 

tightly regulated in cells. In unstressed normal cells p53 is kept at low levels, mainly 

through p53 protein degradation. Upon stress signaling, p53 undergoes a series of post-

translational modifications, leading to stabilization of the protein. Thus the major 

regulation of p53 occurs on the level of protein stability, whereas, fine-tuning of the 

p53 response is achieved by different post-translational modifications.  

 

p53 activation 

Various post-translational modifications appear to influence the p53 response. These 

post-translational events include phosporylation, acetylation, glycosylation, 

ribosylation, ubiquitination and sumoylation. Different types of DNA damage activate 

diverse enzyme activities that modify the p53 protein at specific amino acid residues 

(Appella and Anderson, 2001). p53 molecules with distinct modifications may have 

different preferences or recruit distinct transcriptional co-activators thus leading to the 

activation of a certain pattern of p53 target genes and different cellular responses.  

Phosphorylation of p53 at Ser15 produced by kinases such as ATM and DNA-PK in 

response to DNA damage has been shown to stimulate p53-dependent transactivation, 

leading to growth arrest and apoptosis in cell-based studies (Canman et al., 1998; Lees-

Miller et al., 1992). Phosphorylation of Ser15 appears to initiate the phosphorylation of 

other residues such as Ser20 and Thr18. These two phsophorylations can in turn 

stabilize p53 by interfering with the binding to the negative regulator MDM2, thus 

preventing the ubiquitination of p53. Additionally, the phosphorylation of Ser46 is 

induced upon DNA damage signals and has been demonstrated to selectively induce 

the apoptotic function of p53 (Bulavin et al., 1999). 

Different histone acetyltransferases (HAT), such as p300/CBP, PCAF and TIP60, 

acetylate p53 lysine residues. In vitro studies have demonstrated that acetylation of the 

lysine residues in the C-terminal domain results in stabilization and activation of p53 

(Rodriguez et al., 2000). However, mice in which all the C-terminal lysines had been 
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exchanged for arginine are viable and have only mild abnormalities (Krummel et al., 

2005). This study questions the functional significance of C-terminal lysines. Studies 

on Lys120 and Lys164 located in the DNA binding domain have shown that 

acetylation at these sites is required for suppression of cell growth in cell culture 

models (Tang et al., 2006; Tang et al., 2008). 

Despite the accumulated in vitro data on modulation of p53 function by post-

translational modifications, the exact biological significance of these modifications 

remains uncertain. Genetic mouse models used to study phosphorylation and 

acetylation sites have failed to offer any clarification, due to the minimal phenotypes 

exhibited. These results suggest that not one single modification on its own is 

important, but rather a combination of several modifications cooperating. Distinct 

combinations of post-translational modifications might be required for different 

protein-protein interactions, and thus different outcomes upon p53 activation. 

There are a vast number of p53 binding proteins, some of which have been 

demonstrated to dictate the behavior of p53 upon stress signals. A few examples follow 

below. 

The ASPP family has three members: ASPP1, ASPP2 and inhibitory ASPP (iASPP), 

which can all bind and regulate p53 activity through their C-terminus (Samuels-Lev et 

al., 2001). ASPP1 and ASPP2 stimulate the apoptotic function of p53 by selectively 

promoting p53 binding to promoters of pro-apoptotic genes, such as BAX, and TP53I3 

(PIG3), but not p21 and MDM2. In contrast, iASPP inhibits p53-mediated apoptosis 

and is overexpressed in various tumor cells (Bergamaschi et al., 2003). 

The prolyl isomerase Pin1 induces conformational changes by catalyzing cis/trans 

isomerization at phosphorylated Ser-Pro or The-Pro motifs in many proteins, including 

p53 (Mantovani et al., 2004). Pin1-mediated isomerization of p53 results in induction 

of p53 pro-apoptotic targets (Zacchi et al., 2002). 

One of the most recently discovered p53 cofactors hnRNP K, is required for DNA-

damage induced cell cycle arrest and serves as a co-activator for p53 in regulating cell-

cycle arrest genes such as CDKN1A (p21), GADD45 and 14-3-3σ (Moumen et al., 

2005). Upon DNA damage, hnRNP K is induced due to protection from MDM2-

mediated proteasomal degradation and is recruited to the promoters of p53-responsive 

genes (Moumen et al., 2005).  

The homeodomain interacting protein kinase 2 HIPK2 activates p53 by direct binding 

and phosphorylation at Ser46, which is thought to promote changes in the affinity of 

p53 for pro-apoptotic genes. It has been demonstrated that HIPK2 and p53 cooperate in 

the activation of p53-dependent transcription and apoptotic pathways (D'Orazi et al., 

2002). Furthermore, in growth-arrested cells HIPK2 is degraded by MDM2, suggesting 

that the cell cycle arrest functions of p53 include the suppression of its apoptotic 

functions (Rinaldo et al., 2007). 

The acetyltransferase TIP60 acetylates p53 at Lys120 and induces pro-apoptotitc 

function of p53, by promoting transcription of BAX and BBC3 (PUMA) (Sykes et al., 

2006; Tang et al., 2006). 

The histoneacetyltransferases p300/CBP and PCAF acetylate the C-terminal lysine 

residues of p53 upon DNA damage, which is associated with the stabilization of p53 

and induction of sequence-specific DNA binding and transactivation of p53 (Grossman, 

2001). In conclusion, the complexity of p53 regulation ensures the right processing of 

stress signals by p53 and a diversity of p53-induced biological responses. 

 

The MDM2-HDMX network 

MDM2 (mouse double minute 2) is the main repressor of p53, which was originally 

demonstrated to be amplified in a tumor mouse cell line where it induced 
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tumorigenicity (Fakharzadeh et al., 1991). MDM2 gene amplifications have also been 

found in various human tumors, particularly in sarcomas expressing wild-type p53 

(Oliner et al., 1992). MDM2 interacts with p53 through its N-terminal domain, 

inhibiting p53 transactivation function (Momand et al., 1992). Further, MDM2 

functions as an E3-ligase, which ubiquitinates p53 and targets it for proteasomal 

degradation (Haupt et al., 1997; Honda et al., 1997; Kubbutat et al., 1997). 

Polyubiquitination of p53 leads to its degradation, whereas monoubiquitination of p53 

instead functions as an export-signal (Li et al., 2003). Monoubiquitinated p53 is sent 

out of the nucleus to the mitochondria, where it is thought to be involved in 

transcription-independent induction of apoptosis (Li et al., 2003; Marchenko et al., 

2007). However, ubiquitination and degradation of p53 can occur both in the nucleus 

and the cytoplasm (Stommel et al., 1999; Yu et al., 2000). Furthermore, MDM2 can 

auto-ubiquitinate itself  (Fang et al., 2000). 

The promoter of MDM2 contains a p53-binding site and is transcribed in a p53-

dependent manner. Consequently, MDM2 and p53 form an autoregulatory feedback 

loop (Wu et al., 1993). A critical role of MDM2 for p53 regulation in development is 

supported by the rescue of the embryonic lethal phenotype of MDM2-null mice by 

deletion of p53 (Jones et al., 1995; Montes de Oca Luna et al., 1995). The importance 

of the MDM2-p53 regulation is demonstrated in yet another mouse model, which 

expresses extra copies of the MDM2 gene under the control of the endogenous 

promoter. Mice overexpressing MDM2 are significantly predisposed to tumor 

formation (Jones et al., 1998). Furthermore, a single nucleotide polymorphism (SNP) in 

the human MDM2 promoter region leads to elevated MDM2 expression and an earlier 

onset of both hereditary tumors in Li-Fraumeni patients, as well as sporadic tumors in 

the normal human population (Bond et al., 2004). 

 

The HDMX protein (also known as MDM4) was found in a screen for p53-binding 

proteins and was demonstrated to share structural homology with MDM2 (Shvarts et 

al., 1996). MDM2 and HDMX share three well conserved domains: the N-terminal 

domain involved in p53 binding, a Zinc finger domain whose function is unclear, and 

the C-terminal RING domain (Fig 2). The central regions of MDM2 and HDMX 

include an acidic domain. In addition, MDM2 has a nuclear localization signal (NLS) 

and a nuclear export signal (NES), that HDMX lacks. HDMX is therefore dependent on 

other proteins, such as MDM2 and p53, for nuclear localization. The amino acid 

residues in the N-terminal domain required for interaction with the N-terminal of p53 

are highly conserved in the two proteins. Therefore the hydrophobic clefts which they 

form are similar, although that of HDMX is smaller due to protruding side chains of 

two residues (Macchiarulo et al., 2008; Popowicz et al., 2008). The C-terminal RING 

domains of MDM2 and HDMX are essential for the proteins to form homo- and 

heterodimers (Tanimura et al., 1999). An important difference between the MDM2 and 

HDMX RING domains is a missing cysteine residue in HDMX, resulting in the lack of 

E3-ligase activity. However, similarly to MDM2, HDMX can inhibit p53 

transcriptional activity by binding p53, and possibly interfering with the recruitment of 

the basal transcription machinery and co-activators to p53-dependent promoters 

(Tanimura et al., 1999). Additionally, HDMX hinders p300/CBP-mediated acetylation 

of p53, which is thought to contribute to the inhibition of p53 activity (Sabbatini and 

McCormick, 2002). The importance of HDMX control of p53 activity in development 

is illustrated in HDMX knockout mice, which are embryonic lethal due to deregulated 

p53 (Parant et al., 2001). This further demonstrates that HDMX is critical and non-

redundant in keeping p53 activity in check during embryogenesis. Furthermore, 

HDMX is amplified or overexpressed in various types of tumors, but most strikingly in 
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retinoblastomas, where 65% of the tumors show deregulated HDMX levels (Laurie et 

al., 2006; Toledo and Wahl, 2006).   

 

 

 
Figure 2. Schematic comparison of the MDM2 and HDMX protein structures. The p53-binding domain, 

Zinc finger (Zn) and RING finger domain are well conserved. MDM2 additionally contains nuclear 

localization signal (NLS), nuclear export signal (NES) and nucleolar localization signal (NoLS). 

 

 

 

In contrast to MDM2, which is a known target gene of p53, no p53 response elements 

have been found in the hdmx locus, and no p53-dependent induction of hdmx 

expression is detected after DNA damage.  

As mentioned above, the RING domain of MDM2 mediates the formation of 

homodimers or heterodimerization with HDMX. However, homodimers of HDMX 

have so far not been observed in vitro or in vivo, suggesting that free HDMX is 

monomeric. Studies investigating the binding affinities between the proteins revealed 

that the formation of MDM2/HDMX heterodimers is favored (Kawai et al., 2007; 

Tanimura et al., 1999). This correlates with the finding that HDMX enhances MDM2-

dependent ubiquitination and degradation of p53 (Gu et al., 2002; Linares et al., 2003). 

However, these results are based on cell culture studies and should therefore be further 

explored with mouse models. The biological functions of MDM2 and HDMX on p53 

have been much studied and discussed. However, the recent in vivo models indicate 

that MDM2 and HDMX have distinct, but complementary roles in regulation of p53; 

while MDM2 mainly regulates p53 stability, MDM4 has a major role in regulating the 

activity of p53 (Francoz et al., 2006; Toledo and Wahl, 2006; Xiong et al., 2006) (Fig 

3). 

Clearly, the inhibition of MDM2 and HDMX activities is essential for p53 stabilization 

and activation. As mentioned above, the activation of p53 is not fully controlled by any 

single phosphorylation or other single modification. Kinases, such as DNA-PK, ATM, 

ATR, Chk2 and Chk1 phosphorylate p53, MDM2 and HDMX at various sites. The 

phosphorylation of p53 on Ser15, Thr18 and Ser20 are all thought to disrupt the 

p53/MDM2 and p53/HDMX interactions (Giaccia and Kastan, 1998; Meek, 1999; 

Prives and Hall, 1999; Unger et al., 1999). Phosphorylations of MDM2 and HDMX 

also lead to inhibition of their binding to p53 (Chen et al., 2005b; Maya et al., 2001; 

Mayo et al., 1997; Pereg et al., 2005; Shinozaki et al., 2003). Moreover, regulated 

MDM2 auto-degradation appears to be an important mechanism by which p53 is 

activated in cells upon certain types of DNA damage (Stommel and Wahl, 2004). 

Induction of MDM2 expression combined with triggering of MDM2 auto-

ubiquitination and degradation results in an oscillation of MDM2 protein levels upon 

DNA damage (Lev Bar-Or et al., 2000). HDMX has also been demonstrated to be 

ubiquitinated and degraded by MDM2 upon DNA damage (de Graaf et al., 2003; 
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Kawai et al., 2003; Pan and Chen, 2003). The switch by which MDM2 initiates 

ubiquitination of itself and HDMX instead of p53 is not fully elucidated, but appears to 

involve the deubiqiuitination enzyme Herpes virus-associated ubiquitin-specific 

protease (HAUSP). Upon DNA damage MDM2 and HDMX are released from 

HAUSP, resulting in impaired deubiquitination and subsequent degradation (Li et al., 

2004; Meulmeester et al., 2005). HAUSP can instead bind p53, rescuing it from 

MDM2-mediated degradation (Li et al., 2003). 

In addition to checkpoint kinases, the protein stability of HDMX and MDM2 is 

regulated by the serine/threonine protein kinase Akt, which stabilizes both MDM2 and 

HDMX by phosphorylation (Ashcroft et al., 2002; Feng et al., 2004; Lopez-Pajares et 

al., 2008).  

 

Upon oncogene activation p53 is up-regulated through p14ARF (de Stanchina et al., 

1998; Palmero et al., 1998; Zindy et al., 1998). p14ARF interacts with MDM2 and 

inhibits its p53-ubiquitin ligase activity, thus stabilizing p53. The p14ARF gene is 

positively regulated by oncogenes such as E2F1 and -catenin, whereas negative 

regulation is exerted by p53 (Harris and Levine, 2005). Inactivation of p14ARF 

through epigenetic alterations occurs frequently in human tumors and appears to 

inversely correlate with p53 status, i.e. inactivation of p14ARF correlates with wild-

type p53 (Sharpless, 2005; Stott et al., 1998). Recent studies in mice demonstrate that 

the key tumor-suppressive function of p53 is to respond to oncogene activation. 

p14ARF-dependent response of p53 to oncogenic signaling is therefore critical for the 

tumor-suppressor activity (Christophorou et al., 2006; Efeyan et al., 2006). However, 

other studies have shown that the genotoxic stress is the key signal for activating p53 

and tumor suppression in pre-cancerous lesions and that DNA damage can be induced 

by the activation of several oncogenes in a p14ARF-independent manner (Bartkova et 

al., 2005; Gorgoulis et al., 2005). 

 

 

 
Figure 3. Regulation of p53 stability by the MDM2-HDMX network 
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In addition to controlling p53, MDM2 has a number of p53-independent functions, 

some of which are listed below (Zhang et al., 2005a). MDM2 can bind and inhibit Rb, 

leading to its ubiquitination and degradation. As a result E2F1 is relieved from 

inhibition by Rb and induces cell cycle progression by entry to S-phase (Hsieh et al., 

1999; Uchida et al., 2005). Furthermore, MDM2 can bind E2F1 and increase its 

transcriptional activity subsequently promoting cells into S phase (Zhang et al., 2005b). 

Another binding partner of MDM2 is Nbs1, a member of the Mre11/Rad50/Nbs1 DNA 

DSB repair complex. The binding between MDM2 and Nbs1 results in the inhibition of 

DNA repair and an increase of chromosome breaks. This might explain how elevated 

MDM2 levels can promote genomic instability and transformation independent of p53 

(Bouska and Eischen, 2009) 

Additionally, MDM2 can promote the degradation of a number of proteins in a p53-

independent manner. Via its E3-ligase activity MDM2 ubiquitinates several targets, 

such as hnRNP K, IGF-1R and TIP60 (Girnita et al., 2003; Legube et al., 2002; 

Moumen et al., 2005). Furthermore, MDM2 binds the p53 CDK inhibitor p21 and 

facilitates its binding with the proteasome, thus promoting its degradation (Jin et al., 

2003; Zhang et al., 2004). 

 

Additional ubiqutin ligases 

Several other ubiquitin ligases have been identified to target p53 for degradation, 

including COP1, Pirh-2 and ARF-BP1 (Chen et al., 2005a; Dornan et al., 2004; Leng et 

al., 2003). ARF-BP1 is induced upon oncogene activation through p14ARF. COP1 and 

Pirh-2 function similarly to MDM2, both forming an autoregulatory loop by promoting 

p53 degradation. However, the relative impact of these E3 ligases to the regulation of 

p53 levels in cancer is unclear at the moment. 

 

Redox modulation 

Several studies have demonstrated that the activity of p53 and its ability to bind DNA is 

influenced by its redox status. This is due to the presence of cysteine resiudes in the 

DNA binding domain which contain redox sensitive thiol groups. Cys176, 238 and 242 

together with His179 make up a binding site for a zinc atom (Hainaut and Mann, 2001). 

The presence of zinc is required for proper folding of p53 in vitro and upon exposure to 

metal chelators such as EDTA recombinant p53 loses its wild-type conformation 

(Hainaut and Milner, 1993). Furthermore, there is a cluster of cysteines in the proximal 

part of the DNA binding domain, which appears to be regulated by redox modulation 

and subsequently influences the binding of p53 to the DNA consensus sequence (Parks 

et al., 1997).  

Redox factors such as redox factor-1 (Ref-1) and thioredoxin can affect the DNA 

binding activity of p53. Ref-1 binds to p53 and enhances its binding activity and 

promotes p53 tetramerization (Hanson et al., 2005). Furthermore, Ref-1 can cooperate 

with thioredoxin in activating p53 DNA-binding and transcriptional activity, which is 

further discussed below (Seemann and Hainaut, 2005; Ueno et al., 1999).  

 

 

The functions of p53 

In the absence of cellular stress, p53 levels are kept low due to constant degradation. 

However, upon stress stimuli, including DNA damage, hypoxia, telomerase shortening, 

nutrient depravation or oncogene activation, p53 becomes stabilized and activated 

which in turn leads to cellular responses such as DNA repair, cell cycle arrest, cellular 

senescence and apoptosis. This occurs through transcriptional activation and repression 
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of target genes and by transcription-independent mechanisms (May and May, 1999; 

Vousden and Lu, 2002). (Fig 4) It is not clear how p53 chooses which pathway to 

activate, but it appears to depend on the nature of the stress signal, the types and 

location of p53 post-translational protein modifications, the proteins associated with 

p53 and the type of cell.    

 

 

 

 
 

Figure 4. In response to different stress signals, p53 is stabilized and induces cellular responses through 

transcriptional activation and repression of target genes.   

 

 

 

Apoptosis 

p53-dependent apoptosis involves transactivation and transrepression of target genes, 

but also transcription-independent mechanisms. Apoptosis induction by p53 is mainly 

achieved through the two major apoptotic pathways, the extrinsic pathway, involving 

death receptors, and the intrinsic pathway, which is also called the mitochondrial 

pathway. p53 activates the extrinsic pathway by induction of the genes encoding the 

transmembrane receptors Fas and DR5. Fas is activated upon binding of Fas ligand 

(FasL), whereas DR5 is activated by binding of TNF-related apoptosis-inducing ligand 

(TRAIL). Activation of the receptors leads to a chain of events, which in the end 

activate the effector caspases.  

The intrinsic pathway is regulated by the Bcl-2 family, which consists of the pro-

survival proteins, such as Bcl-2, Bcl-XL and Mcl-1, the pro-apoptotic proteins Bax, 

Bak, and the BH3-only proteins PUMA, Noxa and Bid. Several members of the family 

are transcriptional targets of p53 including Bax, PUMA, Noxa and Bid (Miyashita and 

Reed, 1995; Nakano and Vousden, 2001; Oda et al., 2000; Sax et al., 2002). In 
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addition, Bcl-2 and Mcl-1 are transrepressed by p53 (Miyashita et al., 1994; Pietrzak 

and Puzianowska-Kuznicka, 2008). The pro-apoptotic proteins are located at the 

mitochondria and can trigger the release of cytochrome c into the cytoplasm, resulting 

in activation of caspases. Bax expression is activated by p53 and upon induction, Bax 

undergoes a conformational change, forms homodimers and translocates to the 

mitochondrial membrane where it promotes cytochorme c release (Adams and Cory, 

1998; Miyashita and Reed, 1995). Another target of p53, PUMA, triggers translocation 

and oligomerization of Bax, resulting in cell death (Yu et al., 2003). Interestingly, Bid 

appears to function as a link between the extrinsic and intrinsic pathways since caspase-

8, which is involved in death receptor signaling, can activate Bid by cleavage. 

Truncated Bid can in turn induce Bax activation. 

Additionally, induction of p53 leads to the production of pro-oxidant genes such as 

TP53I3 (PIG3) and ferredoxin reductase (FXDR) (Hwang et al., 2001; Polyak et al., 

1997). These increase the levels of reactive oxygen species (ROS) which in turn might 

interfere with mitochondrial function and/or integrity, contributing to cell death. In 

addition, the higher levels of ROS appear to be part of a feed-forward loop that 

stabilizes p53 resulting in further p53 activation.  

p53 can also, as mentioned, promote transrepression of survival genes, including Bcl-2, 

BIRC5 (survivin) and Mcl-1, which may contribute to apoptosis; (Hoffman et al., 2002; 

Miyashita et al., 1994; Pietrzak and Puzianowska-Kuznicka, 2008). 

Several studies have demonstrated that p53 also possesses a transcription-independent 

apoptotic activity. Activated p53 translocates to the mitochondria, where it can directly 

induce Bak or Bax oligomerization, and/or interact with the anti-apoptotic members 

Bcl-2 and Bcl-XL, thereby displacing Bak and Bax which instead can homo-

oligomerize and cause cytochrome c release (Erster et al., 2004; Mihara et al., 2003). 

This pathway probably works in synergy with the transcription-dependent action of 

p53. 

By simultaneously targeting several levels of the apoptotic program, p53 increases the 

probability that the process progresses and ensures a well-coordinated program once it 

is initiated. 

 

Cell-cycle arrest   

The cell cycle is tightly regulated by a variety of actors, where cyclins, their 

corresponding cyclin dependent kinases (CDK), and the CDK inhibitors are the key 

regulators. The cell cycle is monitored and controlled by different cell cycle 

checkpoints, which block progression upon certain signals, such as DNA damage. In 

response to stress signals p53 can activate the expression of components of both the 

G1/S and G2/M checkpoints. 

The most famous p53-induced cell cycle inhibitory gene is CDKN1A (p21), which 

induces both G1 and G2 arrest. p21 initiates G1 arrest by binding to cyclinD/CDK4 and 

cyclinE/CDK2, thus inhibiting downstream phosphorylation of the tumor suppressor 

Rb (Harper et al., 1993). Unphosphorylated Rb represses E2F1 thus blocking the 

transcription of genes required for S-phase entry. Similarly, p21 can also inhibit 

cyclinB/CDK2 and cyclinB/Cdc2 (CDK1), which leads to G2 arrest (Bunz et al., 1998). 

Additionally, p21 has been demonstrated to be a negative regulator of apoptosis, a 

property which appears to be distinct from its growth arrest function (Baptiste-Okoh et 

al., 2008; Steinman and Johnson, 2000; Suzuki et al., 1998).  

G2 arrest can also be induced by the p53 targets GADD45 and 14-3-3σ. GADD45 

dissociates the cyclinB/Cdc2 complex (Wang et al., 1999b), whereas 14-3-3σ 

sequesters Cdc2 in the cytoplasm (Chan et al., 1999). 
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Senescence 

Cellular senescence can be triggered by DNA damage, oncogene activation or by 

shortening of telomeres. Upon entering senescence, cells cease to divide and undergo a 

number of morphological, and metabolic changes. It has been experimentally 

demonstrated that p53 is involved in senescence. However, it is not clear which target 

genes are involved in triggering senescence. In a study by Sugrue et al wild-type p53-

triggered senescence was shown to be associated with induction of p21 and repression 

of mitotic cyclins (Sugrue et al., 1997). 

 

Genetic stability 

Various insults such as chemotherapeutical drugs, ROS and irradiation lead to DNA 

damage, which can be repaired by a number of different pathways. Interestingly, p53 is 

involved in several of these pathways including nucleotide excision repair (NER), base 

exclusion repair (BER) and in homologous recombination (HR) (Helton and Chen, 

2007). The ribonucleotide reductase p53R2,
 
is a p53 target gene, and can supply 

nucleotides to repair
 
damaged DNA (Yamaguchi et al., 2001). Facilitation of DNA 

repair by p53 serves to maintain genomic stability and thus prevent tumor development. 

On the other hand, induction of DNA repair by p53 in tumor cells upon chemo- and 

radiotherapy can lead to increased survival of cancer cells (Moreno et al., 2007). 

 

Antioxidant activity 

A number of reports have made it evident that the everyday strains of normal 

mammalian life induce low levels of p53 activity which promote survival (Lassus et al., 

1996; Sablina et al., 2005). Various studies have shown that one such survival function 

of p53 is keeping intracellular ROS levels low via the activity of p53-inducible genes 

such as the Tp53-inducible glycolysis and apoptosis regulator (TIGAR), sestrins, 

glutathione peroxidases (GPX1, GPX2), superoxidase dismutase 2 (SOD2), aldehyde 

dehydrogenase-4 (ALDH-4) and others (Bensaad and Vousden, 2005; Budanov et al., 

2004; Hussain et al., 2004; Yan and Chen, 2006; Yoon et al., 2004). This antioxidant 

function of p53 appears to be important to prevent the accumulation of DNA damage in 

response to day-to-day incidents (Sablina et al., 2005). One can therefore speculate that 

the low levels of DNA damage that are encountered daily are dealt with through p53 by 

keeping ROS levels low and thus promoting survival. However, in response to more 

severe and sustained stress, p53 function switches and instead induces ROS, leading to 

apoptosis.  

 

 

Pharmacological reactivation of p53  

Inactivation of p53 occurs in the majority, if not all tumors, either by mutation or by 

deregulation of the p53 pathway, for example by overexpression of its negative 

regulators. 

Mutations of the p53 gene occur in about 50% of all sporadic tumors, making it one 

of the most mutated genes in cancer (Beroud and Soussi, 2003; Olivier et al., 2002). 

In contrast to many other tumor suppressors, deletions in the p53 gene are rare 

whereas missense point mutations occur with extremely high frequency (Soussi and 

Lozano, 2005). A majority of all the mutations target the DNA binding domain of the 

protein, affecting p53 binding to DNA and the transactivation of downstream targets, 

thus abolishing the p53 tumor suppressor function. Mutations occur at a higher 

frequency in the six hotspot codons; R175, R245, R248, R249, R273 and R282 (see 

IARC TP53 mutation database http://www-p53.iarc.fr). 

http://www-p53.iarc.fr/
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In the other half of the tumors, which do not carry p53 gene mutations, the p53 

function is compromised by defects in the upstream pathways or by deregulation of 

p53 protein stability. As mentioned earlier, both MDM2 and HDMX are 

overexpressed in a number of tumors. The tumor suppressor p14ARF, which inhibits 

MDM2 binding to p53, is frequently inactivated in tumors due to epigenetic 

alterations. The upstream modulators of p53, such as for example the protein kinases 

ATM and Chk2 have been found to be mutated in certain tumors (Stankovic et al., 

2002; Sullivan et al., 2002).  

 Additionally, there are a number of viruses which encoding viral oncogenes that can 

inactivate p53. The SV40 large T-antigen binds the p53 core domain thus blocking its 

DNA binding activity (O'Reilly, 1986). The E6 protein of the human papilloma virus 

(HPV) binds p53 and targets it for proteasomal degradation (Scheffner et al., 1990). 

Numerous studies suggest that inactivation of p53 is important for the survival of 

tumor cells. Thus, re-instatement of p53 function could be an attractive strategy for 

cancer therapy. The findings that already established tumors in mice are vulnerable to 

the restoration of p53 (Martins et al., 2006; Ventura et al., 2007; Xue et al., 2007) 

further support the idea of reactivation of p53 tumor suppressor function to combat 

cancer. Several different approaches have been developed in order to find specific 

and efficient activators of wild-type p53. A majority of these have been focused on 

antagonizing MDM2 function to prevent p53 degradation. 

Antisense inhibition of MDM2 expression results in p53 stabilization and activation in 

tumor cells in vitro and in tumor xenografts in mice, supporting the validity of this 

approach (Wang et al., 1999a; Zhang et al., 2005a).  

Another approach is targeting the ubiquitin ligase activity of MDM2 to block p53 

ubiquitination and degradation. Small molecule inhibitors have been identified that 

specifically target the E3 ligase activity of MDM2 and induce apoptosis in a p53-

dependent manner (Lai et al., 2002; Yang et al., 2005). However, these compounds 

have relatively low potency and selectivity, therefore further optimization is required in 

order to develop a candidate drug based on these compounds. 

Several labs have described the identification of small molecules inhibiting p53/MDM2 

interaction. The nutlins were found in a biochemical screen of a library of synthetic 

chemicals (Vassilev et al., 2004). Nutlins bind the p53-binding pocket of MDM2 and 

can therefore displace p53. Nutlins inhibit the p53/MDM2 interaction in cells, leading 

to stabilization of p53 and activation of downstream targets. Tumor xenograft growth in 

animal models was suppresseded upon treatment with nutlins, without apparent toxicity 

to the normal tissue (Vassilev et al., 2004).  

The benzodiazepines is another class of MDM2 antagonists which can disrupt the 

p53/MDM2 binding in vitro and have been demonstrated to suppress the growth of 

wild-type p53 expressing cells (Grasberger et al., 2005; Koblish et al., 2006). However, 

due to low cellular potency and selectivity it is difficult to evaluate their anti-tumor 

potential. 

The small molecule RITA (reactivation of p53 and induction of tumor cell apoptosis) 

was found by screening the NCI library of low molecular weight compounds for 

compounds that suppressed cell growth in a p53-dependent manner. RITA can bind 

the N-terminal domain of p53, disrupting its interaction with MDM2 and other 

negative regulators (Issaeva et al., 2004; Zawacka-Pankau et al., manuscript in 

preparation). RITA restores the p53 transcriptional function and induces p53-

dependent apoptosis in tumor cells, but not in non-transformed cells. Further, in vivo 

experiments using human tumor xenograft models in mice demonstrated a p53-

dependent anti-tumor effect. In our recent studies we addressed the mechanisms of 

the tumor-specific apoptotic response after RITA treatment. We have demonstrated 

that RITA mainly induces pro-apoptotic target genes and that apoptosis induction s 
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facilitated by downregulation of p21 on two different levels: transcription and protein 

stability (Enge et al., 2009). Furthermore, RITA-activated p53 inhibits crucial 

oncogenes by transcriptional repression of anti-apoptotic proteins Mcl-1, Bcl-2, 

MAP4, and survivin, by blocking Akt pathway on several levels, and by 

downregulating c-Myc, cyclin E and -catenin (Grinkevich et al., 2009).  

The p53-reactivating compound MITA was discovered using the same screening assay 

as for RITA, and is discussed further below. 

Other p53 activating compounds include roscovitine, a CDK inhibitor, which 

suppresses MDM2 expression (Lu et al., 2001), and tenovins, which activate p53 

through the inhibition of deacetylaze activities of SirT1 and SirT2 (Lain et al., 2008).  

 

Although much effort has been made on targeting MDM2, recent reports showing that 

downregulation of HDMX by means of siRNA in cell lines induces p53, and 

suppresses colony outgrowth (Danovi et al., 2004), and that HDMX knockdown leads 

to reduced tumor xenograft growth (Gilkes et al., 2006), highlight the importance of 

developing inhibitors towards HDMX. So far, only short peptides which inhibit the 

interaction between HDMX and p53 have been reported (Hu et al., 2007; Pazgier et al., 

2009), but small molecules targeting HDMX have not yet been discovered. The clinical 

application of peptides is not optimal due to their proteolytic degradation and the 

insufficient cellular uptake. 

 

Another strategy to reinstate p53 tumor suppression is to restore the wild-type 

function of mutant p53. One of the most promising compounds which can rescue the 

p53 tumor suppressor function of mutant p53 is the small molecule PRIMA-1, which 

was found in a cell-based screen of low molecular weight compounds (Bykov et al., 

2002). PRIMA-1 inhibits cell growth in a mutant p53-dependent manner and restored 

the transcription of p53 target genes. Furthermore, PRIMA-1 has a mutant p53-

dependent in vivo anti-tumor activity in human xenografts in mice (Bykov et al). The 

mechanisms behind PRIMA-1 function are not fully elucidated yet, but seem to 

involve induction of apoptosis by transcription-dependent activity of p53 and 

transcription-independent functions of p53 involving caspase activation (Wang et al., 

2007a). 

 

 

THE THIOREDOXIN SYSTEM AND REDOX CONTROL 

Low levels of reactive oxygen species (ROS) are constantly generated in all aerobic 

organisms as by-products of cellular metabolism. However, excessive levels of ROS 

can damage several cellular components including DNA, protein and lipid membranes 

(Hensley et al., 2000; Pelicano et al., 2004). DNA damage caused by ROS leads to the 

generation of oxidized bases, DNA strand breaks, DNA intra-strand adducts, and DNA-

protein cross-links (Lloyd et al., 1997; Pelicano et al., 2004; Randerath et al., 1996). 

Oxidative modifications of DNA bases may result in mutations during replication due 

to base pair mismatching (Lloyd et al., 1997; Pelicano et al., 2004; Randerath et al., 

1996). It is therefore of importance to have a balance between oxidant and antioxidant 

intracellular systems. The major redox control in cells is conducted by the thioredoxin 

and glutathione systems. The thioredoxin system consists of thioredoxin reductase 

(TrxR) and thioredoxin (Trx), where Trx is reduced by TrxR at the expense of 

NADPH. The thioredoxin system is involved in several important biological activities, 

such as redox regulation of cellular function, generation of deoxyribonucleotides for 

DNA synthesis, regulation of apoptosis induction and in antioxidant defense (Arner and 

Holmgren, 2000; Nordberg and Arner, 2001). 
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Thioredoxin 

Thioredoxin (Trx) is a small 12 kDa protein that is ubiquitous from Archea to humans. 

It has a well conserved active site with two cysteine residues which form a disulfide 

bond that is reduced to a dithiol via TrxR (Holmgren et al., 1968). TrxR is in fact the 

only known enzyme that can reduce Trx. The major cytosolic form of Trx, Trx1 is the 

most studied form so far. However there is also a Trx2, which is found in the 

mitochondria, as well as some tissue-specific isoforms (Miranda-Vizuete et al., 1999; 

Miranda-Vizuete et al., 1998). 

Trx1 has many biological activities in the cell, such as functioning as an antioxidant, 

directly or through thioredoxin peroxidases, also called peroxiredoxins (Chae et al., 

1994; Spector et al., 1988). One of the earliest functions described for Trx1 is the 

reduction of ribonucleotide reductase (Laurent et al., 1964), which catalyzes the 

conversion of ribonucleotides to deoxyribonucleotides. This is the first step in DNA 

synthesis and is essential for cellular proliferation. In each catalytic cycle of 

ribonucleotide reductase a disulfide is formed in the enzyme, which is reduced back to 

a dithiol by Trx1 (Avval and Holmgren, 2009). Furthermore, Trx1 can regulate the 

DNA binding of a number of transcription factors such as NF-κB, AP-1 and p53 

(Gaiddon et al., 1999; Hirota et al., 1997; Jayaraman et al., 1997). Trx1 has also been 

shown to bind directly to proteins without catalyzing redox reactions. One such 

example is the binding to the apoptosis signal-regulating kinase 1 (ASK1). Reduced 

Trx1 can bind ASK1 and thereby inhibit its MAPKKK activity (Fujisawa et al., 2007). 

 

Thioredoxin reductase 

TrxR is a homodimeric selenocysteine-containing flavoprotein that supports Trx 

reduction using NADPH (Cheng et al., 2009; Gladyshev et al., 1996; Powis and 

Kirkpatrick, 2007). TrxR has many similarities to glutathione reductase (GR), in its 

overall structure and function. However, TrxR has a prolonged C-terminal end, 

containing an additional redox active motif including the selenocysteine residue, which 

is essential for the catalytic activity of TrxR (Arscott et al., 1997; Gasdaska et al., 1995; 

Tanimura et al., 1999; Zhong et al., 1998). TrxR has broad substrate specificity and can 

reduce many other targets in addition to its support of Trx function (Arner and 

Holmgren, 2000). Three different human TrxR genes have been identified, encoding 

the cytosolic TrxR1 (Holmgren and Luthman, 1978), the mitochondrial TrxR2 (Chae et 

al., 1999; Miranda-Vizuete et al., 1998), and the testis- specific thioredoxin glutathione 

reductase TGR (Sun et al., 2001). In addition, several different splice variants have 

been described (Rundlof et al., 2000). 

 

Thioredoxin reductase and cancer 

Overexpression or constitutive activation of TrxR has been reported in human cancers 

as well as in a number of different cancer cell lines and may be associated with 

aggressive tumor growth and poor survival (Arner and Holmgren, 2000; Rundlof and 

Arner, 2004). The upregulation of TrxR confers growth advantage to tumor cells 

probably due to the growth promoting affect of the thioredoxin system via facilitation 

of deoxyribonucleotide generation, but also via protection of cells from the increased 

basal oxidative stress. The elevated ROS levels in tumor cells are thought to be a result 

of oncogenic signaling and malfunctioning of the respiratory chain (Szatrowski and 

Nathan, 1991; Toyokuni et al., 1995). Therefore, a good strategy to kill cancer cells 

might be by tipping this balance through enhancing the production of ROS in tumor 

cells, thus exhausting the antioxidant systems of the cells, or alternatively, inhibiting 



 

14 

antioxidants (Nordberg and Arner, 2001; Ozben, 2007). TrxR is therefore thought to be 

a promising target for cancer therapy (Arner and Holmgren, 2006; Becker et al., 2000; 

Biaglow and Miller, 2005; Nguyen et al., 2006; Urig and Becker, 2006). Several 

studies have demonstrated an inhibition of tumor growth upon downregulation of TrxR 

using siRNA (Yoo et al., 2006). Furthermore, inhibitors of TrxR, such as the gold-

containing compound auranofin, have been shown to induce cell death in cancer cells 

(Kim et al., 2004; Krishnamurthy et al., 2008; Marzano et al., 2007; Simon et al., 

1981).  

 

Inhibitors of thioredoxin reductase 

The accessible and reactive selenocysteine residue makes TrxR a very susceptible 

target for inhibition by different compounds. The gold compound auranofin is one of 

the most effective and selective inhibitors of TrxR (Hill, McCollum et al 1997; Gromer, 

Ascott et al, 1998), and as mentioned above proven to be effective as an anti-neoplastic 

agent. Furthermore, a number of clinically used chemotherapeutic anticancer drugs 

inhibit TrxR, including arsenicals, which are used in leukemia treatment (Lu et al., 

2007), cisplatin, which irreversibly inhibits TrxR (Sasada, Nakamura et al 1999) and 

other alkylating agents, such as nitoureas used in treatment of brain tumors and 

lymphomas, and cyclophosphamide  (Witte et al., 2005, Wang, Zang et al 2007). 

Notably, inhibiting TrxR with electrophilic compounds may induce more severe cell 

death than using siRNA depletion (Cassidy et al.). TrxR1 which is derivatized at the 

selenocysteine residue, or which lacks the selenocysteine, yields a protein which can 

induce rapid and potent cell death in tumor cells, which is a gain-of-function property 

(Anestål et al 2006). These forms of TrxR1 are called SecTRAPS, for selenium 

compromised thioredoxin reductase-derived apoptotic proteins, and demonstrate that 

the effects of inhibiting TrxR are complex (Arner, 2009).  

 

p53 and the thioredoxin system 

There have been a number of reports linking p53 to the thioredoxin system in several 

ways. The first studies performed in yeast reported that the p53 induced growth arrest 

which normally occurs upon expressing human p53 in yeast was significantly 

decreased upon mutation or deletion of the trr1 gene, a gene which bears functional 

overlap with the human TrxR genes (Pearson and Merrill, 1998). These data suggest 

that TrxR function is required for p53 function. 

In contrast, a more intricate network between the two proteins appears to occur in 

human cells. Studies have shown that p53 is directly regulated by the thioredoxin 

system and becomes impaired by depletion of Trx or TrxR, or upon targeting TrxR 

with electrophilic compounds (Cassidy et al., 2006; Moos et al., 2003; Ravi et al., 

2005). In line with these studies, it has been demonstrated that Trx together with Ref-1, 

an activator of p53 (Jayaraman et al., 1997), can induce p53 DNA binding activity in 

vitro and also enhance the p53-dependent expression of its target gene p21 (Ueno et al., 

1999). However, in a study where the effect of endogenous TrxR on p53 in cells was 

explored without using overexpression vectors, it was shown that both TrxR and Ref-1 

are important for the control of basal p53 stability and activity, but not for p53 activity 

upon stress conditions (Seemann and Hainaut, 2005). This correlates well with the 

antioxidant functions of p53 in unstressed cells, which is important to prevent the 

accumulation of DNA damage in response to everyday strains (Sablina et al., 2005). 

Additionally, it is logical to suppose that increased ROS formation due to inhibition of 

TrxR activates p53 and induces its pro-oxidant functions, which involve induction of 

target genes increasing the levels of ROS further, facilitating p53-mediated apoptosis. 
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AIMS OF THE THESIS 

The general aims of this thesis were to identify new p53 reactivating compounds and to   

investigate the mechanisms of action of the p53-reactivating small molecule RITA. 

 

The specific aims were: 

-To identify small molecules that can suppress the growth of human tumor cells in a 

wild type p53-dependent manner (Paper I). 

-To elucidate the molecular mechanism of p53 response upon RITA treatment using 

oligonucleotide microarray analysis and to investigate the mechanisms leading to 

preferential induction of apoptosis by RITA (Paper II). 

-To study the effect of RITA on the p53 regulator HDMX (Paper III). 

-To investigate the impact of TrxR1 inhibition by RITA (Paper IV). 
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RESULTS  

PAPER I  

Tumor-specific induction of apoptosis by a p53-reactivating compound. 

 

Inactivation of p53 in tumors, by mutation or by overexpression of its negative 

regulators occurs in the majority, if not all tumors. Reconstitution of p53 results in 

regression of already established tumors, as shown in mouse models (Issaeva et al., 

2004; Martins et al., 2006; Ventura et al., 2007; Xue et al., 2007). Therefore, p53 is 

considered as a promising target for cancer therapy. We have earlier identified a low 

molecular weight compound RITA in a cell-based screen for wild-type p53-reactivating 

molecules (Issaeva et al., 2004). In the present study we identified and characterized 

another p53-reactivating compound NSC 162908. Our in-depth analysis revealed that 

NSC 162908, which we named MITA, restored the function of p53 by targeting the 

p53/MDM2 interaction. 

 

The HCT116 cell line harboring wild type p53 and its isogenic derivative, HCT116 

TP53-/-, in which p53 has been knocked out by means of homologous recombination 

(Bunz et al., 1998) were used in a cell-based screen of a chemical library from NCI. We 

identified a compound which suppressed tumor cell growth in a wild-type p53-

dependent manner.   MITA induced apoptosis in a p53-dependent manner in tumor 

cells, but did not affect the growth of normal cells such as human diploid fibroblasts 

(NHDF) or mammary epithelial cells, MCF10A and 184A1. 

Treatment of MITA resulted in p53 accumulation in tumor cells, due to its increased 

half-life. Notably, we did not observe an induction of p53 in NHDF, which correlated 

with the absence of growth suppression and apoptosis. The stabilization of p53 in tumor 

cells was not associated with p53 phosphorylation of Ser15 or phosphorylation of 

H2AX, two typical events triggered by treatment with DNA damaging agents.This 

indicates that induction of p53 by MITA did not involve DNA damage signaling. 

Instead we showed that MITA treatment prevented the binding between p53 and 

MDM2 in vitro and in cells, thus blocking p53 ubiquitination and proteasomal 

degradation. This resulted in accumulation of p53 in cells.   

Furthermore, the transcriptional activation function of p53 was restored in cells upon 

treatment with MITA as evidenced by the induction of p53 responsive lacZ reporter 

gene and by transcriptional activation of endogenous p53 target genes, MDM2, PUMA, 

BAX, and GADD45. Surprisingly, p53 target gene p21 was induced not only in p53-

positive tumor cells, but also in p53-negative cells as well as in NHDF. Small 

molecules such as MITA are bound to have more than one target in cells which could 

account for the p53-independent p21 induction. It is indeed known that p21 is regulated 

by several other transcription factors such as E2F1 (Hiyama et al., 1998), p73 

(Goldschneider et al., 2004), AP2 (Zeng et al., 1997), BRCA1 (Somasundaram et al., 

1997), and STAT1 (Chin et al., 1996). The increase of p21 could explain the weak G2-

arrest observed in HCT116 TP53-/- cells. However, the long-term growth suppression 

assay suggests that the arrest was transient and did not affect the survival of p53-null 

cells. 

 

In summary, we described a tumor-specific p53-reactivating molecule which might 

serve as a lead compound for novel non-genotoxic anti-cancer drugs.  
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Conclusions from paper I 

-MITA induces apoptosis in tumor cells in a wild-type p53-dependent manner. 

-Treatment with MITA prevented the interaction between p53 and MDM2 in vitro and 

in cells 

-The p53 protein was stabilized and activated upon treatment with MITA, leading to 

the transcription of p53 target genes such as MDM2, PUMA, BAX, and GADD45. 

 

 

PAPER II  

MDM2-dependent downregulation of p21 and hnRNP K provides a switch 

between apoptosis and growth arrest induced by pharmacologically 

activated p53. 

 

We have previously described the wild-type p53-reactivating compound RITA (Issaeva 

et al., 2004). RITA targets p53 directly, inhibiting its binding to MDM2 and other 

negative regulators, resulting in p53 activation and induction of apoptosis in tumor cells 

and in human tumor xenografts (Issaeva et al., 2004; Zawacka-Pankau et al., 

manuscript in preparation).  

 

To explore the molecular mechanism of action of RITA in more detail we conducted 

oligonucleotide microarray analysis using the HCT116 cell line and its p53-null 

derivative, HCT116 TP53-/-. We hybridized cDNA prepared from parental and p53-

null HCT116 cells untreated or treated with 1 M RITA for 12 hours to Affymetrix 

hgu133a chips containing ~22,000 probe sets corresponding to ~15,000 known human 

genes. Using a false discovery rate of 5% and the Significance Analysis of Microarrays 

(SAM) procedure (Tusher et al., 2001) to assess the statistical significance of 

differential expression of individual genes, on a two-sample t-statistic, we identified 

800 differentially regulated genes in the HCT116 cells treated with RITA compared to 

untreated samples (the 0.8k list). The same procedure on the HCT116 TP53-/- samples 

yielded zero differentially regulated genes, revealing that the activity of RITA was 

completely specific to the wild type p53-expressing cell line with negligible effect on 

the p53-null cell line. The results from the microarray analysis of differentially 

regulated genes were confirmed by quantitative real-time PCR (qPCR), which showed 

induction of FAS, PMAIP1 (Noxa), BBC3 (PUMA), and GADD45 in HCT116 cells, 

but not in HCT116 TP53-/-.  

To further investigate the nature of the responses to RITA, we analyzed differential 

expression at the level of pathways, applying a procedure based on (Tian et al., 2005). 

The highest up-regulated pathway was that of p53 pro-apoptotic targets, followed by 

pathways related to apoptosis and DNA damage signaling. By inhibiting Fas or PUMA, 

we examined the functional significance of individual target genes representing the 

extrinsic and intrinsic apoptotic pathways, and concluded that both pathways were 

involved in apoptosis induced by RITA. 

Notably, other p53-activating stimuli, 5-fluorouracil (5-FU), hydrogen peroxide (H2O2), 

nitric oxide (NO), hypoxia, and hydroxyurea (HU) did not produce the same pattern of 

gene expression as RITA treatment did. Instead, induction of cell-cycle arrest genes 

was more profound for most treatments, except for 5-FU. In line with above results, 

assessment of RITA induction of apoptosis and/or growth arrest in p53 wild-type 

expressing cell lines of different origin, A549, A498, HCT116 and U2OS revealed a 

predominant apoptotic response. In contrast, the p53 activator nutlin3a predominantly 
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induced growth arrest in these cell lines. Comparison of p53 target genes induced by 

nutlin3a (Tovar et al., 2006) and RITA further demonstrated that nutlin3a induced a 

greater fraction of p53 target genes involved in cell-cycle control, compared to RITA. 

Considering that these two molecules both prevent p53/MDM2 interaction, we further 

investigated the mechanisms for preferential induction of pro-apoptotic genes by RITA. 

We reasoned that MDM2 released from p53 by RITA could target other proteins. Upon 

further investigation we found that the p53 transcriptional cofactor hnRNP K (Moumen 

et al., 2005) was degraded in a MDM2-dependent manner upon RITA treatment, but 

not by nutlin3a treatment. The major known target for hnRNP K as a p53 

transcriptional cofactor is the CDKN1A gene encoding p21 (Moumen et al., 2005). 

Furthermore, p21 has been demonstrated to be a negative regulator of apoptosis 

(Baptiste-Okoh et al., 2008; Steinman and Johnson, 2000; Suzuki et al., 1998) RITA 

induced p21 mRNA in a p53-dependent manner as determined by qPCR, microarray 

analysis and Northern blot (Issaeva et al., 2004). However, in comparison to nutlin3a 

and 5-FU treatment, the induction of p21 was deficient after RITA. We showed that the 

inefficient transcriptional induction of p21 was due to the absence of hnRNP K on the 

CDKN1A (p21) promoter.  

In line with these results we found that p21 protein levels were induced after nutlin3a 

treatment, whereas after RITA treatment, the level of p21 was not increased, but rather 

reduced. The absence of efficient transactivation of p21 cannot solely explain the 

strong reduction of the p21 protein which we observed, suggesting the involvement of 

additional level(s) of regulation. Further studies revealed that p21 protein stability was 

compromised due to proteasomal degradation in MDM2-dependent manner. These 

results uncovered downregulation of p21 by RITA on two different levels: transcription 

and protein stability and that MDM2 is a crucial player in both these processes. MDM2 

induced proteasomal degradation of hnRNP K and p21, thus affecting p21 transcription 

and protein turnover.  

 

In summary we propose a model (Fig 4) in which functional MDM2, released from p53 

after treatment with RITA, contributes to the apoptotic response by promoting 

proteasomal degradation of the p53 transcriptional cofactor hnRNP K, which impairs 

p53-mediated induction of transcription of pro-arrest genes, such as p21. In addition, 

the proteasomal degradation of p21 protein is enhanced by MDM2, eliminating p21 

anti-apoptotic function. In turn, transcriptional upregulation of MDM2 induced by p53 

upon RITA treatment amplifies the negative effect of MDM2 on hnRNP K and p21. 

 

 

 

Figure 4. RITA induces dissociation of 

active MDM2 from p53. Released 

MDM2 is free to promote degradation of 

its other targets such as p21 and hnRNP 

K. p53 transactivates expression of 

proapoptotic target genes, but 

transactivation of p21 is deficient because 

of hnRNP K deficiency. p21 protein 

levels are thus kept low by both direct 

degradation by MDM2 and inefficient 

transcriptional induction. Therefore, p21 

can exercise neither its growth-

suppressing activity nor its antiapoptotic 

activity, and the cell undergoes 

programmed cell death. 
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Conclusions from Paper II 

-RITA targets p53 with high specificity as evidenced by microarray analysis of gene 

expression profiles in p53-positive and p53-negative cells. 

-p53 activated by RITA induces mainly pro-apoptotic target genes, which results in 

robust  apoptosis of tumor cells. 

-MDM2 acts as a switch between growth arrest and apoptosis upon p53 activation by 

downregulating p21 on both transcriptional and protein level.  

 

 

PAPER III  

Pharmacologically activated p53 downregulates HDMX gene transcription 

and induces HDMX protein degradation 

 

It has been suggested that in order to get robust p53 activation, not only MDM2 has to 

be displaced from p53, but also HDMX (Toledo and Wahl, 2006; Wang et al., 2007b). 

The p53 activator nutlin3a, which binds MDM2, was shown to have a 30-fold lower 

efficiency in disrupting the p53/HDMX interaction than the p53/MDM2 complex, 

which leads to incomplete activation of p53 in cells with high HDMX levels (Hu et al., 

2007; Patton et al., 2006; Wade et al., 2006; Xue et al., 2007) In contrast to small 

molecules targeting MDM2, the small molecule RITA binds p53 and induces a 

conformational change leading to the prevention of p53 interaction with several 

inhibitors, including MDM2, iASPP and Parc (Issaeva et al., 2004; Zawacka-Pankau et 

al., manuscript in preparation). Furthermore, we have demonstrated that RITA triggers 

apoptosis in a number of human tumor cell lines in which nutlin3a induces growth 

arrest (Enge et al., 2009).  Therefore, we addressed the question whether RITA affects 

the p53/HDMX interaction. 

 

We found that RITA indeed disrupted the p53/HDMX interaction in cells as well as in 

vitro. Furthermore, using kinetic studies we demonstrated that HDMX protein levels 

were decreased upon RITA treatment. The level of the closely related MDM2 protein 

rather oscillated, in line with  previously described  effect upon p53 activation (Lev 

Bar-Or et al., 2000). The downregulation of HDMX protein appeared to be p53-

dependent, in view of the observation that it did not occur in any of the p53-null cell 

lines used, HCT116 TP53-/-, Saos-2 and H1299. This conclusion was further validated 

using the previously described p53 inhibitor pifithrin-  (PFT- ) (Komarov et al., 

1999). Inhibition of p53 by pre-treatment with PFT-  prior to RITA treatment 

abolished the decline of HDMX. Importantly, the p53-dependent HDMX 

downregulation was not confined to cell culture experiments, but was also detected in 

vivo upon RITA treatment of HCT116 tumor xenografts in mice, but was not observed 

upon treatment of HCT116 TP53-/- tumor xenografts. 

We have previously demonstrated that induction of p53 level and activation of p53 

function by RITA requires deregulated oncogenes (Grinkevich et al., 2009; Issaeva et 

al., 2004). Therefore we tested whether the decline of HDMX was dependent on p53 

activation and examined HDMX level upon RITA treatment in non-transformed cells. 

In line with the absence of p53 induction, there were no changes in HDMX levels in the 

non-transformed cell lines tested, including normal human diploid fibroblasts (NHDF) 

and mammary epithelial cells, MCF10A and 184A1.   
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Unlike MDM2 and p53, HDMX is a stable protein with a long half-life which, 

however, was destabilized upon treatment with RITA. We demonstrated that 

proteasomal degradation of HDMX was triggered by RITA. It is well known that DNA 

damage signaling induces ubiquitination and degradation of HDMX (Chen et al., 

2005b; Pereg et al., 2005). We show that inhibition of ATM partially prevented the 

degradation of HDMX, indicating that signaling via ATM contributed to the decrease 

in HDMX levels. This is in line with recently discovered induction of p53-dependent 

DNA damage signaling by RITA (Nikulenkov et al., manuscript in preparation; Yang 

et al., 2009). The mRNA levels of HDMX also declined in p53-positive cells upon 

treatment with RITA, strongly suggesting that transcriptional repression of HDMX 

induced by RITA is p53-dependent.    

Upon examining a panel of 10 human tumor cell lines of different origin, we observed 

a decline of HDMX in all, except two lines, the osteosarcoma cell line SJSA and the 

colon carcinoma cell line RKO. Furthermore, these two cell lines were the only ones 

which did not undergo apoptosis upon RITA treatment, suggesting a correlation 

between downregulation of HDMX levels and the induction of apoptosis by RITA.   

In line with the notion that HDMX is an important p53 inhibitor and its downregulation 

is essential for the induction of apoptosis by p53, siRNA-mediated depletion of HDMX 

synergized with RITA in apoptosis induction in tumor cells. However, overexpression 

of HDMX did not confer protection from RITA induced apoptosis, probably due to 

enhanced degradation of ectopically expressed HDMX induced by RITA.   

 

In summary, we demonstrate that inhibition of p53 by HDMX is relieved by the small 

molecule RITA on three different levels, resulting in robust p53 activation. 

 

Conclusions from paper III 

-RITA can inhibit the interaction between p53 and HDMX. 

-RITA induces downregulation of HDMX protein level in a p53-dependent manner. 

-The mRNA level of HDMX decline upon treatment with RITA in a p53-depedent 

manner. 

-Downregulation of HDMX correlates with RITA-induced apoptosis. 

 

 

PAPER IV  

p53-dependent inhibition of TrxR1 contributes to the tumor-specific 

induction of apoptosis by RITA 

 

The selenoprotein thioredoxin reductase 1 (TrxR1) is a key regulator of major redox- 

dependent cellular pathways which is often overexpressed in cancer. Several studies 

have identified TrxR1 as a potentially important target for anticancer therapy (Arner 

and Holmgren, 2006; Becker et al., 2000; Biaglow and Miller, 2005; Nguyen et al., 

2006; Urig and Becker, 2006).  

 

Based upon the known functional links between p53 and TrxR1, we explored whether 

RITA could target TrxR1 directly. We found that the activity of pure recombinant 

TrxR1 was indeed inhibited by RITA, and that RITA could bind specifically to TrxR1 

in a non-covalent manner. Cellular TrxR activity was thereafter measured in HCT116 

and HCT116 TP53-/- cells. RITA treatment inhibited TrxR activity in both cell lines, 

but to a greater extent in p53-positive cells, implying a role of p53 in RITA-mediated 

TrxR inhibition. Further, the activity of TrxR was not affected in NHDF, which 
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correlated with the absence of p53 activation and growth suppression by RITA in 

normal cells (Grinkevich et al., 2009; Issaeva et al., 2004). These results suggest that 

RITA directly inhibits TrxR1 activity in vitro whereas in cells the inhibition of TrxR 

correlates with activation of p53 by RITA. In contrast, the gold-based TrxR inhibitor 

auranofin strongly inhibited TrxR activity in all cell types. 

We speculated that the ability of p53 to induce pro-oxidant genes might potentially 

enhance the inhibitory effect of TrxR by induction of ROS. Analysis of changes in gene 

expression induced by RITA in p53-positive and p53-negative HCT116 cells revealed a 

p53-dependent induction of p53 pro-oxidant target genes BAX, BBC3 (PUMA) (Enge et 

al., 2009), TP53I3 (PIG3) and FDXR. In addition, two genes with pro-oxidant activity, 

which were not previously shown to be p53 targets, NOX1 and SHC1, were found to be 

induced. It is thus possible that one or all of these genes might synergize with the 

inhibition of TrxR thus leading to a potent apoptosis induction. 

Unexpectedly, we observed an accumulation of a ~130kDa band detected by the anti-

TrxR1 antibody in HCT116 cells treated with RITA but not in the p53-null cells. Nor 

was this new form induced by auranofin, demonstrating a correlation between TrxR 

inhibition by RITA and accumulation of the ~130kDa band of TrxR1. Depletion of 

TrxR1 by means of siRNA prevented the formation of the band by RITA in HCT116 

cells, strongly suggesting that this band represented a new RITA-induced form of 

TrxR1. Prevention of protein expression by cycloheximide did not block the formation 

of the ~130kDa band, indicating that this form did not represent the expression of a 

new splice variant, but instead indicated a p53-dependent formation of covalently 

linked TrxR1 dimers. Interestingly, such TrxR1 dimer formation was not observed in 

NHDF treated with RITA, which correlated with the absence of p53 activation and 

inhibition of TrxR1 activity. Furthermore, ectopic expression of p53 in HCT116 TP53-

/- cells also triggered the induction of the TrxR1 dimer, supporting the notion of p53-

dependent modification of TrxR1 leading to the formation of the ~130 kDa form. 

Taken together, our data suggest a p53-dependent formation of covalently linked 

TrxR1 dimer upon RITA treatment. 

Since TrxR1 is one of the major enzymes controlling the levels of ROS in cells we 

investigated the intracellular ROS levels upon treatment with RITA. ROS levels were 

induced in a p53-dependent manner in HCT116 cells upon RITA treatment. In contrast, 

auranofin treatment led to ROS induction in both p53-positive and p53-negative cell 

lines, in line with the auranofin-mediated TrxR inhibition. Notably, RITA did not 

increase ROS levels in NHDF. To further examine whether the induction of ROS by 

auranofin or RITA correlates with growth suppression, cells were placed at low oxygen 

levels (5% O2) to reduce the formation of ROS. We observed a partial rescue of 

HCT116 cells from growth suppression by both RITA and auranofin at low oxygen 

conditions, suggesting that the increased ROS levels do contribute to growth 

suppression. 

 

Thus, in this study we identified a new cellular target of the small molecule RITA, 

namely TrxR1. We demonstrated that RITA binds purified TrxR1 protein directly and 

inhibits its activity in vitro and in cells. Notably, the inhibition of TrxR by RITA in 

cells appeared to be p53-depedent and correlated with the induction of a covalently 

linked TrxR1 dimer, a phenomenon that has not been described previously. These 

effects of RITA also correlated with increased levels of ROS. Our results suggest that 

inhibition of TrxR1 in a tumor-dependent and p53-dependent manner might contribute 

to the tumor-specific cell killing properties of RITA. 

 

 

 



 

22 

Conclusions from paper IV 

-RITA can inhibit the activity of TrxR in vitro and in cells. 

-RITA can bind TrxR1 directly in a non-covalent manner. 

-RITA induces the formation of a covalently linked TrxR1 dimer in a p53-dependent 

manner. 

-RITA increases the intracellular ROS levels in tumor cells in a p53-depedent manner. 
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DISCUSSION AND FUTURE PERSPECTIVE  

This thesis includes studies concerning identification of a new molecule targeting p53, 

MITA, as well as the mechanisms of action of the previously described p53 activating 

compound RITA (Grinkevich et al., 2009; Issaeva et al., 2004).  

Both RITA and MITA were discovered using cell-based screening assays. The cellular 

system used was the HC116 cell line and its p53-null isogenic derivative HCT116 

TP53-/-. This strategy allows the identification of compounds that can rescue p53 

function in cells irrespective of the molecular mechanism. The advantage of this 

approach is that compounds which are toxic in an unspecific manner will not be scored. 

Additionally, our screening procedure allows the identification of p53 activators 

irrespective of their mechanism of action (Bykov et al., 2002; Issaeva et al., 2004). 

Biochemical screening is another generally used approach to find potential drugs. The 

discovery of the p53 activating molecules nutlins is one example of where this method 

was applied (Vassilev et al., 2004). Nutlins were discovered by their ability to bind the 

p53-binding pocket of MDM2, and were later found to inhibit the p53/MDM2 

interaction and consequently activating p53 in cells. The weakest point of rational 

designed drugs is that due to our limited knowledge of the cellular networks it is 

difficult to predict how a certain drug will affect other proteins in the cells. In addition, 

drugs identified in vitro might not be able to act on target proteins in a cellular context, 

which might lead to unexpected and perhaps undesirable effects or, alternatively, 

insufficient effects. This is illustrated by nutlin3a, which although proven to be efficient 

in inducing cell cycle arrest and to a lesser extent apoptosis in tumor cell lines, and in 

vivo models, is ineffective in binding to HDMX, which is closely related to MDM2, 

resulting in a compromised p53 activation in many cells (Hu et al., 2007; Patton et al., 

2006; Wade et al., 2006; Xue et al., 2007). 

Although the pros and cons of these two approaches could be discussed further, we 

believe, that the most advantageous part of cell-based or phenotypic screening is that 

the exact molecular mechanism is not pre-defined by the screening assay. The 

molecules are not limited to interfering with a known member of the p53 pathway and 

may thus involve yet unknown mechanisms of protein regulation, which later can be 

revealed. This is exemplified by recent work from our lab in elucidating the 

mechanisms involved in RITA-induced apoptosis. A study by Grinkevich et al. 

demonstrates that there is a potent inhibition of crucial oncogenes by p53 upon RITA 

treatment. Activated p53 relieves transcriptional repression of the anti-apoptotic 

proteins Mcl-1, Bcl-2, MAP4 and survivin, blocks Akt pathway on several levels and 

downregulates the oncogenes c-Myc, cyclin E and -catenin (Grinkevich et al., 2009). 

Furthermore, in paper II we performed a transcriptome-wide oligonucleotide 

microarray experiment. The analysis revealed that the activity of RITA was completely 

specific to the wild type p53-expressing cell line with negligible effect on the gene 

expression in the p53-null cell line. Further investigation demonstrated that the 

biological response to RITA, in a number of tumor cell lines was mainly apoptotic, in 

contrast to nutlin3a, which predominantly induced growth arrest. Upon elucidating the 

differences between the mechanisms of action between these two compounds we found 

that RITA induces MDM2-dependent downregulation of p21 on both transcriptional 

and protein level. Thus, upon pharmacological activation of p53, MDM2 can play an 

important role in the switch between growth arrest and apoptosis by regulating p21. We 

speculate that the binding of nutlin3a to MDM2 might prevent its interaction with other 

substrates, such as hnRNP K and p21. However, additional studies are necessary to 

investigate this hypothesis. 
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Moreover, in paper III we show that RITA targets the p53 regulator HDMX on three 

different levels: by disrupting the p53/HDMX interaction, by reducing HDMX protein 

levels and by downregulating its mRNA levels. The targeting of both MDM2 and 

HDMX is thought to be necessary for full p53 activation, therefore this demonstrates 

another possible reason for the preferred induction of apoptosis by RITA compared to 

nutlin3a. In contrast to nutlins, RITA binds p53 (Issaeva et al., 2004; Zawacka-Pankau 

et al., manuscript in preparation), which might explain its effect on both p53/MDM2 

and p53/HDMX complexes. Although the p53-binding pockets of MDM2 and HDMX 

are similar, that of HDMX is smaller due to the protruding side chains of two residues 

which are absent in MDM2 (Popowicz et al., 2008). Most likely, this is the major 

reason why MDM2 inhibitors such as nutlin3a (Vassilev et al., 2004) have different 

affinities for MDM2 and HDMX (Hu et al., 2007; Patton et al., 2006; Wade et al., 

2006; Xue et al., 2007). 

In conclusion, we show that RITA appears to affect many different targets in cells, but 

in a p53-dependent manner. This is of interest as a number of the modern targeted 

therapies have led to the development of drug resistance due to secondary mutations 

which greatly limits the ability of these drugs to significantly prolong patient survival 

(Fojo, 2008; Traxler, 2003). Therefore, a new concept has emerged favoring the idea 

that multi-targeting therapy might be more rational to efficiently eliminate tumor cells, 

and also to limit the emergence of drug resistance. In paper IV we identified an 

additional target of RITA, namely TrxR1. TrxR1 is often overexpressed in cancer and 

has been identified as a potential target for anticancer therapy. The upregulation of 

TrxR1 in tumor cells is presumably associated with elevated ROS levels due to 

oncogene activation and malfunctioning of the respiratory chain (Szatrowski and 

Nathan, 1991; Toyokuni et al., 1995). In order to retain the redox balance, cancer cells 

are dependent on several antioxidant systems, such as the thioredoxin system and, 

hence, they should be more sensitive to its inhibition (Hintze et al., 2003; Sakurai et al., 

2005). Therefore, a good strategy to kill cancer cells might be by tipping this balance 

through enhancing the production of ROS in tumor cells thus exhausting the 

antioxidant systems of the cells, or alternatively, inhibiting antioxidants (Nordberg and 

Arner, 2001; Ozben, 2007). RITA was demonstrated to target TrxR1 and induce both 

pro-oxidant genes and ROS in a p53- and tumor-dependent manner. Furthermore, a 

presumed covalently linked dimer of TrxR1 was induced in a p53-dependent manner 

upon RITA treatment. We speculate that this dimerized form is inactive, however 

further studies are necessary to elucidate how this dimer arises upon RITA treatment 

and the consequences of its formation. The unexpected and unique p53-dependent 

effects of RITA on TrxR1 in cancer cells might be an important part of the p53-

dependent induction of oxidative stress and apoptosis triggered by RITA, thus leading 

to a robust induction of cancer cell death. Future studies will help to elucidate these 

mechanisms further.  

Concerning the identified p53 reactivating compound MITA in paper I, future studies 

will be focused on optimization of MITA. Since it was toxic upon application in mice, 

generation of non-toxic analogs using medicinal chemistry approach is required. In 

addition, it will be important to elucidate the mechanisms of MITA action. Our results 

so far demonstrate that MITA appears to have a distinct mechanism of action compared 

to RITA, possibly targeting MDM2 rather than p53.  

Finally, we believe that compounds such as RITA and MITA may not only be used as 

lead compounds for anti-cancer therapy, but may also be useful tools for the study of 

p53 functional activity. Further work aimed at detailed characterization of molecular 

events upon p53 activation might help to guide rational development of more efficient 

and less toxic drugs. 
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