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Chapter 1

The p53 protein was discovered over thirty years ago as a target of the Large T-antigen of
the oncogenic DNA virus SV40 [1;2]. Initial observations that p53 possesses oncogenic
activity suggested that p53 functions as an oncogene, but it soon became evident that this
was due to mutations in the initially isolated cDNAs and that normal p53 rather acts as a
tumor suppressor [3]. The p53 protein provides essential protection against malignancies;
mice deficient for p53 are prone to develop cancer [4;5] and the p53 gene is mutated in
approximately 50% of all human tumors [6;7]. Germ line p53 mutations cause a rare type
of cancer predisposition known as Li-Fraumeni Syndrome [8]. Because of its prominent role
in cancer, p53 has been the subject of extensive research to understand the different
aspects of its regulation and function in different cellular settings. A complex picture has
emerged, of which the core message is that p53 functions to cease the growth of damaged
cells by regulating the required responses to cellular insults, in order to prevent
tumorigenesis. The anti-proliferative functions of p53 are primarily based on its ability to
regulate transcription of genes involved in cell cycle arrest, apoptosis, senescence, DNA
repair and prevention of angiogenesis [9]. Importantly, 95% of p53 mutations are located
in the DNA binding domain, emphasizing the key role of p53 as a transcription factor [10].
However, also transcription-independent activities have been reported, including direct
regulation of apoptosis at the mitochondria [11] and regulation of miRNA processing [12].
Interestingly, from an evolutionary perspective it has been argued that p53 was not
selected for its tumor suppressor function [13], and p53 is probably involved in many other

biological processes as well, such as stem cell homeostasis [14] and fertility [15].

The human p53 protein can be divided into several functional domains (Figure 1). It
contains two N-terminal transactivation domains, that allow p53 to interact with
transcriptional cofactors [16;17]. The N-terminus also contains the main Hdm2 and Hdmx
binding site (see below). The central region of p53 holds a well-conserved DNA binding
domain [18]. An oligomerization domain just C-terminal of the DNA binding domain
mediates p53 tetramerization, which is crucial for target gene transactivation [19]. A
nuclear localization signal [20] and a nuclear export domain [21] are located within the
oligomerization domain. The carboxy-terminus consists of a basic domain, which is subject
to distinct post-translational modifications and is considered to be a major regulator of p53
transcriptional activity [22]. The p53 tetramer binds to a p53 responsive element (RE) in
promoter or intronic sequences of the target gene. A p53 RE consists of two copies of a 10
base-pair motif, separated by a 0-13 base-pair spacer [23]. The exact p53 RE composition
determines the binding efficiency, thereby providing a possible mechanism for differential

gene regulation by p53 [24].
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Figure 1 Domain architecture of p53, Hdm2 and Hdmx proteins. H2/HX, Hdm2/Hdmx binding site; NLS,
nuclear localization signal; NED, nuclear export domain; BD, basic domain; RING, really interesting new gene.

P53 regulation by Hdm2 and Hdmx

Cells need to keep their p53 activity in check in order to proliferate. Two critical negative
regulators of p53 are Mdm2 and Mdmyx, in humans mostly referred to as Hdm2 and Hdmx.
Mdm2 (murine double minute clone 2) was originally cloned from purified acentric
chromosomes, also known as double minutes, which often contain amplified genes that
contribute to cellular proliferation and tumorigenesis [25]. Mdm2 was found to directly
bind p53, thereby abrogating its transcription regulatory properties [26;27]. The rescue of
early embryonic lethality of Mdm?2 deficient mice by simultaneous p53 knockout strongly
established the importance of Mdmz2 in p53 inhibition [28;29]. Later on, another protein
showing sequence similarity with Mdm2 was identified to interact with p53 and named
Mdmx [30]. Similar to Mdm2, loss of Mdmx also caused p53-dependent embryonic
lethality, although occurring somewhat later (E10.5 vs. E4.5) in embryogenesis [31-33].
This indicates that Mdm2 and Mdmx are essential, non-redundant regulators of p53 during
embryonic development. In adult tissues, the currently available data indicate that Mdm2
loss is almost invariably lethal, whereas Mdmx loss can be tolerated in some cases [34-39].
Thus, the contribution of Mdm2 and Mdmx to p53 regulation in vivo may be cell type-

specific.

The human Hdm2 and Hdmx proteins (depicted in Figure 1) show great structural
similarities [40]. Best conserved is their N-terminal hydrophobic pocket, which binds to an
N-terminal alpha-helix of p53. This binding shields p53’s transcription activation domain,
thereby inhibiting its activity [41]. In addition, Hdm2 has E3 ubiquitin ligase activity that
can target p53 for proteasomal degradation via poly-ubiquitination, for which a central

acidic domain as well as a C-terminal RING finger are necessary. Hdmx has no detectable
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E3 ligase activity for p53 (or any other substrate), despite the presence of both the acidic
domain and the RING finger [42-44]. Hdmx and Hdm2 dimerize via their RING finger
domains [45]. The Hdm2-Hdmx hetero-oligomer promotes Hdm?2 stability and is a more
effective E3 ligase for p53 than the Hdm2 homo-dimer [46;47]. Because the ratio between
Hdm2 and Hdmx levels strongly determines p53 stability, it is subject of tight regulation.
Besides degrading p53, Hdm2 can also ubiquitinate itself [48;49] and Hdmx [50-52],
thereby building positive feedback loops into this system. Moreover, ubiquitinations of
Hdm2, Hdmx and p53 can all be counteracted by multiple deubiquitinating enzymes, such
as HAUSP [53;54] and USP42 [55]. In addition to the long list of p53 target genes that
execute the required biological responses to cellular stress, p53 also transactivates the
Hdm2 gene. Since Hdm2 inhibits the p53 response, this provides an important negative
feedback loop [56], resulting in out of phase oscillation of p53 and Hdm2 protein levels
[57]. More recently, a p53 RE in the first intron of the Hdmx gene has been described. This
initiates transcription from an alternative promoter (P2), resulting in an alternative first
exon (1B) in the Hdmx mRNA and the synthesis of a slightly longer protein (Hdmx-L), which

also contributes to the attenuation phase of the p53 response [58-60].

The p53 pathway as a protective mechanism against cancer

Multiple stress signals can induce the p53 network (Figure 2). These stresses are in many
ways related to carcinogenesis and include for example double-strand DNA breaks, DNA
replication stress, telomere erosion, oncogene activation, oxidative stress, nitric oxide,
hypoxia, ribonucleotide depletion and mitotic apparatus dysfunction [61]. One of the most
extensively studied p53 activating triggers is DNA damage. Diverse types of DNA damage
lead to the activation of the ataxia-telangiectasia mutated (ATM) and the ataxia-
telangiectasia and Rad3-related (ATR) kinases, which subsequently phosphorylate a
multitude of proteins, including the checkpoint kinases Chk1 and Chk2 [62]. ATM, ATR,
Chk1 and Chk2 have all been reported to directly mediate N-terminal phosphorylations on
p53, including the transactivation domain and the Hdm2/Hdmx binding alpha helix [63-65].
These phosphorylations weaken the interaction with Hdm2 and Hdmyx, allowing some p53
to escape from functional inhibition. Many other p53 modifications may occur sequentially
following phosphorylation [66]. For example, p53 Ser15 phosphorylation stimulates the
recruitment of factors involved in transcription, including the acetyl-transferases p300 and
CBP [67;68]. This leads to the acetylation of a number of C-terminal lysines, several of
which are also ubiquitination sites, thereby contributing to the stabilization of p53 [69]. In
addition to p53 modifications, DNA damage signaling also induces the phosphorylation of

Hdm2 and Hdmx, resulting in their ubiquitination and degradation [49;70-73].
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Figure 2 Simplified scheme of the p53 tumor suppressor pathway. Multiple stress signals act upon the
inhibitory activities of Hdm2 and Hdmx toward p53. This results in the release and activation of p53, regulation
of p53 target genes and the induction of the required cellular response.

Another major p53 activating mechanism involves the deregulation of various mitogenic
signaling pathways. The induction of p53 by aberrant activation of oncogenes such as Ras
[74], c-myc [75], E2F1 [76], and adenovirus E1A [77] mostly relies on the tumor suppressor
4ARF p14ARF

of the CDKN2A locus which also encodes another tumor suppressor, p16™*** [78]. p14*%*

protein pl (alternative reading frame) is the product of an alternative transcript
interacts with Hdm2, thereby directly inhibiting the E3 ligase activity of Hdm2 and also
sequestering Hdm2 in the nucleolus [79-81]. This stimulates p53-mediated cellular
responses, thereby serving as protection against the tumorigenic consequences of
oncogene activation. Loss of this signaling pathway may predispose cells to malignant
transformation. Although the resulting tumor cells are no longer growth inhibited by
oncogene-induced p53, p53 reactivation might still be achieved through alternative

pathways, which could be beneficial for targeting a subset of cancers.
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The p53 pathway as target for tumor therapy

As mentioned, about half of all human cancers contain p53 mutations. Mutant p53 can
exert tumor-promoting effects, owing to dominant-negative inactivation of wild-type p53
function, as well as to certain oncogenic gain-of-function activities [82]. There is
considerable variation of p53 mutation frequency among different cancer types. For
instance, p53 mutation occurs in up to 70% of ovarian [83], colorectal [84] and head and
neck [85] cancers, whereas it is rare in leukemia’s [86], retinoblastoma [87] and
melanoma’s [88]. The tumors that retain wild-type p53 are assumed to have other defects
in p53 regulation or downstream signaling that impede a proper p53 response [89]. For
example, some cancers harbor Hdm2 amplification [90], and others show upregulation of

Hdmx expression, mostly correlating with wild-type p53 status [91-93].

The pivotal position of p53 in tumor suppression makes it a potentially attractive target for
cancer treatment. Several low-molecular-mass compounds aiming at specific reactivation
of p53 function have been developed, in order to aid or substitute conventional cancer
therapies. For example PRIMA1 [94] has been designed to interact with mutant p53,
thereby altering its conformation and restoring p53 activity. This thesis mostly focuses on
tumors that express wild-type, but functionally impaired p53. Reactivation of p53 in these
tumors may be achieved by inhibiting the p53-Hdm?2 interaction. This strategy is
exemplified by the small molecule Nutlin-3, which binds Hdm2 in its p53-binding pocket,
thereby releasing, stabilizing and activating p53 [95]. Nutlin-3 is a non-genotoxic p53
activator and normal (non-tumor) cells are relatively insensitive to Nutlin-3 induced
apoptosis [96]. The biological outcome of p53 activation by Nutlin-3 is highly dependent on
the cellular context. Factors contributing to apoptosis induction may include the status of
Hdmx [97-99] and E2F1 [100]. Nutlin-3 appeared promising in retinoblastoma treatment,
especially when combined with the topoisomerase | inhibitor Topotecan [101]. The use of
Nutlin-3 in combination with chemotherapeutics may enhance their effectiveness and
allow such drugs to be administered at lower doses [102-105]. Other examples of Hdm2
antagonists include Benzodiazepinedione [106], MI-63 and MI-219 [107]. Hdmx
antagonists have also been described, including SJ172550 [108] and SAH-p53-8 [109], and
recently a compound was identified that activated p53 through inhibition of Hdmx
transcription [110]. In addition to these Hdm2 and Hdmx targeting drugs, RITA
(reactivation of p53 and induction of tumor cell apoptosis) was identified to suppress in
vivo growth of transformed cells in a p53-dependent manner [111], supposedly by direct

binding to p53. In addition to p53 stabilization, other effects are likely to contribute to the

10



General Introduction

activation of a pro-apoptotic program by RITA in tumor cells [112], although the exact

mechanisms are still unclear and require further investigations.
Scope of thesis

Much of the work described in this thesis is centered on two types of eye cancer that
typically express a wild-type p53 protein: retinoblastoma and uveal melanoma.
Retinoblastoma is a rare childhood cancer (approximately 1-2 cases per million people per
year [113]) initiating in the retina, a specialized light-sensitive stack of neuronal layers at
the back of the eye. Mutations in the RB1 gene, encoding the Rb tumor suppressor protein,
are responsible for most cases of retinoblastoma [114]. Loss of Rb in the developing retina
activates the tumor surveillance pathway mediated by p14”%", Hdm2 and p53.
Interestingly, a particularly high proportion of retinoblastomas apparently select for
increased Hdmx levels as a mechanism to suppress the p53 response in Rb-deficient cells
[101]. Although most primary melanoma’s originate from melanocytes in the skin, in some
cases (5.3%) the eye is affected [115]. This type of tumor arises in the uveal tract,
comprising iris, ciliary body and choroid. The annual incidence of uveal melanoma in the
western world is 6-8 cases per million people [116]. Metastases occur in up to 50% of
patients, mostly to the liver, but also to other distant sites such as the lung, bone and skin
[117-119]. Prognosis is poor when the tumor has metastasized; median survival is about 10
- 18 months [120;121]. Interestingly, p53 mutations are infrequent in uveal melanoma
[122-125].

This thesis presents novel studies regarding the role of Hdmx in p53 inactivation during
tumorigenesis, as well as the use of specific drugs for p53 reactivation as cancer treatment.
Chapter 2 shows that constitutive Hdmx over-expression contributes to the neoplastic
transformation of human fibroblasts and embryonic retinoblasts, thereby functionally
resembling loss of p53. Chapter 3 establishes the importance of Hdmx as an oncogene in a
subset of uveal melanomas. Importantly, the results described in this chapter extend the
function of Hdmx beyond p53 inhibition. Chapter 4 evaluates the use of the specific p53
activating drugs Nutlin-3 and RITA in synergy studies as potential therapy for uveal
melanoma. Chapter 5 is a more detailed analysis of the cellular responses to RITA. In
particular, Chk2 is shown to be an essential mediator of the RITA-induced effects. Chapter
6 is a general discussion of the results presented in this thesis, and their implications for

clinical exploitation and future research.
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