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ABSTRACT 

The p53 tumor suppressor plays an important role in cell fate decisions upon diverse 
stress conditions. In response to stress, p53 functions as a transcription factor, 
activating transcription of a variety of its target genes responsible for several cellular 
responses, most importantly cell cycle arrest and apoptosis. The p53 gene is one of the 
most frequently mutated genes in cancer. Dysfunction of the p53 protein due to gene 
mutations has been observed in ca 50% of all known human cancers. In the other half 
of human tumors, p53 is not functional due to extensive degradation by MDM2 or 
HPVE6/E6AP. Inactivation of p53 is essential for tumor survival, therefore the strategy 
aimed at restoring its functions is a promising approach for cancer treatment.   
 
Previously identified small molecule RITA has been shown to rescue p53 functions in 
tumor cells where it protects p53 from MDM2-mediated degradation. RITA reactivates 
p53 and triggers apoptosis in tumor cells while it does not affect normal cells.  
 
Here, we address the questions whether RITA can rescue p53 function upon its 
inactivation in HPV-E6 and point mutations in the p53 gene.  
 
Cervical cancer is one of the most common cancer types in women worldwide. It is 
causally linked to infection by the human papilloma virus whose E6 oncoprotein 
hijacks a cellular E3 ligase, E6AP (E6-associated protein), and targets p53 for 
degradation. Here, we show that RITA can reduce the interaction between p53 and 
E6AP, thereby reactivating p53 in cervical carcinoma cells. RITA rescued p53’s 
transcriptional functions and induced apoptosis in a p53-dependent manner. 
Importantly, RITA suppressed growth of cervical carcinoma xenografts in vivo.    
 
We found that small molecule RITA rescued the function of various p53 mutants in 
tumor cell lines of different origin.  RITA triggered p53-dependent growth suppression 
in cells that harbor mutant p53 and induced apoptosis. Similar to its effects in wild-type 
p53 expressing cells, RITA restored mutant p53’s transcriptional activity. Thus, RITA 
can rescue the function of both wild-type and mutant p53.  
 
Notably, we found that 53BP1, an important mediator of DNA damage response, plays 
a critical role in the tumor-specific effects of RITA. Furthermore, we found that 53BP1 
interacts with and stabilizes both wild-type and mutant p53 in tumor cells. 53BP1 
regulates p53 stability upon DNA damage or oncogenic stress but not in untransformed 
cells. This suggests that 53BP1 confers tumor-selective p53 stabilization. However, 
depending on the p53 status, 53BP1 might function as an tumor suppressor in cells with 
wild-type p53, or as an oncogene when it stabilizes mutant p53.  
 
In conclusion, our findings show that RITA has specificity towards tumor cells 
expressing wild-type or mutant p53, and can serve as a lead compound for future 
development of target-specific anti-cancer drugs.  
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INTRODUCTION 

1.1 CANCER 

Development of cancer is a multistep process that involves accumulation of genetic 
mutations during tumor development (Fearon and Vogelstein, 1990). Cancer results 
from many different combinations of mutations and chromosomal alterations leading to 
the dysfunction of multiple cellular pathways. Hanahan and Weinberg described the 
hallmarks of cancer as the evasion of apoptosis, self-sufficiency in growth signals, 
insensitivity to anti-growth signals, sustained angiogenesis, limitless replicative 
potential and, finally, tissue invasion and metastasis (Hanahan and Weinberg, 2000). In 
other words, a single mutation is not enough to transform a normal cell into a malignant 
cancer cell. Apart from the genetic changes that contribute to cancer, epigenetic 
alterations such as DNA methylation and histone modifications also play important role 
in cancer development.  
 
For self-sufficiency in growth signals, tumor cells acquire mutations that activate 
oncogenes such as Ras; inactivate tumor suppressors such as p16, resulting in 
irresponsiveness to anti-growth signals. The production of survival factors such as IGF 
and the loss of tumor suppressors such as p53 give a cell the ability to evade apoptosis. 
Constitutive activation of telomerase provides limitless replicative potential. A tumor 
cell produces inducers of vessel growth to sustain angiogenesis in order to supply the 
tumor with blood vessels (Hanahan and Weinberg, 2000).  
 
1.2 P53 

When p53 was discovered as a protein that interacted with the SV40 virus large T 
antigen, it was believed to be an oncoprotein (Lane and Crawford, 1979, Linzer and 
Levine, 1979). However, it later proved to be a tumor suppressor. This was revealed 
with the discovery that Li-Fraumeni patients with germ line mutations in the p53 gene 
have early onset of tumorigenesis (Malkin et al., 1990) and that wild-type p53 mediates 
cell cycle arrest (Kastan et al., 1991). Also, p53-null mice were seen to develop 
spontaneous tumors (Donehower et al., 1992). p53 is a key player in the prevention of 
tumor development through its function as a transcriptional factor that  responds to 
different stress signals and in turn regulate a number of target genes that trigger cell 
cycle arrest and apoptosis. In recent years, p53 has also been shown to be involved in 
various physiological processes including cell metabolism and mitochondrial 
respiration, reviewed by G. Evan (Junttila and Evan, 2009). For triggering growth 
suppression in response to DNA damage, p53 is described as the “guardian of the 
genome” (Lane, 1992).  
 
The p53 gene, located at chromosome 17q13 (http://www-p53.iarc.fr) is the most 
frequently mutated gene in human cancer (Soussi and Wiman, 2007). Half of all known 
human tumors have mutations in the p53 gene, leading to an inactivated protein 
(Olivier et al., 2002). Mutations in the p53 gene results in functionally defective mutant 
p53 proteins which lose their ability to search for specific DNA sequences and activate 
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or repress target genes (Brosh and Rotter, 2009). In the other half of human tumors 
where the p53 gene is wild-type, the protein is inactivated mainly due to excessive 
degradation by its negative regulator MDM2 (Mouse Double Minute).  
 
The p53 protein exists predominantly as a tetramer composed of four monomers 
connected via their N- and C-termini(Friedman et al., 1993, Wang et al., 1995, 
Okorokov et al., 2006). p53 is composed of 393 amino acid residues divided into five 
domains (Figure 1): The trancription activation domain, the proline-rich domain, the 
core domain (DNA-binding domain), the oligomerization domain and the regulatory 
domain(Joerger and Fersht, 2008).  
 
p53 functions as a transcription factor which specifically binds to its consensus binding 
site in the promoters of its target genes (el-Deiry et al., 1992). The core domain, i.e. 
DNA binding domain, is responsible for this specific binding to DNA. The 
conformation of wild-type p53’s DNA-binding domain is highly flexible, providing the 
protein with an intrinsically flexible structure. Most mutations in p53 occur in the core 
domain and further “destabilize” this flexibility, thus impairing the protein’s ability to 
bind specific DNA sequences. Studies have suggested that mutant conformations are 
reversible(Selivanova and Wiman, 2007).  
 

 
 
Figure 1. Schematic view of the five domains of p53.  
 
 
 
1.3 REGULATION OF P53 

Due to p53’s ability to trigger cell death, its activities must be tightly governed. The 
level of the p53 protein is regulated by autoregulatory feedback loops and is usually 
kept low in normal, unstressed cells mainly by p53 destructor MDM2. This ensures that 
p53 can trigger apoptosis only upon stress conditions. The importance of the balance 
between p53 and MDM2 has been shown using mouse models: deletion of MDM2 in 
mice caused embryonal lethality, which was rescued by p53 deletion. In contrast, p53-
null mice developed spontaneous tumors (Montes de Oca Luna et al., 1995, Jones et al., 
1995). These experiments showed that MDM2 and p53 must both be functional and 
balance one another.  
 
In normal cells, MDM2 functions as the main p53 antagonist. It tags p53 with ubiquitin 
to be recognized and degraded by the ubiquitin-proteasome system. Other ubiquitin 
ligases such as recently identified Cop1 (Dornan et al., 2004), Pirh2 (Leng et al., 2003), 
ARF-BP1(Chen et al., 2005) (Alternative reading frame-binding protein) also 
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contribute to the regulation of p53. Several viral oncoproteins also inactivate p53, e.g. 
HPV-E6, SV40 large T antigen and adenovirus 5 E1B protein, reviewed by (Scheffner 
et al., 1993).  
 
In response to stress stimuli such as DNA damage, hypoxia, UV, IR and oncogene 
activation, p53 is activated due to posttranslational modifications. These modifications 
include phosphorylation, acetylation, glycosylation, ribosylation, ubiquitination and 
sumoylation at various residues (Appella and Anderson, 2001). Activated p53 
accumulates and is able to carry out its duties as a transcriptional regulator. 
  
Damage to the DNA can be caused by various factors including chemical carcinogens, 
ionizing irradiation, UV and chemotherapeutic drugs. DNA double strand breaks 
(DSB) are an extremely dangerous form of DNA damage that can bring serious 
consequences to the cell if not repaired before the cell progress to replicate its DNA 
(O'Driscoll and Jeggo, 2006, Kastan and Bartek, 2004). To repair the damage, the cell 
uses a signal transduction cascade known as the DNA-damage response (DDR) that 
involves signaling through sensors, mediators, transducers and effectors (Kastan and 
Bartek, 2004). DDR can be induced by oncogene activation, which signals to p53 and 
thereby serves as a barrier for tumor development (Bartkova et al., 2005).  
 
As response to DNA damage, repair machinery proteins ATM and ATR phosphorylate 
p53 on serine 15(Canman et al., 1998, Tibbetts et al., 1999). Their downstream targets 
Chk2 and Chk1 respectively, phosphorylate p53 on serine 20. These phosphorylations 
of p53 protect it from interacting with MDM2, thus preventing p53 ubiquitination and 
degradation. Also, MDM2 is phosphorylated by ATM and ATR, thereby inhibiting its 
binding to p53 (Meek and Hupp) .  
 
The activation of the DNA damage response pathway is recognized by intracellular re-
localization of 53BP1 (p53 binding protein) from a diffused pattern into distinct nuclear 
foci, where it co-localizes with phosphorylated γH2AX. 53BP1 is a substrate of ATM 
and plays an important role in maintaining genomic stability(Morales et al., 2003, 
Gorgoulis et al., 2005). Upon DNA damage, 53BP1 is recruited to sites that flank DNA 
DSBs where it plays a role in ATM activation. These steps are classified as the early 
response to DNA damage and upstream of ATM and thus upstream of the p53 response 
pathway (Gorgoulis et al., 2005, Halazonetis et al., 2008, Bartkova et al., 2005, Schultz 
et al., 2000).  
 
53BP1 has been described to be involved in the stimulation of p53’s transcriptional 
function. Decreased levels of 53BP1 protein have been discovered in several types of 
human cancers such as breast and lung carcinoma, as well as melanoma (Gorgoulis et 
al., 2005), suggesting that it may play a role in tumor suppression. 
 
The function of p53 in DNA damage response relies on its activation by DNA damage 
kinases such as ATM, ATR, Chk1 and Chk2. Depending on the extent of DNA 
damage, activated p53 then triggers different biological responses through its target 
genes, eventually leading to cell cycle arrest or cell death. Cell cycle arrest is likely to 
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be induced at the early phases of DNA damage to repair the damaged DNA, but when 
excessive damage is accumulated, p53 directs the cell toward apoptosis (Helton and 
Chen, 2007). 
 
 
1.4 THE FUNCTIONS OF P53 

When activated, p53 acts as a transcriptional regulator of many genes involved in cell 
cycle arrest, apoptosis and senescence, preventing the cell that carry damaged genetic 
information from proliferation. p53 regulates its target genes by binding to the 
promoters of its target genes through a specific consensus(el-Deiry et al., 1992), 
thereby inducing activation or repression of gene transcription. These target genes 
encode pro-apoptotic factors such as PUMA, Noxa and Bax; pro-survival factors MCL-
1, c-MYC, and IGF-1R, or cell cycle regulators such as p21 (Nakano and Vousden, 
2001, Oda et al., 2000, Miyashita et al., 1994, Adams and Cory, 2007, Maddika et al., 
2007). The decision made by p53 for the target genes to be activated or repressed in the 
given cell depends to a great extent on the presence of its cofactors (Rinaldo et al., 
2007, Moumen et al., 2005). Thus, the presence and levels of these factors contribute to 
the outcome of p53-mediated tumor suppression effects. Beside these transcriptionally 
mediated controls, p53 also play a role in transcription-independent apoptosis, where it 
directly localizes to the mitochondria and trigger apoptosis (Vaseva and Moll, 2009). 
 
When p53 function fails, the damaged cell can proliferate uncontrollably, which may 
eventually result in tumorigenesis. Many tumors, especially sarcomas, have 
amplifications in the MDM2 leading to overexpression of MDM2, resulting in 
extensive degradation of p53 (Momand and Zambetti, 1997). Deregulation of MDM2 
by other means, e.g. due to mutations or deletions in p14ARF, also lead to extensive 
degradation of p53. ARF normally stabilizes p53 by preventing its degradation by 
MDM2 (Momand and Zambetti, 1997), but this stabilization is reduced by loss of 
p14ARF in tumors (Zhang et al., 1998, Zhang and Xiong, 1999). 
 
 
1.4.1 Cell cycle arrest 

As a transcription factor, p53 regulate the expression of its target genes, e.g. p21 and 
GADD45 (el-Deiry et al., 1993, Kastan et al., 1992), which promote cell cycle arrest. 
p53’s involvement in the G2/M transition is also marked by its inhibition of CDC2, 
(reviewed by (Taylor and Stark, 2001), required for entry into mitosis. CDC2, along 
with GADD45 and p21, are p53 targets that play central roles in this transition. At the 
G2/M transition for entry into mitosis, a complex formation is required between 
CDC25C and Cyclin B with CDC2. p53 can directly regulate the levels of CDC2 and 
cyclin B1 by repressing the expression of these genes (Taylor and Stark, 2001). 
GADD45’s contribution to the G2/M transition is believed to be due to its ability to 
dissociate the cyclinB/CDC2 complex. Interestingly, GADD45 does not efficiently 
inhibit CDK2/CyclinE complex, which may explain why it does not cause G1/S arrest 
(Zhan et al., 1999). 
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1.4.2 Apoptosis 

In cells where the damage is too severe to be repaired, p53 induces apoptosis. 
Apoptosis can occur via two major pathways: the extrinsic pathway and the intrinsic 
pathway. The intrinsic pathway is triggered by cellular stress such as DNA damage or 
hypoxia, and engage Bcl-2 family proteins acting at the level of mitochondria. The 
extrinsic apoptosis pathway is induced by the interaction of death ligands and death 
ligand receptors on the cell surface, followed by signals to the mitochondrial which 
results in cytochrome C release and caspase activation(Chipuk and Green, 2006). 
 
p53 transcriptionally regulates the expression of proteins involved in apoptosis, e.g. 
Puma, Bax and Noxa. P53 can also repress the expression of pro-proliferaive factor c-
Myc, pro-survival factors Bcl-2, BIRC5 (Survivin) and MCL-1 (Adams and Cory, 
2007). Studies have shown that p53 also has transcription-independent functions in 
apoptosis, where it translocates to the mitochondria and directly induces Bax 
oligomerization, resulting in cytochrome C release (Mihara et al., 2003, Erster et al., 
2004). 
 

 
  
 
 
Figure 2. p53 activated by stress signals act as a transcriptional factor and promotes 
cell cycle arrest, senescence or apoptosis through its target genes.  
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1.5 HUMAN PAPILLOMA VIRUS AND CERVICAL CANCER 

Cervical cancer is a most common cancer type in women worldwide and is causally 
linked to the Human Papilloma Virus (HPV). High risk HPV genomes are found in 
more than 95% of cervical cancer biopsies (zur Hausen, 2009, Beaudenon and 
Huibregtse, 2008). Regular screenings in developed countries during recent years have 
dramatically decreased deaths caused by cervical cancer.   
 
Infection by HPV alone is not enough to induce cervical cancer. Most HPV infections 
regress spontaneously without generating pathological conditions. Development from 
normal cells into cervical cancer requires persistent infections and develops over a 
period of several decades (zur Hausen, 2002). Persistent viral infection leads to the 
development of low-grade cervical intraepithelial neoplasia (LCIN), which 
occasionally develops into severe dysplasia and further progress to high grade CIN. 
Only if high grade CIN evolves into invasive cervical carcinoma and invade the basal 
layer of epithelia, will it lead to a metastatic disease. Not all cases of cervical cancer is 
caused by HPV. However, HPV DNA is found in the majority of HCIN cases 
(Tommasino et al., 2003). In the cases of HPV-negative cervical cancer, p53 is often 
mutated (Olivier et al., 2002, Tommasino et al., 2003). 
 
More than 100 types of HPV have been defined so far, among them ca 40 infects the 
genital mucosa(de Villiers et al., 2004). HPV types are divided into low risk and high 
risk, depending on their efficiency to immortalize primary human keratinocytes(Durst 
et al., 1987) and their potential to cause cancer(zur Hausen, 2009, Kaur and 
McDougall, 1988, Pirisi et al., 1987). While low-risk HPV such as 6 and 11 cause 
benign warts, high-risk HPV types can cause cancer, with HPV16 and 18 as the most 
common types (zur Hausen, 2009). HPV16 accounts for ca 50% of all cervical cancers, 
and HPV18 for another 20%. In total, there are at least 15 types of HPV that causes 
cervical cancer(Roden and Wu, 2006). As mentioned earlier, the majority of HPV 
infections are subclinical and only a minor fraction of the high-risk infections lead to 
neoplasia.  
 
Most HPV infections heal naturally, presumably by the immune system. Also, regular 
screenings through pap smears and surgical removal of pre-cancerous tissues have 
contributed to reduce morality caused by cervical cancer. However, screenings mostly 
benefit the economically privileged populations in developed countries; among the left 
out population from screening programs due to various reasons i.e. religion, 
economical resources and rural areas with limited access to medical care, cervical 
cancer contribute to ca 80% of the 500,000 new cases every year and cause ca quarter 
of a million deaths (Roden and Wu, 2006, Parkin, 2006). To protect the next 
generations of the human population worldwide, vaccination programs are under 
development. Gardasil (Merck) and Cervarix (GlaxoSmithKline) are two types of 
vaccines already available (Roden and Wu, 2006). H. zur Hausen’s discovery of the 
link of HPV to cervical cancer has helped us recognize HPV as a cause of the disease. 
However, efficient treatment still needs to be developed for those who have already 
encountered the disease. 
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1.5.1 E6, E6AP and p53 in Cervical Cancer 

HPV is a double stranded DNA virus that uses cellular machinery for its gene 
replication. To ensure cell proliferation and cell cycle progression thus its own 
replication, the virus aims to neutralize the functions of cellular tumor suppressors.  
HPV-E6 was shown to be a negative regulator that associates with p53 (Werness et al., 
1990). Shortly, HPV-E7 was shown to target pRb and block its function (Dyson et al., 
1992). High-risk HPV-E6 targets p53 for degradation (Scheffner et al., 1990) by 
hijacking and forming a complex with a E3 ligase, E6AP (E6-Associated Protein) and 
takes advantage of the cellular proteolytic system to target p53 for degradation 
(Huibregtse et al., 1991, Scheffner et al., 1993). The E6 oncoprotein rely on E6AP for 
p53 degradation, but E6AP appears to have ubiquitin-protein ligase activity in the 
absence of E6 (Scheffner et al., 1993). E6AP’s involvement in the proteolytic 
degradation of cellular proteins revealed its important role during development of the 
central nervous system, as mutations (point mutation or chromosomal deletion) in the 
UBE3A gene that encode E6AP hence unfunctional E3 ubiquitin ligase activity causes 
Angelman’s Syndrome, a neurological disorder leading to mental retardation (Kishino 
et al., 1997, Cooper et al., 2004). Apart from p53, E6AP has multiple substrates, 
including itself (Nuber et al., 1998). In the absence of E6, degradation of p53 is 
mediated by MDM2. In cervical cancer cells, however, p53 degradation is switched 
completely from MDM2 to E6-mediated degradation (Hengstermann et al., 2001).  
 
1.6 TARGETING P53 AS A STRATEGY TO TREAT CANCER 

Conventional chemotherapy such as 5-fluorouracil, cisplatin, and etoposide introduces 
DNA damage and activates the cell’s natural defense as a response, i.e. the p53 
pathway (Helleday et al., 2008). The discovery and development of chemotherapeutics 
and radiation therapy has been revolutionary in cancer treatment. However, as the DNA 
damage introduced by these drugs and irradiation triggers a massive and unspecific halt 
of all proliferating cells, side effects are inevitable. To reduce these side effects, the 
new generation of cancer drugs should aim at killing cancer cells specifically without 
affecting normal cells and tissues. Recognition of the causes of cancer unveils specific 
proteins and pathways that can serve as targets for therapy. Targeted therapies against 
specific malfunctioning cellular proteins would greatly benefit the patient.  
 
p53 is often found inactive in tumor cells. When functional, it acts as a perfect natural 
executioner of apoptosis in damaged, i.e. tumor, cells. It is therefore of great potential 
to try to reactivate p53’s functions to naturally trigger cell death in tumor cells. 
 
Mutations in p53 are naturally selected for during tumor development, therefore the 
survival of tumor cells should dependent on the inactivation of this protein. So 
reinstatement of p53 in tumor cells, thus withdrawal of a factor which the tumor cell is 
dependent on, should trigger apoptosis in these cells (Selivanova). In fact, restoring p53 
function by genetic means in established tumors in mice caused these tumors to 
regress(Ventura et al., 2007, Xue et al., 2007, Martins et al., 2006). These results 
provide important evidence that restoring p53 indeed have high therapeutic value. 
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There is a remaining possibility that the activation of p53 in normal cells may give 
undesired side effects.  However, the biological environment in tumor and normal cells 
differ in many ways. For example, the presence of oncogenic stress in tumor cells may 
support p53 activation in tumors, whereas the lack of oncogenes in normal cells may 
spare them from the apoptotic effects of reactivated p53 (Selivanova). 
 
Depending on the type of p53 inactivation in a tumor (wt or mut), different approaches 
could by employed. The challenge when targeting tumors with wild-type p53 is to 
circum its extensive degradation by negative regulators such as MDM2, whereas the 
challenge of reactivating mutant p53 is to correct the incorrectly folded protein or to 
reestablish specific DNA binding. Introduction of the wild-type p53 gene into the 
tumor site of human lung cancer patients through injections of retroviral vector showed 
tumor regression (Roth et al., 1996). Disadvantages with retroviral vectors are risks of 
revoking immune response (Sack and Herzog, 2009) against the vector and damages to 
the host cell genome upon introduction, as well as the low efficacy of infection (Lu and 
Madu). Compared to retroviral vectors, the vectors based on adenovirus have higher 
efficacy, and do not integrate into the host genome. One of the more developed 
adenovirus vectors used to re-introduce wild-type p53, Ad5CMV-p53 (Zhang et al., 
1993). ONYX015 is another viral vector based on adenovirus which can replicate only 
in cells with defective p53 function (McCormick, 2003). However, it is a difficult task 
to avoid the risk of immune response when aiming for high efficiency for delivery, and 
at the same time specifically target tumor cells without affecting normal cells. Viral 
vectors need to be further developed and improved to serve as a new generation of 
therapeutic vectors. 
 
 
1.6.1 Pharmacological activation of p53 

Several different approaches in pharmacological reactivation of p53 have been 
described, including small peptides and small molecules. The inhibition of protein-
protein interactions i.e. p53/MDM2, has been developed during recent years and 
several classes of small molecules have been described(Brown et al., 2009, Vassilev, 
2007, Selivanova). Compared to conventional chemotherapy, small molecules have 
several advantages such as their small size and easy distribution in the body, meaning a 
high delivery rate, without evoking host immune response.  
 
The strategies to reactivate p53 depend on the type of p53 inactivation (Selivanova). 
This applies for small molecules as well, dividing the compounds into two different 
categories, those that reactivate wild-type p53 and those that target mutant p53.  
 
1.6.1.1 Activation of wild-type p53 
Tumors that harbor wild-type p53 has a functional protein albeit very low amounts of it 
due to extensive degradation by MDM2. Amplifications in the MDM2 gene is one of 
the cause behind tumors, especially sarcomas (Momand and Zambetti, 1997),  as this 
leads to massive degradation of p53.  
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Therefore, restoring the function of wild-type p53 in tumors aims at disrupting its 
degradation, via disruption of the p53/MDM2 interaction. To date, several compounds 
that rescue p53 do so by inhibiting its negative regulator MDM2. There are several 
small molecules targeting p53 pathways under development, a few are in clinical trials, 
including Nutlin3a. Nutlin3a and MI-43 rescue p53 function by targeting MDM2 
(Vassilev et al., 2004, Shangary et al., 2008). Nutlin3a affects tumor cells containing 
wild-type p53 but lacks activity against mutant p53-expressing cells or p53-null cells 
and has good anti-tumor effects in mice (Vassilev, 2007, Tovar et al., 2006).  
 
1.6.1.2 RITA 
2,5-bis-(5-hydroxymethyl-2-thienyl)furan has been found by our lab in a cell-based 
screen and named RITA (Reactivation of p53 and Induction of Tumor cell Apoptosis). 
RITA binds p53’s N–terminus and reduces p53/MDM2 interaction. It reactivates p53’s 
transcriptional properties and induces apoptosis in a p53-dependent manner(Issaeva et 
al., 2004). It also decreases the interaction between p53 and iASPP and Parc, which 
bind p53’s core domain and C-terminus. Therefore, We suggested a conformational 
change, propagating to the core and C-terminus respectively, has been suggested. 
RITA’s direct interaction with p53 opens a new window for p53 reactivation by using 
p53 itself as a direct therapeutic target. Microarray analysis revealed that the p53 target 
genes activated by RITA are mainly pro-apoptotic. As RITA releases MDM2 from p53, 
MDM2 is free to promote degradation of other substrates, such as p21 and hnRNPK. 
Low levels of p21 do not promote cell cycle arrest. Thus, the pro-apoptotic effects of 
RITA-restored p53 are due to the absence of p21 (Enge et al., 2009).  
 
1.6.1.3 Reactivation of mutant p53 
 
Point mutations in the p53 gene causing loss of specific DNA binding are very 
common genetic alterations in human cancers. Most of these mutations are missense 
mutations that result from single amino acid substitutions in the in the DNA-binding 
domain (DBD) of the p53 gene, occurring at a high frequency at some hotspot codons: 
R175, R245, R248, R249, R273 and R282 (http://www-p53.iarc.fr). 
 
P53 mutants are grouped into two types: DNA contact mutants and conformational 
(structural) mutants. DNA-contact mutants carry amino acid substitution at the site that 
directly contacts DNA and conformational mutants are improperly folded.  p53 mutants 
are rendered unfunctional since they have lost capability to bind specific DNA 
sequences and regulate p53 target genes. Large amounts of mutant p53 protein 
accumulate in the tumor tissues, but does not accumulate in normal tissues (Terzian et 
al., 2008). In normal cells, functional p53 transcriptionally activate MDM2, leading to 
an increase in MDM2 protein levels, thus maintaining p53 at a low level. As mutant 
p53 fails to induce MDM2, the negative feedback is thereby missing and result in 
accumulated mutant p53 proteins. The idea to rescue mutant p53 has its advantages in 
that the protein is expressed at high levels specifically in cancer cells. 
 
Reactivation of mutant p53 differs from reactivation of wild-type p53. While activation 
of wild-type p53 is achieved mainly through inhibiting its degradation by the ubiquitin 
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system, mutant p53 protein levels are already high. Accumulation of mutant p53 can 
affect the cell due to its oncogenic gain-of-function properties (Weisz et al., 2007, 
Strano et al., 2007, Di Agostino et al., 2006). 
 
Synthetic peptide 46 also showed abilities to restore p53’s transcriptional 
transactivation and apoptotic functions in cells that harbor mutant p53 (Selivanova et 
al., 1997). Several small molecules that rescue mutant p53 function have been 
identified, e.g. PRIMA-1 (Bykov et al., 2002), MIRA-1 (Bykov et al., 2005), STIMA-1 
(Zache et al., 2008), p53R3 (Weinmann et al., 2008), CP-31398 (Foster et al., 1999), 
and RETRA (Kravchenko et al., 2008); as well as rationally designed peptide CDB-3 
(Issaeva et al., 2003). A recent study on molecule PhiKan083 has also shown its effects 
toward mutant p53 (Boeckler et al., 2008). 
 
Rescue of mutant p53 is crucial in the cancer types where mutant p53 not only loses its 
tumor suppressing function but also have newly gained function as an oncogenic 
transcription factor that promotes tumorigenesis and metastasis (Strano et al., 2007, 
Brosh and Rotter, 2009).   
 

 
 
 
Figure 3. Compounds that target wild-type or mutant p53. 
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2 AIMS 

 
Paper I: To investigate whether small molecule RITA can protect p53 from HPV-
E6-mediated  degradation and activate p53-dependent apoptosis in HPV-infected cells. 
 
Paper II: To investigate whether RITA can reactivate mutant forms of p53.  
 
Paper III: To identify essential factor(s) that contributes to tumor-specific killing by 
 small molecule RITA. To assess the role of 53BP1 in wild-type and 
 mutant p53 function and possible involvement in tumor-specific effects  
 of p53. 
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3 RESULTS AND DISCUSSION 

3.1 PAPER I 
 
RESCUE OF P53 FUNCTION BY SMALL MOLECULE RITA IN 
CERVICAL CARCINOMA BY BLOCKING E6-MEDIATED 
DEGRADATION 

 
RITA had shown anti-growth effects by disrupting the interaction between p53 and its 
regulator MDM2 (Issaeva et al., 2004), and did so by binding directly to p53 itself, 
which was a new concept since most known compounds that restore wild-type p53 
function target MDM2(Vassilev et al., 2004). Since RITA directly binds p53 itself, we 
hypothesized that it may exert its protective effects against other pathways that 
inactivate p53, i.e. HPV-E6 mediated p53 degradation.  
 
RITA showed efficient induction of cell death in cervical carcinoma cells. We used the 
representative high risk HPV-containing HeLa cells and CaSki cells that carry HPV18 
and 16, respectively. We found that RITA had impressive killing effect and growth 
suppressing effect on both cell lines, and that the apoptotic effect was caspase-
dependent.  
 
We found that RITA increased the half-life of p53 and caused massive accumulation of 
p53 protein. The decrease in the amount of ubiquitinated forms of p53 suggested that 
RITA protected p53 from being degraded through the ubiquitin-proteasome system. 
Therefore, we tested whether RITA can prevent p53’s binding to E6 or E6AP. We 
found that RITA inhibits p53 binding to E6AP, both in vitro and in cells. The amount 
of endogenous p53 released/free from E6AP seem to be enough to restore its properties 
as a transcriptional regulator, leading to activation of target genes responsible for cell 
cycle arrest and apoptosis e.g. PUMA, NOXA and BAX, and also decreased levels of 
genes essential for cell cycle progression, i.e. CDC2, CDC25C and cyclin B1. Our 
results showed that RITA induced apoptosis in a p53-dependent manner; depletion of 
p53 with shRNA decreased apoptosis but interestingly not arrest. As remnants of p53 
were visible after the depletion, we concluded that the residual amount of p53 is able to 
induce target genes that control cell cycle arrest but not apoptosis. The lack of p53 
serine15- and γH2AX phosphorylation, hallmarks of DNA damage in HeLa cells after 
RITA treatment suggests that induced p53 is not a consequence of DNA damage in 
these cells.  Notably, experiments with HeLa xenografts in SCID mice showed that 
RITA suppresses the growth of tumors in vivo.  
 
Protection of p53 itself from its destructors seem to be more potent than suppression of 
HPV-E6 or E6AP, as our results showed that RITA induced cell death to a much higher 
extent than depletion of E6 or E6AP with siRNA. This might be due to incomplete 
depletion of HPV-E6 or E6AP. In addition, our results also showed that RITA inhibited 
binding of E6AP to p53 in HCT116 cells, in the absence of HPV-18E6. These results 



 13 

suggest that RITA-induced protection of p53 from E6AP-mediated degradation may 
have biological effects in cells where HPV is absent. Our findings agree with previous 
studies in that in cells where HPVE6 is present, E6/E6AP-mediated degradation of p53 
overrules that of the MDM2-induced p53 degradation (Hengstermann et al., 2001). 
 
The main findings of paper I are: 

• RITA stabilizes p53 and protects it from E6-mediated ubiquitination in cervical 
carcinoma cells.  

• RITA disrupts the binding of E6AP to p53. 
• RITA restores p53’s transcriptional activities and induces cell death in a p53-

dependent manner in cervical carcinoma cells. 
• RITA has growth suppressive effects in HeLa xenografts in SCID mice. 
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3.2 PAPER II 
 
RESCUE OF THE APOPTOTIC-INDUCING FUNCTION OF MUTANT 
P53 BY SMALL MOLECULE RITA 

Here, we found that RITA suppressed the growth and induced apoptosis in a p53-
dependent manner in a variety of cell lines that harbor different p53 mutants. We tested 
a number of hotspot mutants including His175, His273 and Trp248; as well as a set of 
Burkitt’s Lymphoma cell lines that carry mutant p53, all of which responded to RITA 
treatment by growth suppression and apoptosis. Our results showed that RITA-induced 
cell death in mutant p53 cell lines is caspase-dependent and resulted in classic 
hallmarks of apoptosis such as PARP cleavage, cytochrome C release and appearance 
of apoptotic bodies.  
 
We observed that the induction of apoptosis in different cell lines varied vastly over 
time. While A431 cells underwent apoptosis within six hours of RITA treatment, it 
took MDA-MB-231 cells more than three days. The cause of the time variation is 
unclear, although we speculate that drug uptake and efflux might be possible 
mechanisms.   
 
It is interesting that RITA inhibited growth suppression of both wild-type and mutant 
p53-containing cells. In contrast, Nutlin-3a that target MDM2 inhibited cell 
proliferation of wild-type p53-containing cells only and did not affect mutant p53 cells. 
 
RITA restored mutant p53’s transcriptional function, shown through induced levels of 
p53 targets Noxa, PUMA, p21 and Bax, suggesting that the mutant p53 restored by 
RITA is transcriptionally functional. Also, decreased levels of pro-survival factors c-
Myc and MCL-1 which are normally repressed by functional p53, support the notion 
that RITA restores p53’s transcriptional function.  
 
The use of functional inhibition of p53 by inhibitors Pifithrin (PFT)-α (Komarov et al., 
1999) and -µ (Strom et al., 2006) in mutant p53 cells provided additional evidence that 
RITA’s effects in these cells are largely mutp53-dependent. Inhibition of p53’s 
transcriptional function by PFT-α leads to decreased cell death. The effects are in line 
with the p53-dependent effects of RITA. However, we were surprised that the inhibitor 
of mitochondrial p53 function, PFT-µ, inhibited RITA-caused apoptosis only in MDA-
MB-231 cells and not in A431 cells, as we speculated that the fast occurring cell death 
in these cells were due to the functions of mitochondrial p53.  
 
The effects of RITA in mutant p53 cell lines are dependent on the presence of mutant 
p53. Depletion of mutant p53 by using p53shRNA antagonized RITA-induced cell 
death, suggesting that RITA relies on mutant p53 to trigger cell death. This was a 
surprising finding as we had expected that reactivation of p53 involves removal of its 
gain-of-function properties at least to some extent.  
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Mutant p53’s GOF properties are shown through its ability to upregulate c-Myc and 
IGF1R, reviewed by (Brosh and Rotter, 2009). The decreased levels of c-Myc and 
IGF1R after RITA initially led to the speculation of the removal of mutant p53’s GOF 
properties as a part of RITA’s mechanism in rescuing p53. However, decreased 
apoptosis upon mutant p53-depletion does not support this notion.  
 
 
The main findings of Paper II are: 

• RITA restores function of mutant p53 as well as wild-type p53. 
• RITA induces growth suppression and induces cell death in a mutant p53-

dependent manner. 
• RITA restores mutant p53’s transcriptional activity. 
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3.3 PAPER III 

 
CRUCIAL ROLE OF 53BP1 IN THE STABILIZATION OF WILD-TYPE 
AND MUTANT P53 UPON ONCOGENE ACTIVATION 

We found that 53BP1 plays a crucial role in the specificity of RITA towards tumor 
cells, suggesting that this specificity is mediated by 53BP1. RITA’s effect in tumor 
cells and the absence of it in normal cells indicated that the molecule has specificity for 
tumor cells. However, the mechanism and the background reasons require further 
studies.  
 
Our results show that both wild-type and mutant p53 levels decreased upon depletion of 
53BP1, suggesting that 53BP1 is a crucial factor in the stabilization of p53 specifically 
in tumor cells but not in normal cells. Depletion of 53BP1 shortened the half-life of p53 
and increased the ubiquitinated forms of p53, suggesting that in absence of 53BP1, 
wild-type p53 is unstable in tumor cells. Depletion of 53BP1 enhanced the complex 
formation between p53 and MDM2. Simultaneously, inhibition of MDM2 by Nutlin3a 
stabilized p53 in 53BP1-depleted cells. These results led to an assumption that 53BP1 
and MDM2 have antagonizing effects on the stability of p53. Our results show that 
53BP1 competes with MDM2 for binding to p53 and thus protects p53 from MDM2-
induced degradation.  
 
As with wild-type p53, we found that 53BP1 indeed interacts with p53 hotspot mutants 
His175 and His273. Depletion of 53BP1 in mutant p53 cells led to significantly 
decreased levels of mutp53 and shortening of its half-life, suggesting that 53BP1 in 
tumor cells protect mutant p53 against its degradation. Whereas this effect contributes 
to tumor suppression in wild-type p53 containing tumor cells, as it would aid 
accumulation of wild-type p53, it is pro-oncogenic in tumor cells with mutant p53. 
Stabilization of mutant p53 in tumor cells would enhance its gain-of-function (GOF) 
activities.  
 
53BP1 is an important factor involved in regulation of wild-type p53 upon response to 
DNA damage. Our results showed that in the absence of oncogenic activity and/or 
DNA damage in non-transformed cells, 53BP1 does not affect mutant p53; depletion of 
53BP1 in these cells did not decrease levels of mutant p53. Upon DNA damage by 
NCS or oncogenic stress by introduction of c-Myc or Ras, 53BP1 stabilizes mutant 
p53. The requirement of additional oncogenic stress or DNA damage for 53BP1 to 
stabilize mutant p53 may explain why mutant p53 is stable in cancer tissue and not in 
normal tissue (Terzian et al., 2008). The 53BP1-mediated effects on stabilization of p53 
in tumor cells and the lack of these in normal cells indicated its possible role in the 
specificity of it in tumor environment.  
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The main findings of Paper III are: 
• 53BP1 interacts with both wtp53 and mutp53. 
• Upon DNA damage or oncogenic stress, 53BP1 is a crucial factor in 

stabilization of both wild-type and mutant p53. 
• 53BP1’s role in stabilization of wtp53 and mutp53 in tumor cells makes it an 

important co-factor in the specificity of RITA-induced cell death in tumor cells 
and not untransformed cells. 

• The ability of 53BP1 to stabilize mutant p53 might contribute to the oncogenic 
effects of mutant p53. 
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4 CONCLUDING REMARKS 

Caner arises from clonal selection of cells, in which accumulated genetic alterations 
have occurred to allow this cell to evade control mechanisms. Studies have shown that 
p53 inactivation is a crucial step as a part of this evasion, and tumors are dependent on 
the loss of p53 function for its survival. We therefore develop approaches to reactivate 
p53 to specifically kill tumor cells.  
 
Protection of p53 by RITA appears to set free its negative regulators such as MDM2 
and E6AP. These E3 ubiquitin ligases also target a number of other cellular proteins as 
substrates, and also auto-ubiquitinate themselves. Setting loose these E3 ligases with a 
sudden block of their access to p53 might allow them to target other substrates. 
Microarray results (Enge et al., 2009) show that RITA is specific to wild-type p53 
expressing HCT116 cell line while its effects were negligible in the p53-null cell line. 
The biological effects triggered by RITA are mainly apoptotic. The induction of pro-
apoptotic genes is due to the excess MDM2 released from p53, which is free to target 
p21 and hnRNPK for degradation. The level of p21 plays an important role here, and as 
the level is low after RITA treatment, therefore cell cycle arrest is not initiated. This 
opened other views to the consequences of disrupting MDM2/p53 interaction. In HPV-
infected cervical carcinoma cells, however, the role of MDM2 is minor if any. In line 
with (Hengstermann et al., 2001), we did not observe significant binding between 
MDM2 and p53 in cervical carcinoma cells. Upon RITA treatment of HeLa cells, both 
MDM2 and p21 were induced. It is unclear at the moment, and puzzling to explain why 
p21 is induced at protein level in cells where MDM2 does not interact with p53 and 
thus is free to mediate degradation of p21. However, the hypothesis does fit, that in 
presence of increased p21 and GADD45, HeLa cells accumulate in G2 and apoptosis 
occurs at a later time compared to HCT116 cells.   
  
In HPV-infected cells, disrupted interaction between E6AP and p53 might promote the 
released E6AP to increase degradation of other E6AP targets. It would be interesting to 
explore these effects in future studies. 
 
RITA’s effects on mutant p53 are fascinating as it was originally found as a molecule 
that binds wild-type p53 (Issaeva et al., 2004). It would be important to find out 
whether RITA binds to the same sites in mutant p53 as in wild-type. We can so far only 
speculate that RITA binds mutant p53, as it showed mutant p53-dependent effects in 
the reactivation of p53’s transcriptional activities. As RITA can rescue both DNA-
contact mutants and structural mutants of p53, it is interesting to investigate exactly 
how RITA binds to p53 mutants and eventually affect the protein’s conformation. It 
would also be interesting to explore RITA’s effects on mutant p53 targets in a larger 
scale using microarray analysis, and also to see whether mutant p53’s gain-of-function 
properties are affected. 
 
RITA was found in a cell-based screening assay using isogenic HCT116 and its p53-
null derivative. It is certain that RITA targets p53, but so far unclear whether it could 
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target other proteins. So far, Thioredoxin reductase 1 is the only other known target of 
RITA (Hedstrom et al., 2009). It is imperative to elucidate the targets of a drug. This 
gives it advantages for more patient-specific treatment and reduces the risks of side 
effects. A compound that can bind to multiple sites on the target would decrease the 
risk of drug resistance resulting from secondary mutations in the target.  
 
As RITA has shown not to affect untransformed cells, it will be important to further 
study how p53 is affected in normal cells.  
 
Our results so far have shown that RITA has excellent potential to serve as a lead 
compound in the development of the next generation’s anti-tumor therapy. 
Optimization of this molecule will be needed in order to apply it in the clinic. Since p53 
has during recent years come to play multiple roles in e.g. cell metabolism, it would be 
important to investigate how RITA affects p53 in its physiological effects in vivo.  
 
Results with small molecule RITA have given us insights in how specific targeting of a 
cellular protein by low molecular weight compounds can affect the cell’s biological 
responses. Beside its potent killing effect in tumor cells, RITA serves as a good tool to 
study p53’s functions.   
 
Further development of novel therapeutic approaches will probably include combining 
different small molecules that target different pathways, and to replace conventional 
cancer therapy in order to reduce side effects and improve patient-specific treatment.  
 

 
 
Figure 4. RITA inhibits both MDM2- and E6-mediated degradation of p53. 
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