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Preface

Since its discovery, p53 research has been the highlight of understanding the crucial
role of oncogenes and tumor suppressors in regulated or deregulated cell growth.
In the last decade, special attention was focused on gain of function mutations of
p53 that can turn the tumor suppressor to an oncoprotein, as well as on abnormal
expression of oncogenes such as MDM?2 and MDMX that could inactivate the tumor
suppressor function of p53 in the hope of devising cancer treatment. A wealth of
information has emerged regarding what genes the gain-of-function mutants of p53
activate and how they induce oncogenesis, how these mutants are stabilized in can-
cer cells, how they respond to chemotherapy, and how interaction of p53 mutants
with p53 family members may induce oncogenesis. Similarly there are exciting
reports on how the oncoprotein MDM2, known to exist to control pS3, can activate
signaling pathways independent of p53 when overexpressed, and how MDMX is
involved in the regulation of p53 by MDM2.

Mutant p53 and MDM?2 in Cancer includes 19 chapters that discuss the activation
of diverse oncogenic pathways consequent to p53 mutation and overexpression of
MDM2 and MDMX and their splice variants. This book also includes chapters
that discuss p53 mutation in hereditary cancer, response of cancers with p53
mutation to chemotherapy and radiation, structural aspects of mutant p53 that make
it an oncoprotein and targeting of these structures for cancer therapy. The function
of wild type p53 in response to stress and regulation of this function by MDM2 has
also been included. Overall, this book provides an insight into the primary molecu-
lar events leading to oncogenesis consequent to p53 mutation and overexpression
of MDM2. The information should be invaluable for beginning or experienced
researchers, and even for future researchers opting to commit to cancer biology.
To dissect the oncogenic functions of mutant p53 and MDM2, the book focuses
primarily on human systems. Since a large volume of literature is available for the
mouse models, perhaps it calls for a separate volume.

We thank Dr. Thijs van Vlijmen for giving us the opportunity of designing and
editing the book. We also owe thanks to the staff of Springer Science and Business
Media for their work in the completion of the book. We convey our sincerest thanks



vi Preface

to the scientists who contributed the chapters for their insightful discussion. We are
indebted to our graduate students for their untiring effort in every step of this work.
We are particularly thankful to Isabella Pearsall for her help in communicating with
authors during initiation and completion of the book. We also thank Catherine
Vaughan for grammatical editing of chapters and Shilpa Singh for her support.

Richmond, VA, USA Swati Palit Deb
Sumitra Deb
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Chapter 1
p53 and Hereditary Cancer

Diana Merino and David Malkin

Abstract The roles of p53 as “guardian of the genome” are extensive, encompassing
regulation of the cell cycle, DNA repair, apoptosis, cellular metabolism, and
senescence - ultimately steering cells through a balance of death and proliferation.
The majority of sporadic cancers exhibit loss of p53 activity due to mutations or
deletions of TP53, and alterations in its signaling pathway. Germline 7P53
mutations have been identified in a group of families exhibiting a rare but highly
penetrant familial cancer syndrome, called the Li-Fraumeni syndrome (LFS).
Between 60—80% of ‘classic’ LFS families carry mutant 7Trp53. The most frequent
cancers observed are premenopausal breast cancer, bone and soft-tissue sarcomas,
adrenal cortical carcinomas, and brain tumors. Penetrance is nearly 100% by age
70. Although TP53 is currently the only validated susceptibility locus recognized
for LFS, recent studies have focused on the identification of genetic modifiers that
may explain the wide phenotypic variability observed in LFS patients. Analyses of
single nucleotide polymorphisms (SNPs), genome-wide copy number and telomere
length have provided greater insight into the potential genetic modifiers of LFS.
Moreover, the study of Trp53 mutant heterozygous mouse models has elucidated
novel functions of p53, and offers insight into the mechanisms governing tumori-
genesis in LFS. The key findings outlined in this chapter provide an overview of the
molecular basis of LFS and the role of p53 in this unique heritable cancer
syndrome.

This work is supported in part by a grant from the Canadian Institutes of Health Research (DM).
Ms. Merino is supported in part by a Vanier Scholarship of the Canadian Institutes of Health Research.
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One of the most notable tumor suppressor genes, TP53, encodes the transcription
factor protein p53, a ubiquitous protein implicated in preservation of an intact
genome. True to its name, the “guardian of the genome”, p53 is a key suppressor of
malignant transformation and somatic alterations are commonly observed in numer-
ous cancers [56]. In response to cellular stress signals, p53 activates pathways that
regulate the cell cycle, DNA repair, and apoptosis [23, 64] Additionally, p53 is also
involved in regulating cellular senescence and metabolism, which have been shown
to contribute to cancer progression [63, 77-79]. Due to the key role of p53 in
restricting tumor initiation and progression, it is not surprising that numerous can-
cers have acquired mechanisms to inactivate pS3 and/or its molecular pathway, thus
bypassing the cell’s innate tumor suppression system.

In vitro studies examining the status of p53 in numerous cancer cell lines and
tumors determined that the activity of p53 was commonly lost due to gene muta-
tions or deletions [5, 6, 19, 52, 80]. Trp53 knockout mouse models demonstrated
that although mice, for the most part, developed normally, they had an increased
susceptibility to a variety of cancers, most frequently lymphomas, which developed
earlier than in mice harboring wildtype p53 [24, 32, 36].

Similarly, in humans, germline 7P53 mutations are also associated with an
increased cancer susceptibility and reduced age of onset than p53 wildtype carriers.
The Li-Fraumeni syndrome (LFS; OMIM 151623), a rare but highly penetrant famil-
ial cancer syndrome, is characterized by germline TP53 mutations inherited in an
autosomal dominant manner [47]. Between 60 and 80 % of ‘classic’ LFS families
carry a mutant pS3. According to the International Agency for Research on Cancer
TP53 database (http://www-p53.iarc.fr/), germline mutations in 118 different codons
have been reported within the 393 amino acid-long p53 coding region, demonstrating
the wide variability of p53 alterations involved in this heritable cancer condition
(Fig. 1.1). This genotypic variability is similarly reflected in the phenotypic variabil-
ity LFS patients demonstrate in the number and type of cancer diagnoses, as well as
their age at presentation. Although some correlations between genotype and pheno-
type have been identified in LFS, there are many more genetic modifiers to be identi-
fied and their effect on cancer risk remains to be fully defined. This chapter will
highlight the role of germline p53 alterations in hereditary cancer, and outline key
findings that refine our understanding on the molecular basis of LFS.

The Li-Fraumeni Syndrome

The Li-Fraumeni syndrome was first characterized by Drs. Frederick Li and Joseph
Fraumeni in 1969 [40]. After the retrospective review of 280 medical charts and 418
death certificates of children diagnosed with rhabdomyosarcoma throughout the
United States, an interesting familial cancer pattern was observed in that siblings
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Fig. 1.1 Distribution of germline 7P53 mutations mapped to the coding sequence (Modified from
TARC TP53 database, R16 November 2012)

and their biologically related cousins developed soft tissue sarcomas, while first-
and second-degree adult relatives developed various forms of cancer [40]. These
malignancies presented at higher frequencies in these families than expected by
chance alone, and affected individuals had a tendency for developing multiple cancers
during their lifetime. Age of onset varied between individuals; however, in all cases,
specific cancer types appeared earlier than in the normal population. This observa-
tion was confirmed in larger population cohorts by Nichols et al. [S1]. The inheri-
tance pattern was autosomal dominant with affected relatives belonging to the same
ancestral line, and at least one member being affected in each generation [40].
Numerous studies have reported on the types of cancer commonly observed in LFS
families, and a list of LFS component tumors has been defined. The most frequent
cancers in LFS are premenopausal breast cancer, bone and soft tissue sarcomas,
adrenal cortical carcinoma (ACC), and brain tumors [40, 41, 44]. Less frequent
cancers include choroid plexus carcinoma, gastric cancer, leukemia, lymphoma,
melanoma, prostate and ovarian cancer, germ cell tumor, Wilms tumor, as well as
colorectal and lung cancer[10, 51] (Fig. 1.2). Cancer penetrance in LFS patients is
nearly 100 % by age 70, and females exhibit lower mean age of onset than males
primarily, but not exclusively, due to the breast cancer incidence [45].

In 1990, Malkin and colleagues conducted a candidate gene approach in order
to identify a genetic alteration that may account for the increased cancer risk in
LFS families [47]. Because TP53 was commonly inactivated in somatic cells of
LFS component tumors occurring spontaneously, the mutation status of this
tumor suppressor gene was studied. Germline mutations in 7P53 mapping to the
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Frequency of tumors associated with germline TP53 mutations
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Fig. 1.2 Frequency of tumors associated with germline 7P53 mutations (LFS) n=1,245 (Modified
from IARC TP53 database, R16 November 2012)

DNA binding domain were identified in all five families analyzed. TP53 mutation
carriers in each family exhibited the same germline mutation, demonstrating auto-
somal dominant heritability, and almost all carriers were affected by cancer, while
non-carriers were cancer-free, strongly suggesting its causal role in tumorigenesis
[47]. Years of research have explored the role of mutant p53 in cancer susceptibility
and its role in LFS. TP53 is currently the only validated susceptibility locus recog-
nized for LFS.

Definitions of the Li-Fraumeni Syndrome

The “classical” definition of the Li-Fraumeni syndrome was proposed in 1988. It
is defined by a family in which the proband is diagnosed before 45 years of age,
has a first degree relative developing cancer before 45 years of age, and another
first or second degree relative with either any cancer diagnosed before 45 years of
age, or a sarcoma at any age [41] (Table 1.1). Since its clinical definition, more
than 500 families around the world have been diagnosed with LFS (IARC, http://
iarc.p53/fr).

The clinical phenotype of LFS has evolved, and other less stringent definitions
now exist. The Li-Fraumeni-like syndrome (LFS-L) is a term given to families for
which the classical LFS definition does not apply. The Birch definition defines
LFS-L families as those in which the proband is diagnosed with either any child-
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Table 1.1 Current clinical definitions of the Li-Fraumeni syndrome

Classification Description

Classic Li-Fraumeni Proband diagnosed with sarcoma before 45 years of age, and
Syndrome (LFS) [41] A first-degree relative with cancer before 45 years of age, and
Another first- or second-degree relative with any cancer diagnosed
under 45 years of age or with sarcoma at any age
Li-Fraumeni-like Birch definition [9]
syndrome (LFS-L) Proband with any childhood cancer or sarcoma, brain tumor, or
adrenocortical carcinoma diagnosed under 45 years of age, and

A first- or second-degree relative with a typical LFS-related cancer
(bone or soft-tissue sarcoma, breast cancer, brain tumor,
leukemia, adrenocortical tumor, melanoma, prostate cancer)
diagnosed at any age, and

A first- or second-degree relative in the same genetic lineage with
any cancer diagnosed under the age of 60 years

Eeles definition [26)

Two different tumors that are part of extended LFS in first- or
second-degree relatives at any age (bone or soft-tissue sarcoma,
breast cancer, brain tumor, leukemia, adrenocortical tumor,
melanoma, prostate cancer)

Chompret criteria Proband with an LFS core tumor (sarcoma, brain tumor, breast
[20, 15, 69] cancer, or adrenocortical carcinoma) before age 46 years, and at
least one first- or second- degree relative with an LFS core tumor
(other than breast cancer if the proband has breast cancer) before
age 56 years or with multiple primary tumors

Or, a proband with multiple primary tumors, two of which belong to
the LFS tumor spectrum (sarcoma, brain tumor, breast cancer,
and/or adrenocortical carcinoma), with the initial cancer
occurring before 46 years, regardless of family history

A proband with adrenocortical carcinoma or choroid plexus
carcinoma at any age of onset, regardless of family history

hood cancer or sarcoma, brain tumor or adrenocortical carcinoma before 45 years
of age, and a first- or second-degree relative with an LFS component tumor at any
age, and a first- or second-degree relative with any cancer before 60 years of age
[9]. The Eeles definition defines LFS-L families as those in which two first- or
second-degree relatives are diagnosed with LFS component tumors at any age
(Table 1.1) [26]. The evolving definition of this familial syndrome takes into con-
sideration recurrent phenotypes that, although not classified as LFS or LFS-L,
would benefit from TP53 testing. As such, the Chompret criteria [15, 20, 69] have
led to creation of guidelines for TP53 testing, and the classification of families in
which: (1) the proband is diagnosed with an LFS component tumor before 46 years
of age, and at least one first- or second-degree relative is diagnosed either with an
LFS component tumor before 56 years of age, or with multiple primary tumors; or
(2) the proband is diagnosed before the age of 46 with multiple primary tumors,
two of which are LFS component tumors, regardless of family history; or (3) a
proband is diagnosed with adrenocortical carcinoma or choroid plexus carcinoma
at any age, regardless of family history (Table 1.1) [15, 20, 69].
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The incidence of germline 7P53 mutations in ‘“classical” LFS families
approaches 70 %, 40 % in LFS-L families and 30 % in families defined by the
Chompret criteria [45].

Although the clinical definitions of LFS are numerous and display variable
degrees of rigor, they are effective in identifying families at a greater risk of
developing cancer, and are useful as guidelines for patient diagnosis, management
and care [62]. The evolution of these definitions, either by the inclusion of families
not satisfying any of the current definitions, or the identification of novel molecular
profiles associated to LFS, will refine our understanding of these cancer-prone fami-
lies and will facilitate personalized approaches to patient management.

Genetic Alterations in the Li-Fraumeni Syndrome

TP53

Germline TP53 mutations are the characteristic genetic aberrations observed in
LFS, being found in 60-80 % of “classic” LFS families, 40 % of LFS-L, and 30 %
of individuals meeting the revised Chompret criteria [45]. Of the somatic TP53
alterations reported in the IARC p53 database, 73 % are missense mutations, 8.6 %
splicing mutations, 8.1 % nonsense mutations and 6.1 % frameshift mutations [55].
Similarly, the majority of germline mutations in LFS families are missense (~75 %),
and these alterations render the protein either non-functional, with a retained yet
variable transactivation activity, or unaffected (functional) in 73 %, 20 % and 7 %
of cases, respectively [54, 56].

The spectrum of germline mutations correlates with the spectrum observed in
sporadic cancers that harbor somatic 7P53 mutations (Fig. 1.1). The majority of
these are located in the DNA binding domain (DBD) and confined to small con-
served regions [46, 56]. The most common germline or somatic mutations are
found at codons 175, 245, 248, 273 and 282, although all codons exhibit at least
one mutation [54, 74]. These hotspots correspond primarily to transition muta-
tions at CpG sites [54]. In the germline, however, very few mutations have been
found outside the coding region encompassing exons 5 through 8 [58]. Missense
mutations in the DBD are generally associated with a higher incidence of breast
and brain tumors, whereas missense mutations outside the DNA binding loops
are common in adrenocortical carcinomas (ACC) [28]. The location of these
mutations may clarify why ACCs exhibit such low penetrance compared to p53
mutant carrier families in whom no ACC has been diagnosed. Cancer penetrance
in TP53 mutation carriers is about 20 % before the age of 20 years, and greater
than 90 % by the age of 70 [45].

A unique recurrent non-synonymous mutation at codon 337 (c.1010 G>A,
genomic nucleotide number 17588), mapping to the oligomerization domain of
p53 was initially identified in ACC patients of Southern Brazil [60]. The mutation,
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encoding a R337H amino acid substitution, has been identified in a large number
of Brazilian families, and tumor frequency and spectrum of affected carriers
shows an association with LES/LFL [2]. Haplotyping analysis using 29 SNPs in
12 unrelated R337H carriers has revealed that this common mutation exhibits a
founder effect [29]. Garritano and colleagues further mapped the origin of this
founder mutation in which mutation carrier families were distributed along a
commercial route commonly used by Portuguese merchants in the eighteenth and
nineteenth centuries.

R337H families exhibit low penetrance in individuals under the age of 30 (20 %),
compared to classic LFS families (50 %). However, penetrance increases with age
and mirrors that of classic LFS families with a lifetime risk of cancer of 90 % [1].

Other Genes

The absence of detectable germline 7P53 mutations in several LFS families sug-
gests that alternative mutations or alterations are involved in the etiology of this
inherited condition. Several studies have conducted candidate gene and linkage
analyses in order to identify other genetic alterations involved in LFS, although
these findings have not been validated. Germline alterations of components of the
p53 signaling pathway such as BAX [7], BCLIO [67], CDKN2A [17, 57], CHEK]
[73], p63 [14], PTEN [16, 17] and p73 [4] have not been documented. Germline
mutations in CHEK?2, a regulator of p53 activity, were identified in a few LFS and
LFS-L families, however its role in the etiology of LFS has since been questioned
as the missense and frameshift mutations found were shown to be polymorphisms
or mutated in a duplicated exon of CHEK?2 [8, 66, 73]. Nonetheless, the CHEK?2
polymorphisms have been implicated with an increased risk of breast, lung, prostate
and laryngeal cancers, suggesting a strong role of CHEK? in tumorigenesis [22, 50,
72]. Linkage analysis has drawn an association between LFS and chromosome
123, although no candidate gene has been identified [4]. Recently, Aury-Landas
et al. conducted a genome-wide microarray analysis on a group of 64 individuals
meeting the Chompret criteria and carrying wildtype TP53. Twenty novel copy
number variants (CNV) were observed in 15 unrelated patients, spanning 49 genes
[3]. Enrichment pathway analysis identified a subset of genes involved in chromatin
packaging and remodeling. A heterozygous deletion in KDMIA (1p36), and dupli-
cationin MTA3 (2p21), TRRAP (7q22) and SIRT3 (11p15) were identified in patients
diagnosed with brain tumors (medulloblastoma, oligodendroglioma, high grade
glioma and astrocytoma, respectively). Although these findings are still to be vali-
dated in an independent cohort, they suggest an interesting link between chromatin
remodeling genes and LFS, and specifically, a tissue-specific role of epigenetic
alterations in brain tumor development within the LFS context.
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Modifier Genes

The phenotypic variability of LFS may be explained by genetic and environmental
factors, most of which remain elusive [12, 48]. To this date, it is not yet possible to
ascertain the genetic modifiers that may define the age of onset or the cancer type
developed by each individual. The role of non-genetic factors, such as epigenetic
modifiers, on the phenotypic variability observed between affected family members
is not fully understood complicating the creation of personalized therapeutic and
surveillance approaches that may reduce patient mortality. Thus, it is imperative to
refine the current understanding of genetic and epigenetic modifiers in LFS, which
in addition to TP53 mutations, alter the risk to multiple malignancies.

Correlative analyses of mutant p53 and cancer incidence have led to interesting
discoveries. Compared to LFS families harbouring wildtype p53, mutant p53 LFS
families have an increased prevalence of brain tumors, adrenocortical carcinomas
(ACC), and a significantly lower age of onset for breast cancer [54]. Moreover, in
all cases, TP53 mutation carriers show an earlier age of onset than their sporadic
tumor counterparts [54]. Functional studies have enhanced these findings and cor-
related degree of p53 activity with type of missense mutation, and age of onset. In
particular, the mean age of onset in carriers of a functional mutation was higher than
in carriers of a partially functional or non-functional mutation for several cancer
types [56]. Non-functional or truncated p53 may arise as result of nonsense, frame-
shift, and splice mutations, which promote an earlier age of onset, particularly for
brain tumors [54].

Polymorphisms in 7P53 and genes regulating the pS3 pathway have also been
shown to modify age of cancer onset. The polymorphism SNP 309 (T > G variation)
of the mouse double minute 2 (MDM?2), an ubiquitin ligase directly regulating p53
degradation, is a plausible candidate modifier in hereditary and sporadic p53 mutant
tumors. [11-13, 49, 61]. The presence of the G allele at this locus has been associ-
ated with increased MDM?2 levels and an aberrant p53 pathway as demonstrated by
the abrogation of DNA repair processes, increased mutation rates, and reduced
apoptosis, which leads to faster and more frequent tumor formation [11]. On aver-
age, G-allele carriers developed cancers nine years before homozygous T allele
carriers. In LFS patients diagnosed with soft tissue sarcoma, MDM2 SNP 309
accounts for an age of onset difference of 12 years, while in patients with breast
cancer, it accounts for a 10-year difference [11]. A correlation between the MDM?2
SNP 309 polymorphism and the occurrence of multiple tumors in LFS families was
also observed, in which G-allele carriers exhibited a greater frequency of indepen-
dent subsequent cancers [11].

Two TP53 polymorphisms have been also associated with age of onset in LFS
families. A polymorphism at codon 72 (Arg>Pro variation), located in exon 4 has
been analyzed in the context of LFS, as well as sporadic cancer [13, 49]. In vitro
studies have found that the Arg allele has an increased capacity to induce apoptosis
in both p53 mutant and wildtype tumors, due to the efficient translocation into the
mitochondria where it interacts with proapoptotic proteins, thereby leading to



1 p53 and Hereditary Cancer 9

increased apoptosis (reviewed in [31]). Interestingly, in studying a Brazilian LFS
population, Marcel et al. identified that there was significant excess of Arg-allele
carriers and complete absence of homozygous Pro-allele carriers in families harbor-
ing a germline 7P53 mutation, compared to 7P53 wildtype carriers [49].
Furthermore, age of onset of Arg-allele carriers was lower than in Pro-allele carriers
with a difference at first diagnosis ranging between 12.6 years in French LFS fami-
lies [13] and 8.3 years in Brazilian LFS families [49].

Another TP53 polymorphism was described as a 16 bp duplication in intron 3,
named PIN3. The non-duplicated allele (A1) was associated with a significantly
earlier age of onset in LFS families (28 vs. 47 years of age) [49]. Moreover, cancer
occurrence before the age of 35 was only observed in homozygous non-duplicated
(A1A1) PIN3 carriers. Further analyses have found that duplicated PIN3 allele car-
riers have an increased risk of sporadic and inherited breast cancer and colorectal
cancer [21, 30], as well as increased risk of lymph node metastases in TP53 mutation
carriers [35].

A multivariate analysis of these polymorphisms demonstrated a cumulative
effect on age of onset and cancer risk when both the MDM?2 SNP309 and p53 72Arg
polymorphisms were expressed suggesting a synergistic interaction between these
two polymorphic loci that alters the cancer phenotype of LFS patients [13, 27].

Anticipation, a pattern in which age at first diagnosis decreases, and/or symptom
severity increases with successive generations, is a common characteristic of sev-
eral inherited disorders, including dyskeratosis congenita (DC), Fanconi anemia
(FA), ataxia-telangiectasia (AT), and LFS [70].

In LFS, genetic anticipation reduces the age of onset, increases the severity and
the proportion of affected individuals of successive generations, supporting the
hypothesis that additional genetic modifiers contribute to the variable clinical phe-
notype observed in affected family members. Although the molecular mechanisms
of genetic anticipation are not fully understood, variability in telomere length has
been identified to be a key contributor to the genetic anticipation observed in
LES. Telomere length analyzed in peripheral blood lymphocytes was significantly
shorter in carriers of germline 7P53 mutations than in normal controls of matched
age [71]. In both children and adults, telomeres were significantly shorter in affected
TP53 mutation carriers than in unaffected carriers and wildtype controls. Moreover,
within each LFS family studied, telomere length was shorter in affected children
than their non-affected sibling and their non-carrier (TP53 wildtype) parent [68]. As
well, telomere attrition was faster in 7P53 mutation carriers than controls [68].

The advent of high-resolution genome-wide approaches has refined the identifi-
cation of genomic alterations in LFS, expanding on opportunities to explore novel
potential mechanisms driving the variable clinical phenotype observed in LFS fami-
lies. Shlien et al. conducted a high-throughput genotyping microarray analysis in
which copy number variable (CNV) regions were assessed for 53 individuals from
families harbouring germline 7P53 mutations. Compared to normal healthy con-
trols, TP53 mutation carriers exhibited a significant increase in CNV regions in
their genome [65]. More than a reflection on the increased genomic instability of
germline TP53 mutation carriers, these CNVs encompassed various known cancer
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genes, suggesting a selection of cells carrying a unique mutator phenotype in LFS
that increased cancer risk. It was also observed that an increased number of CNVs
progressed in somatic cells of the tumor indicating that the CNV formation is a
dynamic process that accompanies tumor progression [65]. Interestingly, the role of
CNVs was also associated with an aggressive phenotype in the offspring, where
CNVs from one parent were commonly inherited with a germline 7P53 mutation
from the other parent [65]. The mechanisms by which CNVs are formed have not
been fully understood, although studies have shown that non-allelic homologous
recombination (NAHR) and microhomology-mediated events, such as
microhomology-mediated break-induced replication (MMBIR) underlie these
genomic changes [33, 34].

The phenotypic complexity of LFS may be in part due to the complex network
and activity of p53, and its interaction with many different genetic modifiers, which
are unique to each patient. Thus, refining the correlation between genetic modifiers
and cancer predisposition phenotypes is imperative, as it will improve our under-
standing on this inherited condition and how to best provide personalized
therapies.

Mouse Models and the Li-Fraumeni Syndrome

Genetically engineered mice have been crucial in the study of p53 function and the
way organisms compensate for the loss of p53. The first mutant 7rp53 transgenic
mouse was created in 1989, and was characterized by an increased incidence of
early cancers of the bone, lung, and lymphatic system [39]. Later in 1992, the first
Trp53 knockout mouse was created, and although it developed normally, it was
highly susceptible to the formation of a wide variety of spontaneous tumors, with
lymphomas and sarcomas being the most frequently observed [24]. These mouse
models, and more recently, mutant knock-in and inducible mouse strains, have elu-
cidated the p53-induced mechanisms of apoptosis, senescence, cell cycle regu-
lation, chromosomal stability, and abnormal p53 activity in tumor development
(reviewed in [25]). The Trp53 mutant heterozygous mouse models, however, have
displayed the most accurate representation of LFS, as affected LFS individuals are
invariably heterozygous for mutant p53.

Trp53 null heterozygous mice represent accurate models for LFS individuals
whose TP53 germline mutations are functionally null. The majority of Trp53+/—
mice developed early tumors (by 18 months of age) which, considering the normal
lifespan of the C57BL/6 mice (36 months), is in agreement with the 50 % incidence
of cancers in LFS individuals by 30 years of age [32]. Moreover, Trp53+/— mice
developed a wider tumor spectrum with an increased incidence of bone and soft-
tissue sarcomas, and carcinomas than Trp53—/— mice. Although breast cancer is
common in LFS families, this particular mouse model did not develop this cancer
type due to the B57BL/6 strain’s innate resistance to develop mammary carcinomas.
To evaluate the effect of p53 loss in breast tumor formation, p53-null mice were
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back-crossed onto the BALB/c genetic background. Approximately 55 % of female
BALB/c-p53+/— mice developed mammary carcinomas, demonstrating the effect of
genetic background and different genetic modifiers on the development of different
types of tumors in p53 null mice [37] .

Familial syndromes arising as a result of the loss of a tumor suppressor gene
generally require the loss or inactivation of the second allele for a tumor to form.
Some LFS families harbour functionally null 7P53 mutations, which require com-
plete loss or inactivation of the remaining wildtype p53 allele for tumors to form.
These tumors are characterized by an earlier age of onset and increased phenotypic
severity. However, the majority of tumors in LFS families often retain a copy of the
wildtype TP53 allele [75]. Retention of the wildtype TP53 allele is commonly
observed in families harbouring missense mutations in the DNA-binding domain.
These mutations have been shown to exhibit dominant-negative effects through the
creation of heterotetramers with wildtype p53 proteins [18], thus inhibiting normal
P53 activity.

Only about half of Trp53+/— affected mice exhibit loss of the remaining wildtype
Trp53 allele, which suggest than in mice, unlike humans, a reduction of p53 dosage
is sufficient for tumor formation [76]. As with any disease model, the intricate dif-
ferences between mice and humans need to be taken into consideration. These spe-
cifically include the mechanisms governing oncogenic transformation, which
suggest that the requirement for disabling p53 in human and mouse cells are distinct
[59]. Heterozygous p53 null mice that lose the remaining wildtype Trp53 allele
exhibit an earlier age of onset and more aggressive tumors than mice that retain the
wildtype allele. Genetically engineered mice carrying a heterozygous germline mis-
sense mutation more often retain their 7rp53 wildtype allele much like humans and
thus reflect a more accurate model of LFS [42]. The increased incidence of germline
and somatic TP53 missense mutations in LFS families and spontaneous tumors,
respectively, indicates that in addition to the inactivation of 7rp53 these mutations
may confer additional oncogenic properties. In order to study these alternative
effects, the Jacks and Lozano laboratories developed mice harbouring heterozygous
mutations in 7rp53 R172H, R270H, and R172P, corresponding to human hotspot
mutations R175H, R273H, and R175P, respectively [38, 42, 53]. Interestingly, these
LFS mouse models exhibit variable phenotypes consistent with LFS in humans.
A model containing the Trp53R'7?H mutation exhibited increased metastatic poten-
tial compared to Trp53+/— mice even though levels of the mutated p53 protein were
as low as those observed in wildtype pS3 mice due to a splicing abnormality [42].
These findings demonstrate that potent gain-of-function effects of missense 7rp53
mutations can significantly alter phenotype even when expressed at low levels.
Moreover, Trp53®172H* mice showed a significant increase in the number of carcino-
mas and a decrease in the number of lymphomas compared to 7rp53+/— mice. The
same mutation was studied on a different genetic background and similar results
were observed [53]. In the 129S,/S, background, Trp53%172H* mice exhibited highly
metastatic tumors, a 2-fold difference in the incidence of osteosarcomas, and a
slight increase in the incidence of carcinomas compared to Trp53*~ mice. Although
both p53 mutant mouse models exhibit a loss of p53 activity, the phenotypes
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observed suggest that additional tumorigenic activities may be conferred by
missense mutations.

Another model was created containing a heterozygous TrpS53%?7*H mutation in a
129S,/S, background [53]. Tumor burden was significantly increased, including
increased incidence of carcinomas and hemangiomas compared to Trp53*~ mice.
Similarly to the Trp53R172H* mice, Trp53%2""* mice exhibited increased tumor met-
astatic potential.

A mouse model carrying a mutation commonly found in spontaneous tumors, yet
not identified in LFS, was developed in order to analyze the role of the apoptotic and
cell cycle regulating functions of p53 in tumorigenesis [43]. R175P mutations in
humans are completely defective in apoptosis signaling but still able to induce cell
cycle arrest. Homozygous Trp53R!7?" mice had a significantly better survival than
Trp53~- and exhibited decreased tumor burden, which included an escape of the
early onset of thymic lymphomas commonly observed in 7rp53 null mice. These
results indicated that p53-dependent apoptosis is not necessary to suppress the early
onset of tumors, but rather, the chromosomal stability observed in the R172P mutant
mice as a result of its intact cell cycle regulatory activity, is key in the suppression
of tumorigenesis [43].

The variability in tumor spectra, and anti-neoplastic activity observed with dif-
ferent mutations suggests that different mutations may give rise to distinct pheno-
types, although confirming these findings in humans may be challenging due to the
inherent differences of every individual. Nonetheless, mouse models have been
essential in studying the p53 activity and offering insight into the mechanisms gov-
erning tumorigenesis in LFS.

Although the role of p53 in cancer development has been investigated for
decades, there is still much to be understood about the regulatory activity of this
multifaceted tumor suppressor in tumorigenesis. Examining the activity of p53 in
the LFS context will provide great insight into the mechanisms this protein utilizes
to control irregular cell growth, and the regulatory partners that facilitate tumor sup-
pression, which contribute to the complexity of the LFS phenotype.
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Chapter 2
Alterations of p63 and p73 in Human Cancers

Kazushi Inoue and Elizabeth A. Fry

Abstract p53 and its related genes, p63 and p73 constitute the p53 gene family.
While p53 is the most frequently mutated gene in human tumors, p63 and p73 are
rarely mutated or deleted in cancers. Many studies have reported p63/p73 overex-
pression in human cancers while others showed that a loss of p63/p73 is associated
with tumor progression and metastasis. Thus, whether p63 or p73 is a tumor sup-
pressor gene or an oncogene has been a matter of debate. This controversy has been
attributed to the existence of multiple splicing isoforms with distinct functions; the
full-length TA isoform of p63 has structural and functional similarity to wild-type
p53, whereas the ANp63 acts primarily in dominant-negative fashion against all
family members of p53. Differential activities of TA and AN isoforms have been
shown in vivo by creating isform-specific gene knockout mice. All p53, p63, p73
proteins bind to and activate target genes with pS3-response elements; p63 also
binds to distinct p63-response elements and regulate expression of specific target
genes involved in skin, limb, and craniofacial development. Interestingly, several
studies have shown that both p63 and p73 are involved in cellular response to cancer
therapy and others have indicated that both of these molecules are required for
p53-induced apoptosis, suggesting functional interplay among p53 family proteins.
Consistent with these findings, aberrant splicing that result in ANp63 or ANp73
overexpression are frequently found in human cancers, and is associated with poor
clinical outcomes of patients in the latter. Thus immunohistochemical staining of
tumor specimen with ANp73-specific antibody might have diagnostic values in
cancer clinics.
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Introduction

The p53 tumor suppressor protein integrates endogenous and exogenous signals to
modulate cell fate to stress and cellular environments [1-3]. Upon DNA damage or
other cellular stresses, such as oxidative stress, hypoxia, carcinogen exposure, and
oncogene overexpression, p53 becomes activated with increased levels. Then, p53
directs a variety of responses, including DNA repair, cell cycle arrest/senescence,
apoptosis, and autophagy depending on the input signal and severity of the damage
[4, 5]. The specific response depends on whether the damage can be repaired or is
too serious that death of the cell is required to maintain tissue integrity. The genomic
locus for p53 (TP53) is very frequently (~50 %) mutated in human cancers, which
is associated with therapy resistance and poor prognosis of patients [6, 7]. Since p53
protects humans from damaged and life-threatening cells that may predispose to
tumor development, recent research efforts have been made on reconstituting p53
function to effectively treat cancer patients [8, 9].

In the late 1990s, two other p53 family members, p73 and p63 were discovered
[10, 11]. These three proteins, encoded by the TP53, TP63, and TP73 genes (Trp53,
Trp63, and Trp73 in mice, respectively), are transcription factors that bind directly to
DNA as tetramers, interact with other transcription factors and the transcription
machinery, and together control the expression of genes involved in all aspects of life.
It has now become clear that both p63 and p73 are involved in a broad spectrum of
biological activities, such as cell proliferation, apoptosis, development, differentia-
tion, senescence, and aging. In particular, p63 has emerged as a critical player in
embryonic development, epithelial stem cell maintenance, and differentiation. Both
p63 and p73 express as a variety of protein isoforms that originate from two different
promoters and extensive gene splicing at the N- and C-termini [12, 13]. Moreover, the
p63 and p73 genes encode a sterile alpha motif (SAM) domain at the C-terminus that
is not found in p53. This domain is responsible for protein-protein interactions and is
found in a diverse range of proteins that are involved in developmental regulation.
In this chapter, we discuss the structure, splicing isoforms of p63 and p73 in normal
and their distinct functions in tumor suppression/proliferation. We also explain their
possible interaction with Mdm?2 and MdmX. Whether these molecules are tumor
suppressors or oncoproteins have been a hot topic of debate. Gene knockout studies
will tell us the answer; since both of the genes have multiple splicing isoforms, we
have put special interest on the phenotypes of splicing isoform — specific gene
knockout mouse models. Finally, we summarize the mechanisms and frequencies for
alterations of these genes in human cancers and their prognostic significance.

Structure of the p63 and p73 loci

Both p63 and p73 loci (TP63, TP73) generate mRNAs that produce multiple
protein products resulting from use of distinct promoters and alternative mRNA
splicing (Fig. 2.1) [10, 11]. Transcription of p63 and p73 occurs from two



2 Alterations of p63 and p73 in Human Cancers 19
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Fig. 2.1 Genomic structure of the p63 and p73 loci. Genomic structures of human p63 and p73
loci. Numbered boxes indicate exons, black shading denotes untranslated sequences, and light blue
shading denotes coding regions. Distinct transcription start sites (P1 and P2) are indicated by
arrows. N-terminal alternative splicing for p63 and p73 are indicated by blue and light pink lines,
and C-terminal splicing events for these proteins are indicated by different colored lines

promoters: one upstream of exon 1 (P1) and the other located within intron 3 (P2).
In both proteins, splicing isoforms transcribed from the P1 promoter have an
N-terminal transactivation (TA) domain (i.e., TAp63 and TAp73), which is highly
homologous to the TA domain of p53, whereas transcripts generated from the P2
promoter lack the N-terminal TA domain (39 amino acids; called ANp63 and
ANp73, respectively; Fig. 2.1) [10, 11]. The unique structural differences for p63
and p73 are explained below.

p63

The structure of the genomic locus for p63 is shown in Fig. 2.1, upper panel [11].
Both mouse and human p63 genes consist of 15 exons spanning around 210 kb
and 270 kb, respectively, on the genome. The human version has been mapped to
chromosome 3q27. The structures for the TAp53 protein, representative p63 isoform
proteins are shown in Fig. 2.2 [12]. Wild-type TAp53 has an N-terminal transactivation
domain (TA) for recruitment of core transcriptional factors, a central DNA-binding
domain (DBD) for recognition of promoter sequences, an oligomerization domain (OD)
for tetramerization, and a short basic stretch of 30 amino acids for regulation of
transcriptional activity (Fig. 2.2, top panel). The p63 gene encodes two alternatively
spliced isoforms (TA, AN) with different ATG at the N-terminus with three alternatively-
spliced C-terminal isoforms (o, f, y), generating 6 different splicing isoforms,
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Fig. 2.2 Structure of the p53 family proteins. Protein domains of p53 family members. The trans-
activation (TA) domains shared by p53, TAp63, and TAp73 isoforms are shown in gold. The
proline-rich domain (PR: light blue), DNA-binding domain (DBD: red), oligomerization domain
(OD: yellow), carboxyl-terminal regulatory domain (CTD: blue), and sterile alpha motif (SAM:
green) are shown in colors. The alpha isoforms of p63 and p73 possess a C-terminal SAM domain
followed by a transactivational inhibitory domain (TID: silver). TAp63y/TAp73y isoforms most
closely look like p53. N-terminally truncated AN isoforms for p63 possess the unique N-terminal
sequence. p73 has four different isoforms at the N terminus (AN, AN’, Aex2, Aex2/3) dependent
on the usage of two different promoters and alternative splicing including exons 2 and 3. AN’p73
encodes a small protein having a unique sequence at the C- terminal end, but lacks the DNA-
binding domain. * denotes the unique region encoded by exon 3’ [12]

ATAp73

i.e., TAp63a, TAp63p, TAp63y, ANp63a, ANp63p, ANp63y (Figs. 2.1 and 2.2,
middle panels). The p63a transcript has all 14 exons while the B transcript lacks
exon 13. The y transcript lacks exons 11-14 by splicing into a unique exon 10’
(Fig. 2.1, top panel). The full-length TA isoform of p63 has structural and functional
similarity to wild-type p53, whereas the ANp63 acts primarily in dominant-negative
fashion against all family members of p53: p53, TAp63 and TAp73. Thus, it is
generally assumed that 7Ap63 is a tumor suppressor gene while ANp63 is an
oncogene. In addition, the C-terminus of p63 (and also p73) contains a sterile alpha
motif (SAM) domain and a transcriptional inhibitory domain (TID) (Fig. 2.2).
The SAM domains are small protein—protein interaction modules that are found in
a wide variety of proteins, ranging from kinases and transcriptional regulators to
cell surface receptors [14, 15]. The TID, an unstructured region C-terminal to the
SAM domain, was shown to inhibit the transcriptional activity of p63 by interacting
with the TA domain [16]. These two domains are not found in p53 (Fig. 2.2),
suggesting unique functions for p63 and p73.
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p73

Both mouse and human p73 genes consist of 15 exons spanning around 80 kb on the
genome. The structure of the genomic locus for p73 is shown in Fig. 2.1, lower
panel. The human version has been mapped to chromosome 1p36.33. The p73 gene
encodes 4 alternatively spliced isoforms (TA, Aex2, Aex2/3, AN) with distinct ATG
at the N-terminus and 7 alternatively spliced isoforms at C-terminus (o, B, v, , €, C,
and n; Fig. 2.1) [17, 18]. In addition, splicing-associated frameshifts yield unique
C-terminal sequences for some p63 and p73 isoforms [17, 19]. This alternative
splicing can generate 28 plus one (AN’; total 29) different splicing isoforms for p73.
Of note, both AN and AN’ isoforms have unique amino acids at exon 3’ (Fig. 2.1).
The difference in the N-terminal region contributes to different protein-protein
interactions dependent on the isoform. The C-terminus of p73 has at least 7 splicing
variants as shown in Fig. 2.1. The p73a transcript has all exons 1-14 while the f
transcript lacks exon 13. The y transcript lacks exon 11, the  transcript lacks exons
11-13 (Fig. 2.1, lower panel). The € isoform lacks 11 and 13, € lacks exons 11 and
12; n is close to o, but is different at exon 14 (Fig. 2.1). The TAp63y and TAp73y
isoforms most closely resemble the full-length wild-type TAp53 (Fig. 2.2). In over-
expression studies, TAp63y has been shown to be as potent as p53 in transactivating
target gene expression and apoptosis, whereas the most potent transcriptionally
active p73 isoform reported is TAp73p [10, 11]. Since the ANp73 acts primarily in
dominant-negative fashion against all family members of p53, it is generally
accepted that TAp73 is a tumor suppressor gene while ANp73 is an oncogene.

Unique C-terminal Domains and Transcriptional
Targets for p63 and p73

Both p63a and p73a isoforms also contain a protein—protein interaction domain
known as sterile alpha motif (SAM) (Fig. 2.2). This is a globular domain composed
of four a-helices and a small 310 helix. Although this motif is often found to mediate
homodimerization with developmentally regulated proteins, the SAM domain does
not contribute to homodimerization in p63 and p73 [20]. The SAM domains also
appear to possess the ability to bind RNA. The post-SAM region known as the
transactivational inhibitory domain (TID) has been identified in p63a and p73a
isoforms [16]; Fig. 2.2). This region consisting of ~70 amino acids, which is absent
in p53, has been proposed to inhibit transcription of both TAp63a and TAp73a
through inter- or intra-molecular association with the TA domain [16]. Indeed, both of
these proteins show decreased potency in transactivation and apoptosis induction as
compared to other TA isoforms, and deletion of this region restored transactivating
potential for both TAp73a and TAp63a [16, 21].

Since both p63 and p73 share strong structural, biochemical and biological
homologies to p53, they bind specifically to conventional p53 response elements
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(p53RE: RRRCWWGYYY) and transactivate target genes such as p21*!, MDM?2,
and BAX. In spite of their structural similarities between p53 and p63, the latter
functions are greatly different from those of p53. The most striking difference is the
apparent involvement of p63 in skin and limb development [22] (the details of
phenotypes will be explained later). Global p63 knockout mice that lack all splicing
isoforms exhibit skin and limb defects as well as craniofacial abnormalities, but are
not tumor prone. This is in contrast to p53 knockout mice that develop normally, but
are prone to develop various cancers from an early age, esp. thymic lymphomas
and hemangiosarcomas [23, 24]. In humans, germ line mutations of p53 cause
Li-Fraumeni syndrome, in which affected individuals are very prone to cancer
development [25-27]. These differences may be due to the differential regulation of
target genes by p53 and p63. The p53 and p63 proteins can bind to two or more
tandem repeats of RRRCWWGYYY (p5S3RE) or some other motifs and subse-
quently activate target gene expression. By using oligonucleotide expression micro-
array analysis and analyzing the promoters of p63-induced genes, Osada et al. [28]
identified novel p63-specific response elements (p63REs) in the promoter regions
of EVPL and SMARCD3. These p63REs exhibit characteristic differences from the
canonical pS3RE (RRRCWWGYYY) in both the core-binding element (CWWG)
as well as the RRR and/or YY'Y sequences [28]. Their data indicate that p53 prefer-
entially activates and binds to the RRRCATGYYY sequence, whereas p63 prefer-
entially activates RRRCGTGYYY. Whereas EVPL protein is highly expressed in
epithelial cells of the skin and pharynx in the p63** mouse, it is undetectable in
these tissues in the p63~~ mouse. Thus p63 can regulate expression of specific target
genes such as those involved in skin, limb, and craniofacial development by prefer-
entially activating distinct p63-specific response elements [28]. Until now, a number
of genes have been reported to be targets of p63 and p73, such as REDD] (regula-
tion of reactive oxygen species), JAGI/JAG2 (Notch signaling), IL4R, ANp73, and
AQP3 (glycerol and water transporter) [28-30]. Among these, ANp73 is a splicing
variant from the p73 locus, suggesting its autoregulation [31]. In Notch signaling,
Sasaki et al. found that the genes encoding ligands for the Notch receptors (JAG1/2),
are up-regulated by p63 and p73 but not by p53 [30]. They identified a p63-binding
site in the second intron of the JAGI gene, which could directly interact with p63
in vivo as demonstrated by chromatin immunoprecipitation. They also found a tar-
get of Notch signaling; HES-1 was up-regulated in Jurkat cells with high expression
of Notchl when co-cultured with p63-transfected cells, suggesting that p63 can
trigger the Notch signaling pathway in neighboring cells. This suggests a potential
molecular mechanism for the involvement of p63 in normal development [30].
Recently it was reported that BRCA1 activates the Notch pathway in breast cells by
transcriptional upregulation of Notch ligands and receptors [32]. They demonstrated
that BRCA1 was localized to an intronic enhancer within the JAGI gene, an event
requiring ANp63. This BRCA1/ANp63-mediated induction of JAGI must play
important roles in the regulation of breast stem/precursor cells since knockdown of
these proteins resulted in increased tumorsphere growth and increased activity of
stem cell markers [32]. Thus, BRCA1/ANp63-mediated transactivation of Notch
signaling is a key event in the normal differentiation process in breast tissue.
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Regulation of p63 and p73 by Mdm2

The interactions of p53 with Mdm?2 and Mdmx, mediated via the TA domain of p53
have been well-documented [33-36]. The physiological importance of the regula-
tion of p53 by the Mdm2 and Mdmx ubiquitin ligases as well as the role of its aber-
rant regulation in tumors has also been reported [37—41]. Unlike p53, which protects
genomic stability, the two homologous proteins of the same family, p63 and p73,
regulate developmental processes as described in this chapter.

Since all three p53 family proteins have homologous TA domains, it was specu-
lated that p63 and p73 may be regulated by Mdm in a similar manner as has been
reported for p53. The ability of Mdm?2 and Mdmx to bind to p73 has been well-
documented [42] and Zdzalik et al. [43] provided a detailed kinetic characterization
of this interaction. The interaction of Mdm with p63 has also been studied previ-
ously, but the results were controversial due to lower affinity for such an interaction
[44-47, 92]. In fact, Zdzalik et al. [43] showed that both Mdm2 and Mdmx form
complexes with the p63 TA domain, however the interactions were weaker than
those determined for p53 or p73. The interaction of the p63 TA domain is specific
and mechanistically similar to that of the p53 TA domain since the p63(Ala) mutant
peptide showed no activity in the assays performed. Although the interactions of
p73 with Mdm2 and Mdmx have also been studied previously, only the affinity of
p73 for Mdm?2 has been reported [48, 49]. The interaction between p63 and Mdm2
is one order of magnitude weaker than those of Mdm with p53 and p73. Conversely,
the affinities of both Mdm2 and Mdmx for p73 are of the same order of magnitude
as those for p53, which justifies the conclusion that these proteins truly interact in
cells, as has previously been suggested in other studies [42, 46, 50, 92]. The weaker
interactions of both Mdm?2 and Mdmx with p63 explain the inconsistent results
reported by different groups on the interactions of those proteins. Clearly, at suffi-
ciently high concentrations, these proteins will form a stable complex, but whether
such concentrations are ever encountered under physiological conditions in cells
remains a very intriguing question for future studies [43]. It is also noteworthy that
although the affinities of p53 for Mdm2 and Mdmx are similar, both p63 and p73
interact more strongly with Mdmx. Therefore, Mdmx, but not Mdm2, may have a
stronger impact on the regulation of intracellular p63 and p73.

Constitutional, All Splicing Isoforms’ Knockout Mice
Jor p63, p73

Mills et al. [22] reported the phenotypes of p63-deficient mice (all splicing
isoforms). p63-null mice are born alive but have striking developmental defects.
Their limbs are absent or truncated, defects that are caused by a failure of the apical
ectodermal ridge differentiation. The skin of p63-null mice did not progress through
an early developmental stage lacking stratification with no differentiation markers.
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Hair follicles, teeth and mammary glands were absent in p63-deficient mice. Thus,
in contrast to p53, p63 is essential for several aspects of ectodermal differentiation
during embryogenesis. Keyes et al. [51] studied spontaneous and chemically-
induced tumor development using p63*~ mice since p63~~ mice had serious
developmental defects, and thus were not suitable for in vivo tumor development
studies. They found that p63*~ mice were not tumor prone and mice heterozygous
for both p63 and p53 had fewer tumors than p53*~ mice. Furthermore, p63 expression
was maintained in carcinomas. These findings demonstrate that p63 plays a markedly
different biological role in cancer than p53.

Mice deficient for all p73 splicing isoforms also exhibited profound develop-
mental and immunological defects, including hippocampal dysgenesis, hydroceph-
alus, chronic infections, and inflammation, as well as abnormalities in pheromone
sensory pathways [52]. It should be noted that mice lacking p73 showed no increased
susceptibility to spontaneous tumorigenesis, in contrast to p53-deficient mice [23, 24].
They speculated that potentially dominant-negative, p73 variants were the predom-
inant expression products of this gene in developing and adult tissues, explaining
the mechanistic basis of the hippocampal dysgenesis and the loss of pheromone
responses in p73-null mice. Thus p73 plays unique roles in neurogenesis, sensory
pathways, and homeostatic control [52].

Flores et al. [53] explored the combined role of p63 and p73 in DNA damage-
induced apoptosis. The combined absence of p63 and p73 severely impaired the
induction of p53-dependent apoptosis in response to DNA damage in E1 A-expressing
cells and in the developing central nervous system in mice although the p53 locus
remained intact. This was explained by the inability of p53 to bind the promoters of
apoptosis-associated target genes and to upregulate their transcription in p63~-;
p737=; E1A(+) cells and the developing central nervous system [53, 54].

Splicing Isoform-Specific Knockout Mouse Models for p63, p73

p63

The roles of p63 in tumor suppression have been a hot topic of debate. The most
intriguing question is whether p63 is a tumor suppressor gene or an oncogene.
Many studies have shown p63 overexpression in human cancers [55]; discussed
later in this chapter), while others demonstrate that a loss of p63 is associated with
tumor progression and metastasis [56]. This controversy has been attributed to the
existence of multiple splicing isoforms with distinct functions; the full-length TA
isoform of p63 has structural and functional similarity to pS3 (Fig. 2.2), whereas the
ANp63 protein acts primarily in dominant-negative fashion against all family mem-
bers of p53. To study splicing isoform—specific differences of p63 functions in vivo,
Su et al. [57] developed a TAp63 conditional knockout mouse and used it to delete
TAp63 in the germline (TAp63~-; using Zp3-cre or Protamine-cre) or in K14-
expressing cells in the basal layer of the epidermis (TAp63%; using Kl4cre+).
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TAp63~~ mice aged prematurely and developed blisters, skin ulcerations, senescence
of hair follicle-associated dermal and epidermal cells, and decreased hair morpho-
genesis, indicating that TAp63 serves to maintain adult skin stem cells by causing
cellular senescence and genomic stability, thereby preventing premature tissue
aging [57]. The same group followed spontaneous tumor development in TAp63~"-,
TAp63*~ and wild-type mice for 2.5 years and found that both TAp63*~ mice and
TAp63~"~ mice developed carcinomas and sarcomas with significantly shorter lifes-
pan than the wild-type cohort. Consistent with this finding, tumors from TAp63+~
miceretained the wild-type allele of TAp63 suggesting that TAp63 is haplo-insufficient
tumor suppression. Both TAp63*~ and TAp63~~ mice developed highly metastatic
tumors, and 10 % of these metastases were found in the brain, a rare finding in
endogenous mouse tumor models. Although equivalent numbers of carcinomas
metastasized in the TAp63~~ and TAp63+~ mice, a greater number of sarcomas
metastasized in TAp63*~ mice than in TAp63~~ mice, indicating that heterozygous
loss for TAp63 rather than homozygous loss results in a more severe phenotype.

Keyes et al. [58] observed that ANp63a overexpression in mouse embryonic
fibroblasts (MEFs) bypassed Ras-mediated senescence and drove tumorigenesis
in vivo. They identified chromatin-remodeling protein Leeh as a novel target for
ANG63« that is an essential mediator of senescence bypass. This bypass of senes-
cence by ANp63a promoted stem cell-like proliferation and maintained the sur-
vival of keratin 15-positive cells. Thus, ANp63a is a novel oncogene that cooperates
with Ras to promote tumor development by initiating stem cell proliferation.
By contrast, overexpression of TAp63 forms in p53~~ MEFs increased senescence
and reduced tumor development in vivo, consistent with a p53-independent effect
of TAp63 [59].

The TAp63 and ANp63 isoforms have special effects in epidermal tissue differ-
entiation [60]. In murine embryonic stem cells, ANp63, but not TAp63, is highly
expressed in epidermis and is critical for the expression of the cytokeratins K5 and
K14, two markers of keratinocyte differentiation, indicating that only ANp63 is
required for the commitment of ectodermal into epidermal cells [61, 62]. In sum-
mary, p63 and its splicing variants play specific roles in epidermal commitment, cell
proliferation, and senescence bypass; alterations of this intricate balance contribute
to tumor development.

p73

Mice with a complete deficiency of p73 exhibited severe neurological and immuno-
logical defects due to the absence of all TAp73 and ANp73 isoforms as described in
the previous section. To study mice deficient for specific p73 protein isoforms, Tak
Mak’s group created p73 isoform-specific knockout mice [63, 64]. Tomasini et al.
[63] created mice in which exons encoding the TAp73 isoforms were specifically
deleted at exons 2/3 to establish a TAp73-deficient (TAp73~~) mice. Mice speci-
fically lacking in TAp73 isoforms showed a phenotype intermediate between the
phenotypes of p73~~ and p53~~ mice with respect to the incidence of spontaneous
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and carcinogen-induced tumors, infertility, and aging, as well as hippocampal
dysgenesis. In addition, cells from TAp73~~ mice showed genomic instability asso-
ciated with enhanced aneuploidy, which could account for the increased incidence
of spontaneous tumors in these animals. Hence, TAp73 isoforms exert tumor-
suppressive functions indicating an emerging role for 7rp73 in the maintenance of
genomic stability. Wilhlem et al. [64] generated mice that were selectively deficient
for the ANp73 isoform by depleting AN form-specific exon 3’ (ANp73~-). These
mice were viable and fertile, but showed signs of neurodegeneration. Cells from
ANp73~~ mice were sensitive to DNA-damaging agents and showed an increase in
p53-dependent apoptosis. They found that the ANp73 protein localized directly to
the site of DNA damage, interacted with the DNA damage sensor protein 53BP1,
and inhibited ATM activation and subsequent p53 phosphorylation. This finding
may explain why human tumors with high levels of ANp73 expression showed
resistance to chemotherapy.

In summary, these studies show that TAp63 and TAp73 proteins have specific
roles in preventing tumor development in vivo. Conversely the AN forms act as
oncogenes by preventing senescence and maintaining progenitor cell status. When
overexpressed, both TAp63 and TAp73 proteins transactivate subsets of known p53
target genes involved in cell-cycle arrest and apoptosis, such as p21¢?! and Bbc3
[65-68]. Of note, both TAp63 and TAp73 also regulate distinct sets of genes that are
not transcriptional targets for p53 through unique p63RE as described in the previ-
ous section. In contrast, ANp63 and ANp73 proteins have been shown to function
in part as dominant-negative inhibitors of the p53 family, leading to the hypothesis
that these isoforms may exhibit proto-oncogenic function. AN isoforms inhibit the
function of TA forms through (1) direct competition for DNA-binding sites and
(2) formation hetero-oligomeric complexes with TAp63/TAp73, and less strongly
with p53 [11, 20, 69-72]. Interestingly, expression of the ANp73 is strongly up-
regulated by TAp73 and p53, thus creating a feedback loop that tightly regulates the
function of TAp73 and more importantly, of p53 [70].

Aberrant Expression, Altered Splicing, and Mutations
of p63 and p73 in Human Cancer

Alterations of p63 Isoforms in Human Cancers

Both p63 and p73 were initially hypothesized to function as tumor suppressors
based on their homology to p53. However, accumulating evidence shows that muta-
tion of either of these genes in human cancer is quite rare [73, 74], indicating that
they are not classical tumor suppressor genes like p53 or RB that meet the Knudson’s
two-hit hypothesis [75]. Although there have been numerous studies on p63 expres-
sion in human cancers, loss of heterozygosity (LOH) of the p63 locus has not been
studied extensively in human malignancies [76], possibly because the genomic



2 Alterations of p63 and p73 in Human Cancers 27

locus 3q27-28 is not the site of frequent gene deletion in cancer. Conversely,
decreased p63 expression is a common feature of high-grade invasive urothelial
carcinomas and associates with reduced p-catenin. Both ANp63 and TAp63 are
frequently downregulated in bladder cancer and this reduction correlates with a
poor prognosis [77]. The majority of prostate cancers show loss of p63, but it is
overexpressed in some poorly differentiated tumors and correlates with a poor
prognosis [78]. In addition, loss of p63 results in enhanced metastasis in prostate
cancer [79]. Koga et al. [80] studied the expression of p63, f-catenin, and uroplakin
IIT by immunohistochemistry in high-grade invasive bladder carcinomas. Lower p63
expression was significantly associated with higher TNM stage, lymph-node
metastasis, and reduced p-catenin expression. Importantly, lower p63 expression
was significantly associated with a poor prognosis. Impaired p63 expression was
associated with biological aggressiveness of high-grade invasive urothelial carcinomas.
Moreover, loss of p63 expression was a pre-requisite for uroplakin III expression.
Their data suggested that p63 plays critical roles in tumor progression and
biochemical terminal differentiation of urothelial neoplasms [80].

Oral lichen planus (OLP) is a relatively common chronic disease of the oral
mucosa for which the etiology or pathogenesis is not fully understood. Sniezek
et al. [81, 82] showed decreased expression of p63 in OLP compared to normal
mucosa, a decrease they suggested could explain the hyper-differentiation, or pro-
differentiation, seen in this disorder OLP. Consistent with these findings, another
group reported downregulation of p63 in this disorder [83].

The p63 gene maps to chromosome 3q27-28, a region frequently amplified in
squamous cell carcinomas [55, 76, 84—86]. Most squamous cell carcinomas
retain p63 expression, where it is often overexpressed [55, 87, 88]. Although
some controversy exists as to whether p63 is the targeted gene driving amplifica-
tion of this locus, several groups have reported increased p63 mRNA levels that
correlate with an increase in p63 gene copy number in squamous cell carcinomas
of the lung, head, and neck (HNSCCs) [84, 89, 90]. In other cases, overexpres-
sion of p63 appears to be independent of genomic DNA amplification of the
locus [91]. In esophageal carcinomas, amplification of the p63 gene was reported
in ~20 % of squamous cell carcinomas and 10 % of adenocarcinomas [76].
Given that the total frequency of tumors in which p63 is upregulated is much
higher (>50 %), gene amplification is unlikely to be the main mechanism underlying
the increased levels of p63. Rather, transcriptional or post-transcriptional changes
are involved. Multiple studies have shown that p63 overexpression occurs in up to
80 % of primary HNSCCs and also in other squamous cell carcinomas, including
those in the lung, nasopharynx, and cervix [55, 92-94]. By the use of isoform-specific
antibodies, Nylander et al. [95] mapped expression of the different p63 isoforms
within normal oral mucosa and HNSCCs, showing increased expression of p63,
mainly the ANp63 isoforms, in tumors compared to normal mucosa. They indicated
specific roles for the individual isoforms in cell differentiation and neoplasia [95].
In invasive breast cancer, the frequency of p63 expression varies, ranging from 0 to
30 % [96-98]. It is now considered that p63 is expressed in at least a subset of breast
tumors that are known to have a basal epithelial phenotype [99].
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TAp63 vs. ANp63 in Cancer

In esophageal carcinomas, p63 isoforms are upregulated not only in carcinomas, but
also in squamous dysplasias [76]. Although early studies for the detection of p63
did not differentiate among different isoforms, recent studies used isoform-specific
RT-PCR coupled with Western blot analysis to quantitatively demonstrate that
ANp63a is the predominant p63 isoform expressed in squamous cell carcinomas.
Using such an approach, it has been reported that tumor-suppressive TAp63 overex-
pression is rare in HNSCC, and that ANp63 mRNA expression was at least 100-fold
more abundant than TAp63 mRNA in all cases [87, 100]. These findings are consis-
tent with the inability of many investigators to detect TAp63 protein isoforms by
Western blot analysis in either primary keratinocytes or HNSCC cells. ANp63 is the
predominant variant that is found in HNSCCs; however, in Barrett’s esophagus, a
disorder in which the stratified epithelium is replaced by a simple columnar epithe-
lium that consists of mucosecretory cells, the p63 gene expression is not highly
prominent [76].

Tumors often have simultaneous transcriptional upregulation of both TAp63 and
ANp63 isoforms, with ANp63 being predominant at protein levels [S55, 87]. This
would represent the anti-apoptotic and proliferative effects of ANp63 as described
in the previous section. Moreover, it was reported that ANp63a expression directly
correlates with a poor response to cisplatin in HNSCC [101]. In pancreatic cancer,
Danilov et al. [102] showed that ANp63a enhanced the oncogenic potential of
tumor cells through trans-activation of EGFR and [4-3-3¢. Leong et al. [103]
reported that the p63/p73 network mediates chemosensitivity to cisplatin in a subset
of primary breast cancers. Thus, p63 is involved in chemosensitivity of multiple
types of tumors. In HNSCC, DNA damage by chemotherapy caused a decrease in
ANp63-mediated transcriptional repression by blocking p63-responsive elements
or sequestering TAp63 in less active hetero-tetramers, together with increased
expression of p73, thus allowing TAp73-mediated cell death [100]. Together, these
reports indicate that it is not only the levels of individual p53 family members, but
rather the ratio between TA (transcriptionally active, having tumor-suppressor
functions) and AN (acting as dominant-negative over the TA isoforms, showing
oncogenic properties) isoforms that determines the biological outcome.

In lung cancer, amplification of chromosomal region 3q26-3qter is frequently
found in tumors. Massion et al. [55] analyzed p63 gene copy number and expression
by immunohistochemistry in tissue microarrays of >200 non-small cell lung
cancers (NSCLCs) and correlated them with survival. The p63 genomic locus was
amplified in 88 % of squamous cell carcinomas, but only in 11 % of adenocarcinomas
and 2 % of large cell carcinomas of the lung, indicating clear association of
gene amplification with squamous cell lung cancer. The major splicing variant of
p63 expressed was ANp63a. Furthermore, p63 genomic amplification and protein
staining was associated with better survival. They found a significant increase in
p63 copy number in pre-invasive lesions graded severe dysplasia or higher. Thus,
there is early and frequent genomic amplification of p63 in the development of
squamous carcinoma of the lung and patients with NSCLC showing amplification



2 Alterations of p63 and p73 in Human Cancers 29

and overexpression of p63 had prolonged survival [55]. However, two other groups
have failed to demonstrate the favorable prognostic value of p63 in lung cancer.
Iwata et al. [104] reported a lack of prognostic significance regarding ANp63 immu-
noreactivity in lung cancer. Uramoto et al. [105] showed that the expressions of
ANp63 in lung cancer did not significantly affect survival while patients with a
positive ANp73 expression had a poorer prognosis in comparison to the negative
group. The differential prognostic values of p63 in these, Massion’s and two other
studies, can be attributed to the fact that the former study focused on gene copy
number of p63 and immunohistochemical staining of p63 (all splicing isoforms) in
squamous cell lung cancer while the latter two groups studied the expression of the
ANp63 protein and survival of non-small cell lung cancer (in Uramoto’s study;
squamous cell carcinoma only in Iwata’s study).

ANp63a can act as a transcriptional repressor, but the link between the transcrip-
tional functions of p63 and its biological role is still unclear. Barbieri et al. [106]
depleted endogenous p63 by shRNA to investigate the transcriptional programs
controlled by p63. Disruption of p63 in squamous cell carcinoma cell lines resulted
in down-regulation of transcripts specifically expressed in squamous tissues and a
significant alteration of keratinocyte differentiation. They found that depletion of
p63 led to up-regulation of markers of non-epithelial tissues (mesenchyme and neu-
ral tissue) in squamous cell carcinomas, which were associated with increased
capacity for invasion and metastasis in tumors. Furthermore, loss of p63 expression
was accompanied by a shift toward mesenchymal morphology and an increase in
motility in primary keratinocytes and squamous cell lines [106]. Thus, loss of
endogenous p63 results in up-regulation of genes associated with invasion and
metastasis, and predisposes to a loss of epithelial markers and acquisition of mesen-
chymal characteristics. Although the squamous cell carcinoma cell lines they ana-
lyzed expressed predominantly ANp63, the interpretation of their experimental
results is controversial since their shRNA depleted both TAp63 and ANp63 at the
same time. p63 isoform-specific ShRNA should be used to define the roles of each
isoform in cell growth, differentiation, invasion and metastasis.

Regulation of Gene Expression by ANp63

Although ANp63 lacks the amino-terminal transactivation domain consisting of 39
amino acids that is present in TAp63, ANp63 still activates a group of genes that
includes, but is not restricted to genes regulated by p53 [66]. Helton et al. showed
that all NH2-terminally deleted p63 isoforms still retain a potential in transactiva-
tion and growth suppression [107]. Interestingly, they showed that ANp63f pos-
sessed a remarkable ability to suppress cell proliferation and transactivate target
genes, which is consistently higher than that seen with ANp63a. They showed that
an intact DNA-binding domain is required for ANp63 function. In addition, they
found that the novel transactivation domain for the ANp63 variant was composed of
the 14 unique AN residues along with the adjacent region, including a PXXP motif
[107]. They also showed that a PPXY motif shared by ANp63a and ANp63f was
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required for optimal transactivation of target gene promoters [107]. Very recently,
Ceraldo et al. [108] identified a novel p63 transcriptional target, caspase-1.
Caspase-1 is pro-inflammatory caspase, which functions in tumor suppression.
They showed that both p63 isoforms (TAp63, ANp63) increased caspase-1 expres-
sion through physical binding to its promoter. Consistently they also identified a
direct correlation between p63 and caspase-1 expression in human cancer data sets.
Functional interaction between p63 and caspase-1 represented a predictor of longer
survival in human cancers. Together, in addition to dominant-negative effects of
ANp63 on TA isoforms of p53 family proteins, regulation of gene expression by
ANp63 variants should be re-evaluated from the viewpoint of tumor suppression.

Alterations of p73 Isoforms in Human Cancers

The p73 gene has been speculated to be classical tumor suppressor genes like p53
when the cDNAs were cloned [10]. In gastrointestinal tumors, LOH for p73 has
been reported in 1040 % of the cases [76] although LOH for p63 has not been
reported in cancers. Despite these expectations, subsequent studies have demonstrated
that the TP73 locus was not the hot spot of gene deletion in cancers. Rather, studies
of multiple tumor types have shown that p73 splicing variants are overexpressed,
but not mutated or deleted in human malignancies [17].

To investigate the role of the p73 gene in human carcinogenesis, Han et al. [109]
studied genetic alterations of this gene by analyzing the entire coding exons as well
as their surrounding exon-intron boundaries by PCR-CCSP and direct sequencing
with primary samples from breast, colorectal, gastric cancers, neuroblastomas, and
also with lung and pancreatic cancer cell lines since they are known to have frequent
LOH in the 1p region. However, of the 185 cases, somatic missense mutation of
glutamine from arginine at codon 269 was found in only one breast cancer.
Monoallelic expression of p73 was observed in pancreatic cancer cell lines. Nomoto
etal. [110] analyzed 61 primary lung cancer samples of the p73 locus at 1p36.33 by
PCR-SSCP and Southern blotting. Although allelic loss at the 1p36.33 locus was
observed in 42 % of cases, somatic mutations of the p73 gene were not observed in
their samples, suggesting the presence of an as yet to be determined tumor suppres-
sor gene at the locus. In summary, inactivation of the p73 gene is very rare even in
cancers involving chromosome 1p [109].

TAp73 vs. ATAp73 in Human Cancers

Overexpression of p73 mRNA and/or protein relative to neighbor normal tissues has
been reported in a variety of tumors, such as neuroblastoma, glioma, ependymoma,
breast, lung, colon, stomach, liver, ovarian, bladder, cholangiocellular carcinomas,
and myelogenous leukemias [17]. Concin et al. [111] studied the expression profile
of all N-terminal isoforms, distinguishing between TAp73 and ATAp73 (ANp73,
AN’p73, Aex2p73, and Aex2/3p73) (Fig. 2.2). Ovarian cancers almost universally



2 Alterations of p63 and p73 in Human Cancers 31

overexpressed AN’p73 compared with normal tissues (95 % of cancers). About
one-third of tumors also exhibited concomitant up-regulation of TAp73, whereas
only a small subgroup of tumors overexpressed ANp73 [111]. Thus, deregulation of
the E2F-responsive P1 promoter, rather than the P2 promoter, is mainly responsible
for the production of ATAp73 in ovarian cancer. A trend was found for better over-
all survival in patients with low expression of AN’p73/ANp73, compared with
those with high expression. Cancers with wild-type p53 showed significantly higher
deregulation of ANp73, AN’p73, and Aex2/3p73 (transdominant p73) than p53
mutant cancers. Thus, overexpression of transdominant p73 isoforms can function
as epigenetic inhibitors of p53 in vivo, thereby alleviating selection pressure for p53
mutations in ovarian cancer [111].

Dominguez et al. [112] analyzed 113 colon and 60 breast cancer patients’ pri-
mary samples and reported the association of ATAp73 variants and advanced patho-
logic stage, lymph node metastasis, vascular invasion, presence of polyps, and
tumor localization. Overexpression of TP73 variants in tumor tissues indicates that
they may be involved in carcinogenesis. The association between upregulation of
ATAp73 isoforms and poor prognosis suggests that they may be of practical clinical
prognostic value. Faridoni-Laurens et al. [113] analyzed the expression of TAp73
and ATAp73 in HNSCC and compared them to the p53 status. They found that all
of the p73 isoforms were upregulated in comparison to those in normal adjacent
tissue. Although p73 belongs to the gene family of p53, p53 mutations and p73
transcript alterations were not mutually exclusive. All of the HNSCC specimens
studied had at least one p53 mutation and/or one ATAp73 transcript alteration.
Although both the ANp73 and the TAp73 transcripts were upregulated in HNSCC,
the predominant protein in the cancers expressed was ANp73. Furthermore, a trend
was found for better overall survival in patients with a low expression of ANp73.
Thus deregulation of both the p53 and the p73 pathways plays an important role in
inducing HNSCC [113].

By using specific polyclonal ANp73 antiserum against the exon 3’-specific pep-
tide for p73, ANp73 and AN’p73 expressions were studied in paraffin-embedded
tumor samples from 132 lung cancer samples [105, 114]. The AN/AN’p73 protein
was detected mainly in the cytoplasm of tumor cells in 77 of 132 patients (58.3 %)
with lung cancer. Importantly, lung cancer patients with positive AN/AN’p73
expression had a poorer clinical outcomes than those with negative expression. In
addition, multivariate analysis of the clinicopathological characteristics of lung can-
cer indicated that positive expression of AN/AN’p73 was a significant independent
factor for predicting poor prognosis (P<0.0001, risk ratio=3.39). Thus, expression
of AN/AN’p73 will be a useful marker for predicting poor prognosis of patients
who undergo resection of lung cancer. Consistent with these findings, overexpression
of the N-terminal splice variants (Aex2p73, Aex2-3p73), but not TAp73, was shown
to be associated with a poor prognosis in low-grade gliomas [115], which should be
helpful in decision-making in clinics.

The truncated oncogenic isoform Aex2p73 is expressed in hepatocellular carci-
nomas (HCC); however, the underlying mechanisms regulating this process are
unknown. Castillo et al. [116] used human normal and diseased liver tissue samples
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to examine the association between activation of epidermal growth factor receptor
(EGFR) by its ligand amphiregulin (AR) and the alternative splicing of p73
pre-mRNA into the tumorigenic isoform Aex2p73, via c-Jun N-terminal-kinase-1-
mediated signaling. Aex2p73 was expressed in a subset of premalignant cirrhotic
livers and in otherwise healthy livers that harbored a primary tumor, as well as in
HCC tissues. Aex2p73 expression was correlated with that of the EGFR ligand AR,
previously shown to have a role in hepatocarcinogenesis. Autocrine activation of
the EGFR by AR triggered c-Jun N-terminal kinase-1 activity and inhibited the
expression of the splicing regulator Slu7, leading to the accumulation of Aex2p73
transcripts in HCC cells. Their study provided a mechanism for the generation
of pro-tumorigenic Aex2p73 during liver tumorigenesis via activation of EGFR
signaling by AR and c-Jun N-terminal kinase-1 activity, leading to inhibition of the
splicing regulator Slu7 [116]. This is a unique report that showed the specific role of
a particular splicing factor in aberrant p73 splicing.

The molecular mechanisms underlying overexpression of ANp63 or ANp73 in
cancers in comparison to normal tissues need further investigation. Methylation-
mediated silencing of the P1 promoter for TAp73 was reported in lymphoblastic
leukemias and Burkitt’s lymphomas [117, 118]. These findings indicate that either
ANp63 or ANp73 overexpression or TAp73 promoter silencing is required to inac-
tivate the tumor-suppressive activity of TAp73. Although TAp73 isoforms were
paradoxically overexpressed (18—30 folds) in HNSCC tumor cells in comparison to
non-transformed keratinocytes, ANp63a was also overexpressed in these tumors
and was physically associated with TAp73, thereby inhibiting p73-dependent
pro-apoptotic activity [87, 100]. BRCA I-deficient tumor cells exhibit increased sen-
sitivity to cisplatin, and patients with BRCA 1-associated ovarian carcinomas had
better outcomes with platinum-based chemotherapy compared with sporadic cases.
Ibrahim et al. [119] reported that BRCA [-deficient ovarian carcinoma cells exhib-
ited hypermethylation within the P1 promoter for p73, which included the binding
site for the p73 transcriptional repressor ZEB1, leading to the abrogation of ZEB1-
binding and increased expression of transactivating p73 isoforms (TAp73), explaining
increased cisplatin sensitivity of BRCA I-deficient ovarian carcinomas. Thus, TAp73
might represent a response predictor and potential therapeutic target for enhancing
chemosensitivity in ovarian cancer.

Although promoter methylation is the major mechanism of p73 inactivation in
hematopoietic malignancies [120], the situation is different in epithelial tumors —
carcinomas. Daskalos et al. [121] studied the DNA methylation status of both P1
and P2 promoters as a means of epigenetic transcriptional control of their corre-
sponding isoformsin 102 primary NSCLCs and reported that the P2 hypomethylation-
associated overexpression of ANp73 mRNA is a frequent event, particularly among
squamous cell carcinomas. P2 hypomethylation strongly correlated with long
interspersed nuclear element-1 element hypomethylation, indicating that ANp73
overexpression may be a consequence of global DNA hypomethylation. Guan and
Chen analyzed p73 in prostate cancer and found that ANp73 was significantly
increased in 20 of 33 prostate carcinomas [122]. However, none of the specimens
expressed AN’p73. The positive expression of ANp73 correlated with the Gleason
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score in prostate cancer. Interestingly, prostate cancer samples with wild-type p53
had significantly higher expression of ANp73 than p53 mutant cancers. These data
suggested a potential role for ANp73 in prostate cancer progression.

Diaz et al. [123] conducted a translational study to evaluate whether 1,25(OH)(2)
vitamin D(3) downregulates TP73 variants in colon and breast cancers [123]. They
reported that ectopic survivin expression led to an increase in all of the TAp73,
ANp73, AEx2p73, and AEx2-3p73 transcripts. In these cancers, direct correlations
were observed between TP73 variants and survivin levels. Interestingly, 1,25(OH)
(2) vitamin D(3) negatively regulated survivin and TP73 variants in these tumors.
Thus positive regulation of TP73 isoforms by survivin may exist, which raised the
possibility that the downregulation of TP73 isoforms may be possible with 1,25(OH)
(2)D(3) through survivin.

In summary, although somatic point mutations are rarely found in p73 in human
cancers, aberrant splicing that result in ATAp73 overexpression are very frequently
found. Since these proteins have transdominant activity on all p53 family proteins,
it is speculated that this abnormal splicing contributes to human carcinogenesis,
esp. in ovarian, breast, lung, and prostate cancers, HNSCCs, and hematological
malignancies. Published results indicate that ATAp73 overexpression is associated
poor clinical outcomes at least in lung cancer and HNSCCs. Of note, it may be pos-
sible to correct aberrant expression of p73 isoforms in cancer through the use of
1,25(0OH)(2)D(3).

Conclusive Remarks

Judging from the very low frequency of mutations for p63 and p73 in human can-
cers, these are not classical tumor suppressor genes, but the possibility remains that
these are haplo-insufficient tumor suppressors, just like p27%?!, PTEN, or DMPI
[124-132]. Detailed analyses with specific primers are required to determine
whether these are true tumor suppressors. Accumulating pieces of evidence suggest
that TA- and AN- isoforms play distinct roles in cell cycle progression, apoptosis,
and tumor development/prevention. Detection of each isoform by Western blotting
or immunohistochemistry with specific antibodies or real-time PCR-mediated
quantification of each splicing isoform will be needed to determine the prognostic
value of each splicing isoform in cancer. Of note, both ANp73 and AN’p73 have
unique amino acid sequences generated from the exon 3’ that is absent in TAp73.
This has made it possible to generate AN/AN’p73-specific antibodies that can be
used in diagnostic immunohistochemistry.

Not many studies have been done to elucidate the mechanisms of overexpression
of AN isoforms of p63 and p73 in human cancers. Identification of critical splicing
factors and characterization of signaling pathways that contribute to this process
will be critical to correct the errors for splicing for these genes in human cancers.
Finally, specific targeting of AN- isoforms with antisense DNA, stabilized RNA,
shRNA may have therapeutic values in treating human cancer overexpressing these
splicing isoforms with oncogenic activity.
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Chapter 3
Cooperation of p53 Mutations with Other
Oncogenic Alterations in Cancer

Javier E. Girardini, Dawid Walerych, and Giannino Del Sal

Abstract Following the initial findings suggesting a pro-oncogenic role for p53
point mutants, more than 30 years of research have unveiled the critical role exerted
by these mutants in human cancer. A growing body of evidence, including mouse
models and clinical data, has clearly demonstrated a connection between mutant
p53 and the development of aggressive and metastatic tumors. Even if the molecular
mechanisms underlying mutant p53 activities are still the object of intense scrutiny,
it seems evident that full activation of its oncogenic role requires the functional
interaction with other oncogenic alterations. pS3 point mutants, with their pleiotro-
pic effects, simultaneously activating several mechanisms of aggressiveness, are
engaged in multiple cross-talk with a variety of other cancer-related processes, thus
depicting a complex molecular landscape for the mutant p53 network. In this chap-
ter revealing evidence illustrating different ways through which this cooperation
may be achieved will be discussed. Considering the proposed role for mutant p53 as
a driver of cancer aggressiveness, disarming mutant p53 function by uncoupling the
cooperation with other oncogenic alterations, stands out as an exciting possibility
for the development of novel anti-cancer therapies.

Keywords Mutant p53 ¢ Gain of function * Post-translational modifications ®

Cancer-associated mutations * Oncogenic signaling * Metastasis

In retrospective, the way in which p53 was discovered was already telling us much
about what has only begun to emerge in the last decade on the role of p53 point
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mutants in human cancer. p53 was originally identified as an interactor of SV40
T-antigen in transformed cells, or as a frequently abundant protein in cancer cells,
however, most of those original evidences was obtained from samples that contained
missense mutations in the p53 gene [1]. Therefore, the p53 field started with p53
point mutants, most of which, according to the current hypothesis, may have been
endowed with pro-oncogenic functions able to actively cooperate in the acquisition
of aggressive tumor phenotypes. Of course, in the early days of p53 research, domi-
nated by the enthusiasm to understand the tumor suppressor function of wt p53, the
relevance of p53 mutants on tumor progression was not evident. It took further 20
years of research to start figuring out the picture.

Yet, the initial discovery of p53 in virus transformed and tumor cells was somehow
anticipating another key aspect of mutant p53 oncogenic function: p5S3 mutants best
reveal its full armory when combined with other cancer-related alterations including
genetic lesions but also aberrantly regulated intracellular signaling circuits or even
abnormal clues from a transforming microenvironment. The presence of point muta-
tions radically alters p53 function causing much more than simple loss of wt function
[2]. On one hand, mutant proteins may exert a dominant negative effect by binding
and inhibiting wt p53, while on the other, point mutants may acquire novel activities
that actively cooperate with tumor progression, collectively known as Gain of Function
(GOF) activities. However, strict GOF refers to novel biochemical properties that are
independent from wt p53 function. Of course, both dominant negative and GOF activ-
ities collaborate with tumor progression albeit in fairly different ways. Even if the
dominant negative effect is obviously expected to be beneficial for tumor progression,
it is worth noting that the ability of mutant pS3 to promote tumor aggressiveness was
demonstrated in elegant in vivo models for bonafide GOF lacking wt p53 [3]. In this
respect, mutant p53 may be considered as a pleiotropic factor that eliminates wt p53
tumor suppressor function and simultaneously activates several mechanisms of
aggressiveness. Besides, in human tumors, loss of heterozygosity is a frequent event
that renders tumor cells devoid of wt pS3 by eliminating the remaining wt allele.

Our current understanding of mutant p53 GOF describes mutant p53 as a protein
that affects different aspects of cell behaviour by physically interacting with protein
partners, thereby altering their normal function [4]. Therefore, in a defined cell con-
text, displaying a repertoire of mutant pS3 interactors under the effect of a particular
combination of signaling pathways, it could be expected that mutant p53 may
simultaneously activate several complementary oncogenic mechanisms that will
eventually promote the reprogramming of cell behavior. According to this idea, the
presence of full active mutant p5S3 may be regarded as a pivotal event in tumor
progression that tips the balance towards the development of overt aggressive and
metastatic tumor phenotypes. The diversity of mechanisms engaged by mutant p53
offers several opportunities to crosstalk with other oncogenic circuits. Oncogenic
alterations may connect with the mutant p53 network at different levels. For
example, altered signaling pathways may induce specific combinations of post-
translational modifications on mutant p53 that enhance or inhibit its activity, stability
or subcellular localization. Alternatively, mutant pS3 may physically interact with
deregulated protein partners that are inactive or absent in normal cells. Also,



3 Cooperation of p53 Mutations with Other Oncogenic Alterations in Cancer 43

downstream effectors activated by mutant pS3 function may synergize with other
oncogenic mechanisms.

In this scenario, understanding how other cancer-related alterations impact on
the mutant pS3 network stands out as key question in cancer biology, with enormous
consequences on the clinics. In this chapter we will revise the current knowledge on
mutant p53 GOF trying to underline connections between oncogenic alterations and
mutant p53 function.

Mutant p53 and Hyperactivated Ras Signaling

The cooperation with aberrantly activated Ras signaling is perhaps the best docu-
mented interaction of the mutant p53 network with other cancer-related alterations.
The Ras family includes several small GTPases that have a complex role as upstream
modulators of signaling pathways [5]. In human cancer, the genes encoding some of
its members, namely HRAS, KRAS, and NRAS, frequently harbor missense muta-
tions that inhibit the GTPase activity. Such mutations leave the enzyme in a consti-
tutively activated state, which was correlated with the ability of these mutants to
cooperate with cell transformation as a consequence of deregulated signaling.
Genetic lesions on RAS genes vary according to tumor type, being KRAS mutations
the most frequent, accounting for up to 60 % in pancreatic tumors [6]. However,
mutation frequencies in H-RAS and N-RAS are remarkably elevated in experimen-
tally induced tumors [7].

The ability of mutant Ras to promote tumorigenesis in cooperation with other
genetic lesions has been widely documented in vitro and in vivo. In particular, the
ability of activated Ras protein to drive transformation of cultured cells in the
absence of wt p53 activity was demonstrated several years ago. Those evidences,
among others, were pivotal in defining the mechanisms of multistep carcinogenesis,
by showing that hyperproliferative signaling in the context of impaired mechanisms of
proliferation control, such as growth arrest, apoptosis and senescence, may act as a
major driving force of cell transformation. However, under the light of mutant p53
GOF, several other ways in which the crosstalk between deregulated Ras signaling
and the mutant p53 network may contribute to the etiology and the progression of
the disease are being unveiled.

The connection between mutant pS3 and Ras signaling was initially suggested
in experiments showing that p53 point mutants cooperated with constitutively acti-
vated Ras to transform normal rat embryo fibroblasts [8, 9]. Although suggestive
of an acquired oncogenic function, these evidences were not conclusive since the
effects observed may be ascribed to inhibition of endogenous wt p53 from rat
fibroblasts by mutant p53. Later, experiments performed in embryo fibroblasts from
mutant p53 knock-in mice, lacking the wt allele, confirmed the ability of mutant
p53 to enhance activated Ras-driven transformation as a bonafide new acquired
activity of mutant p53 [10, 11]. The study of this cooperation was further extended
in vivo, in mouse models that combined tissue specific expression of activated Ras
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with p53 point mutants, which revealed the deleterious effect that mutant p53 may
exert under particular conditions. In a revealing study, a model for pancreatic
ductal carcinoma (PDA) was developed, where expression of knocked-in mouse
PpS3RI172H and KRasG12D was restricted to pancreas progenitor cells [12] . Ras
activation was enough to promote tumorigenesis, however, the presence of mutant
pS53 dramatically accelerated tumor onset and reduced median survival. Notably,
mice carrying activated Ras in combination with a mutant p53 allele developed
aggressive and metastatic disease at high frequency, a feature that was not observed
in mice expressing only activated Ras or mutant p53. Even if those mice harbored
wt p53, the observation of consistent loss of heterozygosity that eliminated the wt
allele gave strong support to the notion of mutant p53 GOF. It is interesting to note
that more than 90 % of human PDAs carry point mutations in KRAS gene while
75 % of them harbor point mutations in T7P53 [13] . Despite this high frequency of
KRAS mutation, mice expressing only activated Ras failed to recapitulate the
aggressive characteristics of the human disease which are instead readily observed
in tumors from mice carrying both activated Ras and mutant p53. Therefore, these
evidences point out at KRAS mutation as an initiating event and suggest that later,
during disease progression, mutant p53 is required to develop a full blown meta-
static phenotype.

Later, a model for Non Melanoma Skin Cancer (NMSC) gave further support
to the cooperation between Ras and mutant p53 but more important, provided
unambiguous evidences that the observed phenotypes depended upon acquired
activities of mutant p53 that are different from the ability to inhibit wt p53. More
than 40 % of squamous cell carcinomas of the skin (SCCs), which account for the
vast majority of NMSC, carry missense mutations in the p53 gene [14, 15]. RAS
genes are mutated in 10-30 % of human skin SCCs [16, 17], however, in mouse
models of chemically induced skin carcinogenesis, RAS mutations markedly
increase up to 90 % of cases [7].

A model based on inducible expression of knocked-in p53 p53RI72H and
KRasGI12D in the skin through a recombination-based strategy was used to study
the cooperation between both genetic lesions [18]. Exclusive expression of mutant
p53 was achieved by simultaneous deletion of the remaining wt allele by Cre-
mediated recombination and those mice were compared with mice harboring dele-
tion of both p53 alleles. Again, simultaneous expression of activated Ras and mutant
pS53 was followed by enhanced tumor development and increased metastasis fre-
quency comparing with expression of activated Ras or mutant p53 alone. Moreover,
close characterization revealed that tumors developed in mice bearing mutant p53
were undifferentiated spindle cell carcinomas expressing keratin markers associated
with malignant progression that were not found in p53 null tumors. Noteworthy, in
both the PDA and MNSC models, tumors bearing activated Ras and mutant p53
showed elevated levels of genomic instability, including pronounced centrosome
amplification and enhanced aneuploidy, a feature that was absent in tumors lacking
the mutant p53 allele. These observations are in line with other reports that described
the ability of mutant p53 to enhance genomic instability [19-21], and suggest that
Ras signaling is relevant for this GOF activity.
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What the effects of hyperactivated Ras signaling on mutant p53 actually are is
still unclear. The complex network of pathways activated downstream Ras makes it
difficult to discern which players may be involved in the cooperation with mutant
p53 in a particular cell type. One possibility is that activation of Ras signaling con-
tributes to enhanced mutant p53 phosphorylation which may in turn enhance pro-
tein activity and/or stability. Indeed, activated Ras induces phosphorylation of
ectopically expressed pS3R280K on Ser33 and Ser46, while inhibition of kinases
downstream of Ras reduces phosphorylation of endogenous p53R280K on S46 in
MDA-MB-231 breast cancer cells [11]. Similarly, activated Ras induces phosphory-
lation of S/T-P sites on murine pS3R172H. Inhibition of MEK1/2 also reduced
phoshporylation on Ser6 and Ser9 [22]. Consistently, impaired phosphorylation on
these sites leads to reduced mutant p53 oncogenic function by uncoupling the com-
munication between the mutant pS3 network and other deregulated signaling path-
ways as will be further discussed.

On the other hand, mutant p53 may contribute to modulate the effect of HRas
signaling on gene expression. In fact distinct mutant p53 classes, structural and
contact, were found to affect Ras oncogenic signaling in different ways. While con-
tact mutants, such as R248Q or R273H, activate a transcriptional program depen-
dent on NF-kB that is downstream of Ras, conformational p53 mutants R175H or
H179R inhibit BTG2 protein that negatively regulates HRas. Therefore, even though
the mechanisms may be different for specific pS3 mutants and cell backgrounds,
mutant p53 GOF still converges on activating Ras signaling and its phenotypic
effects [23].

Mutant p53 Stabilization: How to Alleviate Inherent
Instability?

As the initial evidences showing elevated mutant p53 levels in tumors suggested,
protein stabilization stands out as a central aspect of mutant p53 oncogenic function.
Mutant p53 is highly expressed in human tumors and cancer-derived cell lines, in fair
contrast to wt p5S3 which is hardly detectable in unstressed cells and whose expression
becomes transiently elevated only in response to distinct signals [24]. These high pro-
tein levels are thought to be responsible for large part of mutant p53 oncogenic func-
tion, since depletion of mutant p53 reduces the aggressive features associated to GOF,
such as proliferation, apoptosis inhibition, migration, invasion and metastatic poten-
tial [4]. Accordingly, precocious stabilization of mutant p53 in knock-in mice is asso-
ciated with reduced survival and enhanced aggressiveness [25, 26].

A prominent difference between wt and mutant p53 that became soon evident is
that mutant p53 stability dramatically increases in non stimulated cell lines,
approaching a half life of several hours, comparing with approximately 30 min for
wt p53. These observations suggested that point mutations may alter protein struc-
ture in a way that conferred enhanced resistance to degradation or that, having lost
the ability to induce transcription of MDM?2, p53 mutants may be more stable as a
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consequence of reduced expression of its main E3 ubiquitin ligase. Even if these
hypothesis can not be ruled out for all p5S3 mutants, for those cancer-related point
mutants that have been studied the situation seems to be different. A growing body
of evidences has now established that most p53 mutants are inherently unstable
proteins in non-transformed cells, which however become extremely long-lived in
tumor cells. Perhaps the most vivid manifestation of this phenomenon comes from
knock-in mice, were mutant pS3 protein levels are barely detectable in normal tis-
sues but are elevated exclusively in tumors [10, 27], implying that the inability to
induce MDM? transcription or the mutation per se were not responsible for its sta-
bilization. Moreover, mutant p53 levels in normal tissues of knock-in mice are
increased upon stimuli that stabilize wt p53, such as ionizing radiation and geno-
toxic insult [25, 26], suggesting that both wt and mutant pS3 protein stability may
be regulated by similar mechanisms. How do tumor cells then manage to stabilize
mutant pS3? The lessons from mouse models, instead, are consistent with the idea
that other alterations during malignant transformation contribute to mutant p53 sta-
bilization. In light of the proposed role for mutant p53 as a pro-metastatic factor,
understanding how other frequent alterations in human tumors impinge on mutant
p53 stabilization may unveil critical hubs in the mechanisms underlying tumor
aggressiveness and may highlight points for therapeutic intervention.

Our knowledge on the mechanisms that regulate mutant p53 degradation is still
fragmentary, nevertheless, accumulating evidences have shown that it may be tar-
geted for ubiquitin-dependent 26S proteasomal degradation by MDM?2 and CHIP
(Fig. 3.1). As for wt p53, MDM?2 seems to be a major determinant of mutant p53
levels. Indeed, compelling evidences from knock-in mice where expression of
pS3R172H was combined with Mdm?2 deletion showed that absence of Mdm2
leaded to early stabilization of mutant p53 in normal tissues, confirming that this
E3 ubiquitin ligase is a physiologic regulator of mutant p53 levels [25].
Consequently, early mutant p53 stabilization in double mutant mice was associated
with a strikingly elevated metastasis frequency and reduced survival. MDM?2 is
frequently overexpressed in human tumors and correlations between MDM?2 pro-
tein levels and clinical prognosis were described in some human tumors [28, 29].
Taking into consideration the ability of MDM?2 to target both wt and mutant p53 for
degradation opposing effects may be expected for tumor cells with deregulated MDM2.
In addition, it should be considered that other p53-independent functions of MDM2
were also reported that make even more difficult to understand its actual role in
tumorigenesis [29-31]. In the case of tumors with mutant p53, even in conditions
were p53 point mutants are hyperstable, they are still susceptible to degradation
provided that the whole mechanism is reactivated, as suggested by experiments in
cell lines, were supraphysiologic levels of ectopic MDM2 readily induced ubiqui-
tin-dependent mutant pS3 degradation [32-34]. These observations may suggest
that tumor cells harboring mutant p53 should avoid high expression of MDM2
since this would reduce the levels of this potent pro-oncogenic factor. However, no
such straightforward correlation has been described. Instead, some evidences sug-
gest that aggressive tumor cells may easily combine elevated MDM?2 levels with
hyperstable mutant p53 by activating mechanism that selectively protect mutant
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Fig. 3.1 Mechanisms of oncogenic increase of the mutant p53 level. In normal cells mutant p53 is
kept at low levels due to lack of oncogenic stimuli and effective action of its main E3 ubiquitin
ligases (E3 lig.) — Mdm?2 and CHIP (the co-chaperone of Hsc70 or its stress-induced paralog —
Hsp70). In tumor cells various signaling pathways converge on increasing the mutant p53 level.
The increased level of mutant p53 (especially unfolded, structural mutants) attracts the Hsp40-
Hsc/p70-Hsp90 chaperone machinery, that in attempt to reactivate the mutant p53, further
stabilizes it. Hsp90 inhibitors, that dissolve the complex, allows the action of CHIP and Mdm2 E3
ubiquitin ligases, that access and target mutant p53 for degradation. (*) p16™k4 is often lost in

tumors, what allows p14RF (p19RF in mice) to downregulate Mdm2 and increase the mutant p53
level with pro-oncogenic consequences

p53 proteins from degradation [35]. By doing so, tumor cells may also benefit from
p53-independent tumor promoting activities of MDM?2.

One such mechanism was proposed, which is based on the association of p53
point mutants with HSP90 chaperone machinery [34]. Tumor cells make use of the
chaperone system in order to cope with the persistent proteotoxic stress generated
by hypoxia, acidosis, high levels of reactive oxygen species and protein misfolding
among other altered biochemical conditions that are present during malignant
transformation [36]. Several reports have shown that mutant pS3 engages in stable
complexes with the HSP90 machinery, which includes HSP90, HSP70 and other
co-chaperones, that protect it from degradation [37—-40], and that pharmacological
inhibition of HSP90 by Geldanamycin or 17AAG is able to reduce mutant p53
stability [34, 40]. Surprisingly, MDM?2 and CHIP were shown to be inactivated by
recruitment into the same complexes, thereby preventing degradation. Disruption
of these complexes or inhibition of chaperone activity releases both E3 ubiquitin
ligases from inhibition and triggers mutant p53 degradation [34, 35]. This connec-
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tion between MDM2 and the chaperone system opens several possibilities to define
pharmacological strategies aimed at inducing selective degradation of mutant
P53 in tumor cells.

An interesting example is the ability of some histone deacetylase inhibitors
(HDACG:) to induce mutant p53 degradation. HDAC: are being intensively studied as
promising chemotherapy drugs since they elicit different anticancer responses with
a remarkable specificity for tumor cells, and some of them are undergoing clinical
trials. At least three HDACi have been reported to reduce mutant p53 levels in cell
lines, FR901228, Trichostatin A (TSA) [41] and suberoylanilide hydroxamic acid
(SAHA) [42], which however were proposed to act through different mechanisms.
SAHA inhibits HDACG6, which normally activates HSP90 by promoting deacety-
lation of K294. Upon SAHA treatment, MDM2 and CHIP may be released from
inhibition by HSP90 complex and induce mutant p53 degradation [42]. Nevertheless,
an inhibitory effect of HDAC inhibitors on transcription of TP53 was described, that
may also cooperate with the observed effects [43]. In the case of FR901228 and
TSA, even if they may counteract HSP90 activity at rather high concentrations, the
effect on mutant p53 levels was observed at lower concentrations and was
accompanied by transcriptional induction of p2/ and MDM?2 and conformational
changes in mutant p53, suggestive of reactivation of wt-like functions [41].

Recent evidences suggest that establishment of oncogenic signaling circuits
through oncogene activation or tumor suppressor inactivation may also provide
mechanisms to stabilize mutant p53. For example, homozygous p53R172H knock-
in mice carrying an allele for constitutively active KRas showed a selective increase
of mutant p53 levels in hyperplastic lesions in the lungs before tumor onset.
Conversely, this was not observed in mice with mutant p53 without Ras activation,
or mice with activated Ras in a wt p53 background [26]. Notably, mutant p53 was
expressed in all tumors from mice with activated Ras, but only in 75 % of spontane-
ous tumors harboring only pS3R172H. Even though no differences in survival were
observed, mutant p53 stabilization in mice with activated KRas was associated with
a more severe phenotype with higher frequency of advanced and metastatic carcino-
mas. Similarly, c-Myc overexpression increased mutant pS3 levels in p53RI72H
heterozygous knock-in mice carrying c-Myc under the control of the immunoglobu-
lin heavy chain Ep enhancer [26]. The Eu-Myc transgene induces B-cell lympho-
mas and overexpression of mutant p53 was observed in all lymphomas carrying
Eu-Myc in mutant p53 heterozygous mice, which consistently showed loss of het-
erozygosity at the p53 locus. This effect was not appreciated in homozygous mutant
P53 knock-in mice because Eu-Myc is embryonic lethal [44]. Specific upregulation
of mutant p53 seems to be selected in that model, since Eu-myc p53*~ mice failed
to express any p53 due to loss of the remaining allele. These effects of oncogene
activation may be rationalized considering that hyperproliferative signals that block
MDM?2 to induce wt p53 stabilization in normal cells may have a similar effect in
tumor cells were p53 is mutated.

Loss of tumor suppressor pl16™X4 also showed a positive effect on mutant p53,
as mutant p53 levels were increased in normal tissues and tumors of homozygous
pS3R172H knock-in mice carrying a deletion in both p6™%* /= alleles [25], and
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protein stabilization was correlated with increased metastatic potential comparing
with p16™%* =/~ p53~- mice [26]. In this case, the observed effect may be a conse-
quence of the released inhibition of Cyclin-D1/Cdk4 from p16™%4 that ultimately
leads to Rb phosphorylation, E2F activation and transcriptional induction of the
Mdm?2 inhibitor p192RF,

In line with the idea that similar mechanisms may induce wt and mutant p53
stabilization it has been shown that doxorubicin and y-radiation treatment results in
increased mutant p53 levels in normal tissues of homozygous p53R172H knock-in
mice [25, 26]. For mutant p53 mice treated with y-radiation a significant decrease in
survival was also observed comparing with treated p53~~ mice or untreated mutant
P53 mice [26]. These observations claim that depending on the presence of muta-
tions on TP53 different clinical outcomes may be expected in patients treated with
therapies based on p53 activation, with deleterious consequences in cases express-
ing p53 point mutants. Notably, treatment with a ROS scavenger was able to signifi-
cantly reduce mutant p53 stabilization upon y-radiation treatment in p53RI72H
knock-in mice [26], implying that oxidative stress generated by radiation may act a
stimulus for mutant p53 stabilization. Oxidative stress conditions are common in
tumors as a result of deregulated metabolic processes, therefore, alterations that
predispose tumor cells to high levels of ROS should be consider as potential factors
cooperating with mutant p53 stabilization. In agreement with the evidences from
knock-in mice, mutant p53 levels where increased upon exposure to ionizing radia-
tion in zebrafish embryos. However, protein levels were higher in embryos carrying
M214K mutation comparing with wt ones, and persisted for remarkably longer
periods [45]. Notably, Mdm2 downregulation was enough to induce mutant p53
accumulation but instead showed no effect on wt embryos.

Activation of Mutant pS3 Function by Chronic Alteration
of Intracellular Signaling Circuits

The ability to reprogram cell behavior is essential for tumorigenesis and endows
tumor cells with the extraordinary phenotypic plasticity that characterizes meta-
static tumors. This ability is to a large extent supported by the establishment of
aberrant signaling circuits through subversion of physiologic pathways. Cancer
cells often redirect the functionality of signaling pathways to sustain elevated pro-
liferation rates and avoid cell death, but they must also remain highly responsive in
order to cope with a changing microenvironment.

A major role in signal transduction is played by post-translational modifications
since they allow rapid and reversible changes in protein function in response to a
dynamic array of extra and intracellular signals. Wt p53 function is regulated by
complex combinations of post-translational modifications including phosphoryla-
tion, acetylation, ubiquitination, methylation, sumoylation and neddylation [24].
On the contrary, we know very little about the post-translational modifications pres-
ent in mutant pS3 and the enzymes responsible for them. Some post-translational
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Fig. 3.2 Phosphorylation of p53 point mutants. Schematic representation of the p53 protein
showing the individual domains: 7A transactivation, PR proline-rich, DBD DNA binding domain,
OD oligomerization domain, C-tfer carboxi terminus. Residues that were reported to be phos-
phorylated in cell lines or tumor samples are shown in black (see text for references). On top of
the protein are indicated those residues for which evidences showing an effect on mutant p53
activity were reported. For the other residues a regulatory role was not explored yet. In grey
are shown some kinases that were proposed to phosphorylate the indicated residues basing on
experimental evidences

modifications on mutant p53 were actually described both in cultured cells and in
human tumors, particularly phosphorylation [46, 47] ubiquitination [33, 34] and
acetylation [46, 48], however, we still lack a complete knowledge on how post-
translational modification codes affect protein function.

Several residues on mutant p53 were shown to be phosphorylated (Fig. 3.2) and
for some of them the modification affects protein function. For example, impair-
ment of phosphorylation on S6, S9, S46 and S315 was associated with reduced
pro-migratory activity [11, 22]. Also, PLK2 was shown to phosphorylate mutant
p53 on several sites including T377 [49]. Interestingly, phosphorylation at this par-
ticular site was not described before neither in wild-type nor mutant p5S3. Through
these modifications PLK?2 enhances the transcriptional activity of the mutant p53/
NF-Y complex, leading to aberrant expression of target genes increasing cell prolif-
eration and drug resistance. In addition, PLK?2 itself was identified as a mutant p53
target gene induced upon treatment with chemotherapeutic drugs, thereby establish-
ing a positive feedback loop that contributes to amplify mutant p53 functions. This
connection not only uncovers the complexity underlying the regulation of mutant
p53 but also points out at PLK2 as an interesting player in the oncogenic circuits
established in tumor cells. Nevertheless, the role of PLK?2 in cancer biology deserves
more investigation. Even if some reports support a PLK2 pro-oncogenic function
[50, 51]. PLK2 promoter is silenced by hypermethylation in B-cell malignancies
and ovarian cancer [52, 53], thereby suggesting that the role of PLK?2 in tumorigenesis
may be different according to the molecular context.

Phosphorylation on S392, instead, may play a negative regulatory role on mutant
p53 function, since it reduced transformation potential and chemoresistance in vitro
[54]. Conversely, mutant pS3 was shown to be frequently hyperphosphorylated on
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S$392 in tumor-derived cell lines [46] as well as in squamous cell carcinoma (SCC)
[55], actinic keratosis, Bowen’s disease, basal cell carcinoma [56] and transitional
cell carcinoma (TCC) [57]. Moreover, a correlation between S392 phosphorylation
and poor clinical outcome was observed for SCC [55] and in the case of TCC an
association between S392 phosphorylation and histological tumor grade and tumor
stage was found [57], arguing for a complex role for mutant p53 phosphorylation in
different cell contexts or stages of tumor development. Interestingly, phosphoryla-
tion of some residues is readily detected even in the absence of stimuli that are
normally required for wt p53 phosphorylation. These modifications are attenuated
upon downregulation or pharmacological inhibition of kinases [11, 22], suggesting
that in tumor cells some signaling pathways are chronically activated, resulting in
persistent protein modification. Therefore, it seems logical to speculate that altera-
tions in the enzymes that catalyze these modifications will affect mutant p5S3 onco-
genic function. Nonetheless, little is known about potential connections between
altered function of kinases or phosphatases acting on mutant p53 and its oncogenic
function.

In addition to enzymes directly responsible for protein modification, alteration of
signaling pathways at other levels may also favor mutant p53 function. As discussed
above, oncogenic Ras activates several different pathways that may ultimately lead
to enhanced mutant p53 phosphorylation. Yet, several other mechanisms may be
envisioned, including altered function of membrane or intracellular receptors as
well as downstream transducers. A remarkable example is represented by Pinl, a
peptidyl-prolyl isomerase belonging to the parvulin family, which cooperates with
mutant p53 to foster tumor aggressiveness [11]. Pinl catalizes the isomerization of
the intervening peptide bond in phosphorylated S-P or T-P motifs (S/T-P motifs)
that is otherwise restrained by the cyclic structure of P residue [58, 59]. Upon isom-
erization local conformational changes are induced that may have different conse-
quences depending on the substrate, including altered function, stability or
subcellular localization [60]. A unique feature of Pinl is that it is the only prolil
isomerase able to bind its substrates upon phosphorylation of S or T, which renders
S/T-P motifs unavailable for other prolil isomerases and further blocks spontaneous
isomerization. Moreover, the action of some kinases like CDKs [61] or MAPKSs
[62] and phosphatases as PP2A [63] depends on the isomerization state, giving the
opportunity to Pinl to regulate also the phosphorylation status of some substrates.
The ability to act simultaneously on different proteins, transducing complex combi-
nations of phosphorylation signals into functional changes, allows Pinl to act as a
global modulator of cell behavior. Despite being involved in several aspects of normal
cell physiology, including cell cycle regulation, mitosis and RNA polymerase function
in the last decade Pinl has emerged as a critical factor in tumorigenesis [64]. Pin1 is
frequently overexpressed in human tumors [65] and mounting evidences have
demonstrated its ability to amplify oncogenic mechanisms [64, 66].

The simultaneous presence of mutant p53 and abnormally elevated levels of Pinl
endows tumor cells with the unique opportunity to establish a molecular axis that
exploits deregulated phosphorylation signaling to activate downstream mechanisms
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of aggressiveness [11]. Upon phosphorylation on S/T-P motifs, Pinl binds mutant
p53 and amplifies several aspects of its oncogenic function in vitro and in vivo,
including, cooperation with oncogenic Ras in cell transformation in mouse embryo
fibroblasts and enhancement of migration and invasion in breast cancer cell lines.
Noteworthy, Pinl also binds wt p53 at the same S/T-P motifs but promoting in that
case protein stabilization and apoptotic response, further underlying that wt and
mutant p53 may share similar regulatory mechanisms [67-69].

The cooperation between Pinl and mutant p53 amplifies al least two independent
but complementary mechanisms. On one hand Pinl enhances complex formation
between p63 and mutant p53 [11], blocking transcriptional activation of the anti-
metastatic p63 targets CCNG2 and SHARPI [22]. On the other, Pinl promotes the
ability of mutant p53 to activate a transcriptional program that promotes aggressive-
ness. This program includes 10 genes (Pinl/mutant p53 signature) whose expres-
sion in primary human breast tumors is correlated with reduced survival and
metastasis development and some of them are directly involved in the pro-migratory
function of mutant pS3 [11]. Alterations leading to elevated Pinl levels and p53
missense mutations may therefore be regarded as pivotal events in tumor progression
that prime tumor cells to be definitively engaged in the development of aggressive
phenotypes. A prominent role in this process is played by the acquisition of RAS
activating mutations since Ras signaling collaborates with the Pinl/mutant p53
interaction by enhancing phosphorylation of S/T-P sites. Arguing for a role of the
Pinl/ mutant p53 axis as a driver of aggressiveness in human tumors, analysis of a
breast cancer patient cohort showed that, while Pinl overexpression had no prog-
nostic value, the combination of elevated Pinl levels with the presence of p53 mis-
sense mutations correlated with poor clinical outcome and behaved as an independent
prognostic factor [11]. Further supporting the notion that mutant p53 depends on
Pinl to fully unleash its oncogenic potential in vivo, in p53R172H knock-in mice,
lack of Pinl was correlated with an increase in survival and a marked alteration in
tumor spectrum characterized by absence of carcinomas.

Intriguingly, Pinl overexpression did show a correlation with poor clinical out-
come in other cancer types independently of p53 mutations, such us lung [70], pros-
tate [71] and oral squamous cell carcinoma [72], however, p53 mutation was not
considered in those studies. These differences in the clinical significance of Pinl
overexpression may be rationalized considering the provocative hypothesis that in
breast cancer the mutant p53 network may be the major determinant of aggressive-
ness among the oncogenic mechanisms amplified by Pinl, while in other tumor
types, other mutant pS3-independent mechanisms may take over. Also, when con-
sidering the clinical relevance of Pinl deregulation it should be kept in mind that
Pinl may also collaborate with mechanisms of tumor suppression as for example
pS53- or p73- induced apoptosis [67, 73] as well as degradation of CMYC [74] and
CCNE [75]. Therefore it is conceivable that depending on the balance between pro-
oncogenic and anti-oncogenic pathways targeted by Pin1 that are active in a particu-
lar cell context, Pinl overexpression may also reduce cell proliferation or
tumorigenic potential.
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Capturing Signals to Drive Aggressiveness

In addition to the activation of cell-autonomous programs tumor cells receive signals
from their microenvironment that are decisive for their ability to survive, proliferate
and become invasive [76]. Recent evidences have revealed that mutant p53 can also
act at this level by redefining the meaning of particular signals or by rendering
tumor cells hyper responsive to positive stimuli (Fig. 3.3).

An unexpected link between TGF-beta signaling and mutant p53 was described
which endows tumor cells with enhanced metastatic capability. The TGF-beta family
has multiple roles in normal physiology and contributes with tumor suppression in
epithelial cells by inducing cell cycle arrest or apoptosis [77]. During tumor progres-
sion however, TGF-beta signaling may switch to a pro-metastatic role through mecha-
nisms that are not fully understood. In part, this switch depends on the activation of
genes involved in migration and invasion. Upon binding to a specific membrane
receptor, TGF-beta ligands trigger phosphorylation of SMAD proteins that translocate
into the nucleus and regulate gene expression in combination with other transcription
factors and regulators. According to cell type and context, complex regulatory net-
works are established that turn on different transcriptional programs.
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Fig. 3.3 Cooperation between mutant p53 and other alterations in cancer. Summary of the
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Remarkably, downregulation of endogenous mutant p53 severely impaired
TGF-betal induced migration and invasion in vitro and reduced the metastatic
potential of human tumor-derived cell lines in mice without affecting the expres-
sion of the TGF-beta pro-metastatic transcriptional program [22]. These findings
suggest that mutant p5S3 may be necessary to allow TGF-betal pro-metastatic
action. This functional connection relies on the ability of mutant p53 to interact
with SMAD?2 and p63, forming a ternary complex that blocks the role of p63 as an
anti-metastatic factor. As a consequence, transcriptional induction of p63 target
genes SHARPI and CCGN2 is impaired which in turn promotes cell migration.
Outstandingly, low expression of these two genes was found to correlate with
higher risk of recurrence in breast cancer patients and was proposed as a prognostic
tool. The mechanism described also collaborates to understand the cooperation
between mutant Ras and TGF-betal in promoting metastasis [78], since complex
formation requires phosphorylation of mutant p53 on S6 and S9, which is enhanced
by Ras signaling. Intriguingly, SMAD proteins seem to interact with p63 in the
absence of mutant p53 [22], suggesting that these complexes may be involved in
other functions. In the presence of p53 mutants, however, complex formation
serves to inactivate p63-dependent transcription. Therefore, mutant p53 changes
the biological significance of SMAD/p63 interaction, releasing tumor cells from
the anti-metastasic action of p63 and paving the way for TGF-beta -dependent pro-
metastatic responses.

Nevertheless, the relationship between mutant p53 and TGF-beta signaling
seems to be far more complex, as suggested by experiments where ectopic expres-
sion of p53R175H in p53 null H1299 cells opposed TGF-betal induced migration
in vitro [79]. In this case, mutant p53 attenuated TGF-betal signaling by reducing
SMAD?2/3 phosphorylation and SMAD4 nuclear translocation, leading to decreased
expression of TGF-beta targets like p21, PAI-1, SMAD7 as well as genes proposed
to favor invasion as MMP2 and MMP9. Moreover, in prostate and breast cancer
cells mutant p53 was also found to inhibit TGF-beta-induced cell migration. In this
case even though SMAD-dependent signaling was enhanced, cell migration was
inhibited by mutant p53-dependent downregulation of p52ShcA-ERK axis [80]. An
hypothesis to conceal these apparently conflicting evidences may be proposed con-
sidering that mutant p53 may block TGF-beta induced cell cycle arrest, senescence
or apoptosis, which require full activation of transcriptionally active SMAD com-
plexes able to increase the expression of p21 and PAI-1, while simultaneously pro-
viding a novel mechanism of aggressiveness based on sequestration of p63 in a
ternary complex with phosphor-SMADs. In turn, in B-cell lymphoma cell lines it
has been demonstrated that TGF-beta treatment can induce downregulation of
mutant p53. The mechanism has been shown to depend on E2F1 transcription factor
and p144RF, the regulator of p53 stability [81]. Therefore, the anti-tumor activity of
TGF-beta may impact back on the mutant p53 GOF, adding another layer to the
complexity of TGF-beta — mutant p53 relationship.

Another interesting example of an external signal whose biological meaning may
be subverted by p53 mutants is represented by Vitamin D3. Upon activation of the
receptor VDR by binding to Vitamin D3 it regulates gene expression either by
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transcriptional induction or repression of selected targets. Vitamin D3 has attracted
the attention of researchers as a leading compound for chemotherapy because it
exerts pro-apoptotic and anti-cancer effects in a number of in vitro [82, 83] and
in vivo [84-86] experimental models. Nevertheless, Vitamin D3/ VDR signaling
may show anti-apoptotic effects as well [87, 88]. Moreover, VDR is upregulated in
several human cancers [89, 90] and elevated VDR expression was shown to corre-
late with tumor stage [91, 92]. The recent finding that mutant p53 binds VDR and
alters downstream signaling shed some light to understand this opposing biological
outcomes [93]. Upon binding to VDR mutant p53 enhances nuclear import and
alters gene expression by favoring Vitamin D3-mediated transcriptional activation
of pro-survival genes and repression of pro-apoptotic ones. Accordingly, Vitamin
D3 treatment reduced cell death and protected against doxorubicin or cisplatin
cytotoxicity exclusively in cells harboring either endogenous or ectopically expressed
mutant p53.

Taking into account the multiplicity of signals from the microenvironment that
may be sensed by tumor cells it is conceivable that p53 mutants may use similar
mechanisms in order to reinterpret the biological effect of other signals. Noteworthy,
this ability calls extreme caution when considering potential therapeutic strategies,
since the presence of mutant pS3 may turn useless tumor suppressing treatments or
even worse, transform them into tumor promoting processes.

The invasive behavior of cells may be favored by other external signals like
growth factors and components of the extracellular matrix. Mutant p53 allows
tumor cells to further exploit this trait by exacerbating the response to EGF, HGF
and fibronectin. A central role in this process is played by integrin heterodimers
which regulate the coordinated transduction of external signals through their ability
to crosstalk with receptor tyrosine kinase (RTK)-activated signaling. Recent
evidences have revealed that trafficking of integrin heterodimers through the
endosomal pathway governs their signaling activity [94, 95]. Upon internalization
of receptors, endosomal membranes act as platforms where different signaling com-
plexes that regulate downstream signaling are conformed. For example, activated
aSp1 integrin heterodimers may form complexes with EGF receptor (EGFR) which
are internalized and then recycled to the plasma membrane in a process that depends
on the interaction of these complexes with Rab-coupling Protein (RCP), thereby
activating AKT signaling [96]. Mutant p53 increases the rate of integrin and EGFR
recycling to the plasma membrane, without affecting internalization, and as a con-
sequence promotes random migration, loss of polarity and invasion [97]. Further
contributing to an invasive phenotype, mutant p53 makes use of a similar mecha-
nism to foster HGF-induced cell scattering. In this case, recycling of the HGF
receptor MET is enhanced through an a5p1 and RCP dependent process that results
in activation of MAPK instead of AKT signaling [98]. Other RTKs such as IGF-1
and PDGF-f receptors are unable to bind RCP and they do not affected invasiveness
in mutant-p53 expressing cells, despite being able to activate AKT, suggesting that
integrin/RCP dependent recycling is specific for some RTKSs.

While binding of receptors to RCP is required in both cases, other molecular
events underlying this process remain to be elucidated. In the case of EGFR, mutant
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p53 selectively enhances the interaction between a5p1 and RCP but leaves unaf-
fected the interaction between EGFR and RCP. Of note, an indirect mechanism was
suggested for the effect of mutant p53, since no interaction was observed between
mutant p53 and RCP. Interestingly, for both receptors the effect of mutant p53 may
be ascribed to p63 inhibition, since p63 downregulation in p53 null H1299 cells
phenocopies the effect of mutant p53 ectopic expression on EGF or HGF -driven
migration and invasion while p63 overexpression opposes it [97, 98]. Moreover, p63
downregulation enhanced a5P1/EGRF recycling and RCP-dependent cell scatter-
ing. On the contrary, p73 downregulation did not affect random migration, cell scat-
tering or invasion of H1299 towards EFG or HGF.

Another remarkable connection is the crosstalk between mutant p53 and the
NF-«xB pathway, which may also help tumor cells to become more sensitive to exter-
nal signals. The family of NF-«xB transcription factors is the central hub of a com-
plex network able to promote apoptosis inhibition, proliferation as well as migratory
and invasive behavior in response to a broad range of signals including growth fac-
tors an cytokines [99]. Persistent activation of NF-kB pathway is the hallmark of
chronic inflammation and is also frequently found in human cancers [100]. Mutant
p53 was reported to enhance transcription of NF-xkB2 by promoting binding of
STAT2 and CBP as well as histone acetylation to its promoter [101, 102].
Accordingly, p52/p100 (NF-xB2) protein levels were found elevated in cells
expressing mutant p53. More important, downregulation of p52/p100 severely
impaired mutant pS3 activities such as enhanced proliferation, migration and che-
moresistance [102]. Therefore, by stimulating the ability to sense pro-oncogenic
signals while at the same time taking advantage of NF-«B pro-inflammatory
responses mutant p53 may endow tumor cells with an effective strategy to better
exploit their microenvironment. Another interesting example of how this may occur
was provided by evidences showing that mutant p53 enhances NF-xB signaling,
albeit through a different mechanism, that involves p50/p65 nuclear translocation in
response to TNFa [103]. Mutant p53 also contributed to inhibit TNFa induced
apoptosis possibly due to enhanced pro-survival NF-kB signaling that counteracts
activation of the extrinsic apoptotic pathway.

Recent findings also suggest how mutant p53 may cooperate with NF-kB signal-
ing to transform tumor microenvironment. Mutant p53 enhanced transcription of
chemokines like CXCL5, CXCL8 and CXCL12 [104], which are regulated by the
NF-kB pathway and may cooperate with several aspects of tumor progression [105].
In particular for CXCLS, a role in sustaining mutant p53-induced migration was
demonstrated. In addition, these results suggest the intriguing possibility that a posi-
tive feedback loop may be favored, since CXCL8 may activate NF-xB [106]. It is
worth noting that other NF-kB-independent mechanisms were described through
which mutant p53 promotes expression of CXCL1 and CXCLS8 [107], suggesting a
more profound alteration of the cytokine profile in cells harboring p53 mutants.

The evidences discussed herein are suggestive of a key role for p5S3 mutants in
interpreting external signals and redefining the tumor microenvironment. However,
the diversity of signaling pathways and mechanisms involved is remarkable and this
scenario may be further complicated by novel findings. Considering the heterogeneity
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found in tumor cells and the multiplicity of extracellular situations that may be
encountered, the ability of mutant p53 to act pleiotropically may be regarded as a
redundant mechanism to ensure the phenotypic plasticity required to take advantage
of a wide range of external signals

Do p53 Mutations Cooperate with Other Alterations
to Reprogram Cancer Cell Transcriptome?

Mounting evidences have demonstrated that several p53 mutants have the ability to
significantly alter gene expression and it has been proposed that these mutant p53-
induced transcriptional profiles underlie their pro-oncogenic role. However, it
proved difficult to define a mutant p53 specific transcription profile since there is
little overlap between reported results, even for studies on the same p53 mutant. The
multiplicity of mechanisms that mutant p53 seems to engage and the complex regu-
latory network that we are starting to figure out are nonetheless in agreement with a
highly context dependent outcome, in terms of the actual genes that may be affected
in a particular cell type. In other words, mutant p53 might always behave as a global
regulator of gene expression, but other factors could have a decisive role in selecting
which genes will be targeted. This hypothesis provides several ways through which
other pathways frequently altered in human cancer may impinge on the mutant p53
transcriptome (Fig. 3.3).

Topoisomerase IIf binding protein (TopBP1) was proposed to serve as a scaffold
for several processes regarding DNA function and maintenance. TopBP1 interacts
with mutant p53 and promotes its ability to complex with NF-Y [108]. The functional
consequence of this interaction is an enhanced recruitment of mutant p53 and p300
on target promoters and increased expression of mutant pS3/ NF-Y targets upon
genotoxic insult. Intriguingly, TopBP1 also promotes the interaction between
mutant p53 and p63 o p73 and contributes to the inhibition of the transcriptional
activity of both p53 family members. Accordingly, downregulation of TopBP1
counteracted several aspects of mutant p53 function including resistance to apop-
tosis upon DNA damage and enhanced proliferation. Moreover, TopBP1 was found
to be overexpressed in breast cancer and this alteration was correlated with poor
clinical outcome [108, 109], suggesting that concomitant TopBP1 overexpression
and p53 mutation may foster tumor progression through activation of a defined
transcription profile.

Another example is provided by Pinl, which is frequently overexpressed in human
cancers and cooperates with mutant pS3 to enhance transcription of target genes by
enhancing the recruitment of mutant p53 to promoters [11]. Of note, since Pinl bind-
ing depends on phosphorylation of mutant p53 on S/T-P sites, it may represent a key
connection between altered signaling pathways and mutant p53 transcriptional func-
tion. As the list of mutant p53 partners/regulators acting on transcriptional activity
increases, more relevant oncogenic connections may be unveiled.
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It is interesting to note that TopBP1 and Pin1 converge on their ability to enhance
formation of p63/mutant p53 complexes, implying that both proteins may contribute
to further modify the transcription profile through alteration of p63 activity. The ability
of mutant p53 to form complexes with p63 and p73 was largely proposed as a
GOF mechanism. Even if downregulation of both proteins may phenocopy mutant
pS53 effects under some circumstances [10, 22, 97] understanding of the precise
mechanisms involved have been complicated by the presence of multiple isoforms
for both p53 family members. Studies that specifically addressed the role of TA
isoforms have showed that loss of TAp63 or TAp73 enhanced tumorigenesis
in vivo [110, 111] arguing for their role as tumor suppressors. Moreover, mutant
p53 was shown to repress the expression of several TAp63 target genes important
for tumor suppression like SHARPI, CCGN?2 [22] and DICER [11], supporting the
idea that inhibition of TAp63 transcriptional activity may be a pivotal GOF mecha-
nism. However, the crosstalk between mutant p5S3 and p63 isoforms may still
uncover more possibilities. Surprisingly, studies performed in H1299 cells, which
express TAp63, showed that mutant p5S3 may also enhance the transcriptional
activity of p63 on some target genes [112]. Furthermore, p63 and mutant p53 were
co-recruited to both p63-induced and —repressed genes and p63 downregulation
severely impaired mutant p53 recruitment. These evidences are suggestive of a
more widespread role for the TAp63/mutant p53 complex than simple repression
of TAp63 transcriptional activity.

Concerning DNp63 isoforms the situation is less clear. Even though DNp63
isoforms showed pro-survival roles [113, 114], the study of their relevance on
in vivo tumorigenesis was complicated by the embryonic lethality of knock-out
mice [113]. The analysis of promoter occupancy by ChIP-sequencing in HaCat
cells, which predominantly express DNp63 revealed novel insights on the mutant
p53/p63 connection. Those findings showed that endogenous mutant p53 and
DNp63 are simultaneously recruited to several chromatin locations including gene
promoters, and suggested that mutant p53 may alter normal p63 distribution on
DNA [115]. The role of individual p63 and p73 isoforms on human cancer is an
expanding field that will help us to learn more on mutant p53 activities in the near
future. It should also be taken into consideration that N-terminal and C-terminal p53
isoforms exist as well [116], which were reported to be differentially expressed in
normal and tumor cells [117]. In normal breast tissue, the C-terminally truncated
and modified p and y isoforms were both present, whereas p5S3f was only detected
in 33 % of tested tumors, and p53y in none. In contrast, N-terminally truncated
A133p53 was not detectable in healthy controls, but it was found in 80 % of all
tested breast tumors. Several questions arise regarding the biological consequences
of the expression of these isoforms. For example, what is the effect of a missense
mutation on each of them, and which are the consequences of simultaneous expres-
sion of different p53 proteins? Some evidences demonstrated that expression of the
p53y isoform significantly improves the outcome of breast cancer patients bearing
mutant p5S3 [118]. The mutations were present in both full-length p53 and p53y,
leading to the conclusion that oncogenic properties induced by a mutation in TP53
are not simply transferred to a shorter p53 isoform. Likewise, how do changes on
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the relative levels of particular wt or mutated p53 isoforms impact on tumor
progression? More information on the prevalence of p53 isoforms in specific tumor
types and on the functional interactions among p53 family isoforms will be helpful
to understand their role in cancer biology.

Clinical Interactions Between p53 Mutation and Other
Cancer-Related Alterations

After the explosive last ten years on mutant p53 research a wealth of evidences have
been gathered, that definitively confirmed the GOF hypothesis. Moreover, these
studies elegantly showed that mutant p53 act as a pro-aggressiveness factor in a
great variety of experimental systems including in vivo models. Those evidences
predict that the presence of p53 point mutants exerting pro-oncogenic properties in
patients should be associated with reduced overall survival, resistance to chemo-
therapy and higher probability to develop metastasis. However, when it comes to
human cancer, the actual consequences of p53 mutation are still difficult to
understand.

Whether if p53 mutation behaves as an independent prognostic and/or predictive
factor is a long standing question that several studies attempted to address during
the last two decades. The interpretation of these studies was initially obscured by
the use methodological approaches that considered pS3 overexpression, determined
by immunohistochemistry, as a surrogate for p53 mutation. Despite the existence of
a correlation between the occurrence of p53 missense mutations and high protein
levels, this methodology proved to be inaccurate, since several mutations do not
lead to protein accumulation and, on the other hand, accumulation of wt p53 may
also occur due to alterations in regulatory circuits. More recent studies that circum-
vented this problem assessing p53 mutations by direct sequencing showed a general
trend that confirmed the association between p53 mutation and poor clinical out-
come. Nonetheless, it should be noted that some studies did not supported such
correlation while others even reported a negative association. We do not intend to
further discuss this topic (for a more detailed discussion see reference [4]) however
some interesting considerations can be made. One of the largest studies on the clini-
cal value of somatic p53 mutations was performed in a cohort of 1794 breast cancer
patients [119]. This study confirmed that p53 mutation has an independent prognostic
value in breast cancer. Curiously, non-missense mutations showed even a stronger
association with poor clinical outcome than missense mutations. On the other hand,
another study on non small cell lung cancer (NSCLC) including 250 cases failed to
reveal any prognostic value for p53 mutations [120], despite the higher frequency
of this alteration (~48 %) comparing with breast cancer (~22 %). This apparently
confusing scenario may be a reflection of the complex and multifaceted effects
that alterations of the p53 pathway may exert on the etiology and progression of
the disease. Understanding when and where p53 point mutants exert pro-oncogenic
functions is a challenge with several layers of complexity.
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Indeed, different situations could be envisioned that may radically change the
consequences of p53 mutation. For example, when does mutation occur? In some
cases p53 mutation was proposed as an early event, possibly involved in tumor ini-
tiation, while other evidences suggest that it may be a late event associated to the
progression to aggressive tumor phenotypes. Second, what happens with the remain-
ing wt allele? Does it become lost at any time? When does LOH actually happen in
those cases? These different possibilities may affect the disease in different ways,
since it is not clear whether dominant negative effects are fully active in vivo.
Evidences from p53R172H knock-in mice showed that mutant p53 inhibits apopto-
sis in adult heterozygous mice, but on the contrary, it was not able to rescue wtp53
lethality during embryogenesis in a mdm?2 ~~ background [10], suggesting that, at
least under some circumstances, mutant pS3 may not be able to completely block wt
pS53 function. Third, do different point mutants have different activities? Even if
some differences were reported on the biochemical or biological properties of some
p53 mutants [27, 121], different point mutants were shown to display similar pro-
invasive and pro-metastatic functions in vitro and in vivo [11, 22, 27, 97].
Provocatively, even the possibility that different p5S3 mutations may coexist in a
single patient, at least transiently, could be considered. Such situation could hypo-
thetically arise during malignant transformation as a consequence of individual
mutational events in different clonal outgrowths arising simultaneously under con-
ditions of high genomic instability, before a particular clone of transformed cells
becomes selected. Finally, if the activation of a particular mutant p53-dependent
oncogenic mechanism depends on the presence of a defined set of protein interac-
tors, it seems logical to expect different mutant p53 effects on different cell types or
even in similar tumor types harboring different landscapes of genetic and epigenetic
alterations. On this scenario, a relevant issue in clinical oncology should be how to
stratify patients into clinically significant groups, even among patients harboring
p53 mutations, basing on the oncogenic circuits that are activated in each case.

In the light of the evidences discussed in this chapter it seems that a fruitful
approach would be to consider the clinical effects of p53 missense mutations in
association with other oncogenic alterations that may foster or even oppose
mutant pS3 GOF. An outstanding example of the multiple clinical interactions that
mutant pS3 may display in a defined cancer type is represented by the distribution
of p53 mutations in breast cancer and its connection with other clinicopathologi-
cal features. As discussed before, despite the rather low frequency of p53 muta-
tions found in breast cancer p53 mutation has a prognostic value considering the
overall population. A breakthrough in the understanding of the molecular nature
of breast tumors was the demonstration that cases can be classified basing on their
expression profile [122] and that this stratification has a prognostic value, being
able to distinguish groups with different clinical outcomes [123]. Strikingly, p53
mutation frequency dramatically increases in some of those subclasses, approach-
ing values between 70 and 80 % of cases in ERBB2+ and Basal-like groups,
which are correlated with reduced survival [123, 124]. Basal-like subclass is
particularly relevant since it consists mostly of estrogen receptor-, progesterone
receptor-, and ERBB2/Her2-negative (triple-negative) immunohistochemical
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phenotype, that have a higher risk of recurrence and whose management still
represents a clinical challenge.

These studies also revealed a negative correlation between estrogen receptor
(ER) expression and p53 mutation as ERBB2+ and Basal-like subclasses contain
mostly tumors that lack ER expression [123, 124]. It is interesting to note that while
ER status did not show prognostic value in the large-scale study by Olivier and
colleagues, PR absence was found to be associated with an increased risk in cases
bearing wtp53. However, this correlation was lost in cases with mutant p53, which
showed a higher risk than wtp53 cases independently of PR status, unveiling a
clinical interaction between both variables [119]. Although not much explored, the
hypothesis that p53 mutants may act as epigenetic regulators was proposed basing
on data from chIP-cloning studies that found mutant p53 preferentially interacting
with chromatin on non-coding regions placed far away from gene promoters [125].
Further evidences for a link between mutant p53 and epigenetic regulation came
from a study comprising 900 breast cancer cases showing that 85 genes are differ-
entially methylated according to p53 status [126]. The biological meaning of these
observations still remains elusive but they nevertheless are suggestive of potentially
relevant links between oncogenic pathways.

Other clinical evidences may be reinterpreted under the light of the recent find-
ings on the mechanisms that govern mutant p53 stability. Clinical studies in breast
cancer have shown that a polymorphism in the MDM?2 promoter, known as SNP309,
affects the significance of p53 mutation. In patients harboring SNP309 a T is
replaced by a G in position 309 of intron 1, leading to enhanced gene expression
[127]. Patients carrying SNP309 in both alleles showed reduced p53 expression in
tumors. Moreover, among patients harboring the common genotype, pS3 mutation
or high p53 expression in tumors was associated with decreased survival, while this
correlation was lost in patients with SNP309 [128]. These evidences are in agree-
ment with the current hypothesis on the role of MDM2 as a negative regulator of
both wt and mutant p53, predicting that enhanced MDM?2 function would oppose
tumor progression by attenuating mutant p53 activities.

Similarly, studies on NSCLC highlighted correlations between p53 mutations
and the Rb pathway. In agreement with other reports [120], p53 mutation was not
associated with survival. Intriguingly, although Cyclin D1 overexpression alone
showed no correlation with clinical outcome, it was associated with reduced sur-
vival among cases harboring p53 mutations [129]. Alterations on the Rb pathway
as a consequence of p16™¥# deletion in knock-in mice was associated with pre-
cocious stabilization of mutant p53 [25]. Therefore, in tumors with mutant p53,
high CyclinD1 levels may also cooperate with protein stabilization and GOF
activities, by promoting Rb hyperphosphorylation and E2F1-dependent pl 9ARF
upregulation.

The question still remains, what are the manifestations of mutant p53 GOF in the
clinics? The molecular effects related to some mutant pS3 activities were actually
observed in several clinical settings, with particular emphasis on breast cancer, pro-
viding support to the notion that these activities put forth disease progression. For
example, the expression levels of mutant p5S3/NF-Y targets cyclin A and cdkl were
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found to be elevated in rectal tumor samples with high levels of p53 [48]. In line
with those observations, high expression levels of the mutant p53 interactor TopBP1
was correlated with elevated expression levels of mutant pS3/NF-Y targets in a case
study of 58 primary breast tumors harboring mutant p53 and associated with
increased risk of relapse and reduced survival in independent public databases of
breast cancer [108]. In light of these evidences it would be important to analyze if
assessing TopBP1 overexpression may contribute to distinguish groups of patients
harboring mutant p53 that may potentially display different clinical outcomes.

Similarly, the presence of mutant p53 was correlated with high expression of 11
of the 17 genes from the mevalonate pathway identified as transcriptional targets
of mutant p53 in several breast cancer datasets. Moreover, p53 mutations were
significantly more frequent in patients displaying high expression of those 17
genes and this group was associated with worse clinical outcome [130]. Mevalonate
pathway genes are induced upon mutant p53 recruitment to Sterol Regulatory
Element (SRE) on target promoters, in a process that depends on SRE binding
proteins —1 and —2 (SREBP). Therefore, alterations on SREBP activity may ulti-
mately affect mutant p5S3 function. Little is known about mutations or altered
expression of SREBPs in human cancer, however, SREBP1 and SREBP12 may be
activated by AKT/mTOR pathway, providing a potential link between this pathway
and mutant p53 function [131-133].

The detection of p53 missense mutations could also be relevant to identify cases
were TGF-beta acts as a pro-metastatic factor. Even if the molecular events that
regulate the switch of TGF-beta signaling from tumor suppressing to tumor-promoting
are not completely clear, mutant p53 was suggested to play a prominent role on this
process. According to this hypothesis the TGF-beta pro-metastatic function may
remain inhibited by p63 even if pro-invasive TGF-beta targets are induced, and
mutant p53 releases this inhibition by blocking p63 transcriptional function [22].
Therefore, patients harboring pS3 missense mutations may constitute a group with
higher risk to suffer a TGF-beta pro-metastatic switch. In line with these evidences,
low expression of anti-metastatic p63 targets SHARP-1 and CCNG2, which are co-
repressed by TGF-beta and mutant p53 also showed a correlation with poor clinical
outcome in breast cancer datasets.

More indirect connections may be suggested basing on evidences reporting the
clinical interactions between p53 mutation and alterations affecting growth factor
receptors. For example, the analysis of 194 cases of Glioblastoma Multiforme
(GBM) showed that p53 expression was significantly associated with reduced sur-
vival in tumors bearing EGFR amplification or overexpression. Likewise, EGFR
alterations were only correlated with reduced survival in cases showing detectable
p53 staining [134]. Another report on the clinical significance of p5S3 mutation and
ERBB2 amplification in more than 500 breast cancer patients showed that cases
bearing both alterations showed dramatically reduced survival and increased risk in
multivariate analysis [135]. Similarly, a study comprising 140 bladder cancer cases
detected an interaction between p53 mutation and the presence of the polymor-
phism G388R in the transmembrane domain of FGFR4. The authors reported higher
risk of death for cases carrying the homozygous G388R FGFR4 phenotype and p53
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mutation [136]. Taking into account that phosphorylation affects mutant p53 activi-
ties [11, 22, 49, 54], it is tempting to speculate that alterations on these receptors
may contribute to mutant p53 function by fueling oncogenic signals, for example
through Ras activation. Further research on the connection between mutant p53
oncogenic function and the alterations on growth factor receptors would be valu-
able, considering the well documented cooperation between oncogenic Ras signal-
ing and mutant p53.

Further support for the relevance of p53 GOF in human cancer is provided by
the aforementioned evidences showing that high expression of Pinl/ mutant p53
target genes is associated with reduced overall survival and shorter time to distant
metastasis in breast cancer databases. Remarkably, Pinl expression was shown to
modulate the prognostic value of p53 mutation in a group of 212 breast cancer
cases. When cases were stratified according to p53 status and Pinl expression levels,
overall survival was found to be significantly decreased in patients with tumors
expressing high levels of Pinl and p53 missense mutations, compared to cases with low
Pinl expression and pS3 missense mutations, or cases bearing wild-type pS3 [11].
In addition, p53 mutation correlates with shorter OS only in cases with high Pinl
expression levels. Moreover, the combination of Pinl overexpression and p53
mutation behaved as an independent predictor of poor clinical outcome and response
to chemotherapy.

These evidences suggest that combining oncogenic alterations that impinge on
mutant p5S3 GOF with p53 mutations may provide a more accurate prediction of
clinical outcome. They also provide some hints to realize under what specific
conditions mutant p53 may actually become a driver of tumor aggressiveness and
may be considered as a proof of principle to search novel strategies for decision
making in the clinics. Although much remains to be done, the progress made in
understanding the role of mutant p53 GOF in breast cancer is encouraging and
underlines the urgent need to extend this analysis to other tumor types.

Concluding Remarks

The acknowledgement of the complex effects that p53 mutants may exert on tumor
cells has extended our understanding of the central role of the p53 pathway in
cancer biology. Moreover, the ability to transform an efficient tumor suppressor
pathway into a network that promotes tumor aggressiveness by only introducing a
missense mutation is one of the finest examples of the efficient use of resources
that takes place in tumor cells. Still, one of the major challenges in the mutant p53
field is to rationalize the amazing variety of mechanisms that seems to be engaged
by p53 mutants.

The emerging picture shows mutant p53 at the center of a highly interconnected
network that links oncogenic signaling with several apparently redundant mecha-
nisms that invariably foster tumor cell phenotypes. As we are starting to understand
the overwhelming complexity or tumor progression it does not seem illogical that
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tumor cells could make use of complex strategies involving multifunctional proteins
able to wire spare circuits in tight cooperation with other mechanisms of malig-
nancy. Potentially, such a strategy would maximize the capacity of tumor cells to
proliferate, survive and eventually spread to distant locations, under a wide range of
external conditions. The examples discussed in this chapter underline some ways in
which other alterations in human cancer may affect the final consequences of mutant
P53 activities.

The involvement of the mutant p53 network in human cancer and in particular its
possible role as a driver of aggressiveness, open up a new dimension for the devel-
opment of clinical strategies to treat the disease. Cancer represents a major unre-
solved problem in human health because of the lack of efficient therapies. A main
drawback concerning the design of cancer therapies is the molecular heterogeneity
found in human tumors. This situation makes a strategy targeting a particular path-
way ineffective for patients harboring oncogenic circuits that rely on alteration of
other pathways. In addition, the phenotypic plasticity and the high levels of genomic
instability found in tumor cells often conspire to develop resistance to therapies that
may appear initially effective. Nevertheless, the enormous effort on cancer research
in the last decades have also showed that some recurrent alterations, like the pres-
ence of p53 point mutants, may be at the base of the oncogenic potential of a large
number of tumor types. If mutant p53 is actually acting as a driver of aggressiveness
in all tumors expressing a p53 point mutant it follows that therapies targeting mutant
p53 may be highly effective. Moreover, such strategies would be exquisitely spe-
cific since they would affect exclusively cells harboring p53 mutations sparing nor-
mal cells form undesired effects. It is necessary to understand how other alterations
affect mutant p53 function in order to detect what are the cases where mutant p53
GOF is actually relevant and what would be the particular biological outcome
expected. In addition, the crosstalk between the mutant p53 network and other alter-
ations may provide novel ways to disarm the oncogenic mechanisms, for example
blocking a mutant p53 interactor, an activating signal or a downstream effector,
instead of targeting mutant p53 directly. As the concept of tailored medicine is
closer to be considered in clinical practice the assessment of the p53 status in cancer
patients, with particular emphasis on the conditions that may unleash mutant p53
oncogenic power may provide valuable information to improve the clinical management
of the disease.
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Chapter 4
p53: Its Mutations and Their Impact
on Transcription
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Abstract p53 is a tumor suppressor protein whose key function is to maintain the
integrity of the cell. Mutations in p53 have been found in up to 50 % of all human
cancers and cause an increase in oncogenic phenotypes such as proliferation and
tumorigenicity. Both wild-type and mutant p53 have been shown to transactivate
their target genes, either through directly binding to DNA, or indirectly through
protein-protein interactions. This review discusses possible mechanisms behind
both wild-type and mutant pS3-mediated transactivation and touches on the concept
of addiction to mutant p53 of cancer cells and how that may be used for future
therapies.
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Discovery of p53

pS53 is a tumor suppressor protein that was first detected in association with the
simian virus 40 large T antigen in virus-transformed cells [21, 29, 72, 75, 90, 102,
148]. High levels of p53 were subsequently observed in cell lines transformed by
a variety of agents including DNA and RNA viruses, irradiation, and chemical
carcinogens [29, 38, 58, 66, 89, 133]. p53 was thought to be a nuclear oncogene
when genomic and cDNA clones of p53 were found to immortalize primary cells
and to cooperate with the ras oncogene in transformation of primary cells [37, 66,
124]. However, these original p53 clones were found to contain a mutation [58].
When wild-type (WT) p53 was expressed, the proliferation of transformed cells
was inhibited, oncogene-mediated cell transformation was suppressed, and the
tumorigenic potential of tumor-derived cell lines was eliminated [6, 7, 31, 37, 41,
105]. Both somatic and germ line (Li-Fraumeni syndrome) mutations of the p53
gene have been detected in a variety of human tumors. Databases listing all known
pS53 mutations published have been established (http://p53.free.fr/; http://p53.iarc.
fr/). Currently, pS3 mutations are the most frequently reported genetic defects in
human cancers, occurring in approximately 50 % of all human cancers.

There are excellent reviews in which different aspects of the p53 tumor suppres-
sor are discussed, and which the reader should consult to become acquainted with
recent developments regarding WT p53 and its properties [4, 82, 163]. In this chap-
ter we will outline some of p53’s properties, both WT and mutant, and then focus
on some new findings that underpin the significant role played by mutant p53 in
oncogenesis. For a wider perspective of p53 mutations in cancer, there are many
excellent reviews that should be consulted [18, 45, 51, 110, 122, 164].

WT pS3

p53 is mostly localized in the nucleus. The level of WT p53 is very low in normal
cells; however, levels of p53 rise rapidly when cells are exposed to stress [80, 126].
This is mostly because of post-translational modifications such as phosphorylation,
in which WT p53 becomes activated and initiates a cascade of events that lead to
cell growth arrest and/or cell death [42]. In most of the p53 mutants identified in
human cancer, these processes are defective (loss-of-function). WT p53 is a
sequence-specific DNA-binding protein and a transcription factor that activates a
large group of genes whose regulatory sequences have p53 consensus binding sites
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Fig. 4.1 Diagram representing pS3 with some common structural and functional domains and hot
spot mutations (shown in red) found in different cancers

[46, 180]. Although it is accepted that WT p53 has biological activities that are
transcription independent, the vast array of its functions are dependent on its tran-
scriptional ability [126]. WT p53 has been shown to be involved in many biological
activities including aging [135], DNA damage response [130], autophagy [134],
maintenance of genetic stability [4], metabolism [99], miRNA transcription [57],
and stem cell fate determination [162], amongst others.

Human p53 is a 393 amino acid protein (Fig. 4.1) with a well-defined and
worked-out structure-function relationship. The DNA bound partial structure along
with full length WT p53 has been solved for some time now [24, 120]. Predictions
of structural alterations by mutations in certain cancers have also been done.
Different structural and functional domains indicated in Fig. 4.1 are mostly derived
by mutational analysis along with functional studies.

Transcriptional Effects of WT p53

Several groups initially demonstrated that p53 has a transactivation domain [40,
117, 129]. The sequence specific transcriptional activity of WT p53 has been
demonstrated with synthetic and biologically relevant promoters with regulatory
sequences containing p53 consensus binding sites [35, 46]. It is now known that
transcription of a series of genes involved in a variety of biological activities is
modulated (activated or inhibited) by p53 [85, 132]. Most of these genes have some
type of a p53 consensus site defined by 5’-PuPuPuC(A/T)(T/A)GPyPyPy-3’ [35,
46]. These genes have been identified by both gene expression analysis and in vivo
WT p53 binding, although there is a lack of a one-to-one correlation between in vivo
p53 binding and gene activation by WT p53 [103, 169]. In most cases, the p53 bind-
ing site is roughly within 400 base pairs (bp) of the transcription start site (TSS) in
the promoter region; however, binding sites have been identified at different dis-
tances from the TSS and also within exons [154].

Several groups have investigated the mechanism of WT p53-mediated transacti-
vation. There is a crucial step before the initiation of transcription can occur which
seems to involve the opening of chromatin via modification of histones (e.g., by
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acetylation). p53 has been shown to be an integral part of this process by recruiting
histone acetyl transferases (HATs) such as p300/CBP, Tip60, and PCAF [9, 48, 53,
81, 94, 97]. p53 has been found to be associated with chromatin in unstimulated or
unstressed cells even before activation starts [10, 39, 116, 146], but not all genes
associated with WT p53 are transactivated [116].

There may be differences in the molecular mechanisms by which WT p53 acti-
vates transcription for individual genes that are subtle or even indirect, as there are
genes identified as being p53 targets but which lack apparent p53 binding sites in
their vicinity [116]. A simplified explanation of WT p53-mediated transactivation is
one in which p53 binds to its site on the chromosome, assembles HATs (and/or
histone methyl transferases) and contacts the RNA polymerase II complex at the site
of transcription via the “mediator” complex and TBP associated factors, depending
on the particular target gene [10, 22, 95, 100, 101, 145]. Variations in the binding
of p53 to different factors results in differential transactivation of genes leading to
distinct phenotypic expression of p53 activation, e.g. apoptosis or G,/S arrest [10].
A similar mechanism of action can be envisioned for the induction of transcriptional
elongation steps. A significant possibility is the influence of DNA bending induced
by p53 binding to its site on the DNA in transcription [10, 98, 114].

Since the early 1990s, pS3 has been recognized as a transcriptional repressor as
it was shown to inhibit transcription from a number of cellular and viral promoters
by several groups [49, 138, 153]. Other cellular genes have been reported to be
repressed by WT p53 [71, 112, 113, 141], yet the mechanism of WT p53-mediated
transcriptional repression is less well understood and understudied. It would appear
that there are two ways of inhibiting transcription of specific genes by WT p53: (a)
indirect and (b) direct.

(a) In the case of indirect repression, a repressor such as p21 is transactivated by
WT p53 which may, in turn, transcriptionally inhibit expression of a series of
genes [127]. Another possibility is that as a result of processes such as WT p53-
induced apoptosis, cell cycle arrest, and senescence, there will be a repression
of the expression of a group of genes accompanying WT p53 induction.

(b) In direct transcriptional repression by WT p53, at least three mechanistic sce-
narios have been demonstrated. (i) In the first, WT p53 binds to its consensus
sequence on the regulatory region of the target gene. It is unclear what the exact
mechanism of repression is, although it is perhaps by competition with other
essential transcriptional factors needed to interact at the site [60]. There is also
some evidence to indicate that the orientation of p53 binding sites may deter-
mine whether binding results in transactivation or repression [50, 67, 84]. (ii)
WT p53 physically and functionally interacts with the transcription initiation
complex including TFIID, possibly through its ability to interact with TBP [10,
22,95, 100, 101, 145] and inhibits transcription. This type of inhibition is fur-
ther complicated by p53’s interaction with other transcription factors such as
NF-YA for cyclin B2 [62]. (iii)) WT p53 also represses transcription by binding
to its site on regulatory sequences and recruits co-repressors such as mSin3A
which inhibits HATS, thereby repressing transcription. Examples of this model
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are the repression of MAP4 and survivin by WT p53 [60, 113]. There are many
details about the various interactions necessary for the transcriptional repres-
sion functions that remain unsolved.

Mutations in p53

There are currently two well-respected online resources that track reported p53
mutations in human cancers (http://pS53.free.fr and http://p53.iarc.fr). All p53
mutations found in human cancer can be divided empirically into three function-
ally non-exclusive categories: (1) Loss of function mutations. These mutations are
responsible for the loss of the tumor suppressor function of p53. Almost all of
the p53 mutants that have been identified in human cancer fall into this category.
In general, they are defective in sequence-specific transactivation of genes
containing WT p53 consensus binding sites. (2) Dominant negative mutations.
It has been shown that some p53 mutants can form hetero-oligomers with WT p53
or other p53 mutants. Sometimes this hetero-oligomerization can cause changes in
the properties of WT p53, with the mutant becoming dominant over the WT pro-
tein’s properties, therefore abrogating its tumor suppressor functions. An example
of this is the immortalization and transformation of rodent embryo fibroblasts by
mutant p53 [66, 70]. This may happen in human cancers when one allele of the pS3
gene is mutated (point mutated), generating a dominant negative mutant protein
that may inactivate the co-expressed WT p53 resulting in weaker tumor suppres-
sion. This is thought to underpin the increased cancer susceptibility of patients
with Li-Fraumeni syndrome [181]. (3) Gain of function (GOF) mutations. This
third kind of mutation, found mostly in the tumor suppressor p53, is widely under
study now. In this case, mutant p53 performs a dominant oncogenic role that does
not depend on complex formation with WT p53. An example of this would be
expression of mutant p53 in cells where WT p53 is absent and which showed
enhanced oncogenic properties compared to pS3-null cells. The list of GOF prop-
erties is growing. However, the molecular mechanisms responsible for the acquisi-
tion of GOF properties are not yet clear and work is still in progress. The issue of
GOF will be discussed in more depth below.

In cancers that have a GOF p53 mutation, the individual p53 mutation may have
profound overall implications for the oncogenic state of the cell. These can be
divided into three categories: (a) loss of WT p53 transactivation function, eliminat-
ing the ability to activate processes involved in growth suppression under stress
situations. This is directly related to the loss of transactivation ability of WT p53
which in normal cells will induce genes involved in growth arrest, apoptosis, and
other genes involved in a growth suppressive response. (b) Loss of transcriptional
repressor function of WT p53, thereby losing the ability to regulate some of the
genes that are involved in growth promotion. (c¢) Acquisition of new (oncogenic)
properties by mutations of the p53 gene, a byproduct of that is the activation of a
series of genes involved in oncogenic initiation and progression (detailed later).
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From the outset of its discovery, it has been observed that, in the majority of cases
of p53 mutations, there is a single nucleotide alteration which results in a single
amino acid-substituted protein that is expressed at a relatively high level [45, 83].
For other tumor suppressor genes, this phenomenon is relatively uncommon. In a
significantly large number of human cancers, there is an overexpression of point-
mutated p53 proteins, suggesting a selection pressure behind the accumulated
mutant protein. These observations led to the gain of function hypothesis, which
predicts that mutations in p53 not only destroy the tumor suppressor function, but
that the mutant proteins gain new oncogenic properties. The hypothesis also predicts
that tumors that express mutant p53 may be more aggressive than p5S3-null tumors.
There are specific p53 mutations that have been associated with poor prognosis of a
number of cancers, including those of breast [5, 16, 73, 125], colon [55, 69, 136],
and lung [2, 20, 149], thus supporting the gain of function hypothesis.

Gain of Function Activities and Implications

The biological response to GOF p53 mutants was observed first in mouse tumor
systems [174] in which expression of a mutant p53 protein resulted in tumor forma-
tion. The main issue in demonstrating GOF activity is to distinguish between mutant
p53’s dominant negative (DN) and GOF activities if the cell system has a WT coun-
terpart. To do this, biological GOF activity was confirmed using the 10(3) murine
fibroblast cell line that is endogenously null in p53 expression, and forced expres-
sion of mutant p53 led to tumor formation in nude mice while 10(3) alone or 10(3)
transfected with a control plasmid did not form tumors [33]. Later, more laborato-
ries demonstrated biological functions related to GOF p53 expression and tumori-
genicity [61, 77].

Two groups first demonstrated the biochemical function of GOF p53 when
mutant p53 was shown to up-regulate certain cellular and viral promoters including
PCNA and MDRI1 [23, 28]. Promoter activation seems to be a criterion of GOF
activity, as many more promoters have been shown to be activated by mutant p53.
Examples of this include: epidermal growth factor receptor (EGFR), multiple drug
resistance (MDR1/ABCB1), vascular endothelial growth factor (VEGF), human
interleukin-6 (IL-6), basic fibroblast growth factor (BFGF), human HSP70, c-myc,
insulin like growth factor I receptor (IGF-IR), insulin like growth factor II receptor
(IGF-IIR), the anti-apoptotic factor BAG-I, collagenase-3, c-fos, 15-lipoxygenase
[27-34], etc.

Using cell and animal model systems, expression of mutant p53 has been shown
to result in oncogenic and proliferative processes [122] such as (i) increased tumori-
genicity [33, 77, 88], (ii) increased growth in soft agar [147], (iii) decreased sensi-
tivity to chemotherapeutic drugs [11, 17, 74, 142], (iv) increased resistance to
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y-irradiation [96], (v) accelerated chemical carcinogenesis [168], (vi) increased
homologous recombination induced by ionizing radiation [65, 79], (vii) disruption
of the spindle check point [65, 131, 167], (viii) activated topoisomerase I activity
[3], (ix) increased DNA synthesis and increased growth rate [15, 27, 30, 34, 56,
111], (x) induction of gene amplification [36, 64, 112], (xi) cooperation with the
TGF-p pathway [1, 68], (xii) induction of cellular motility, invasive capability and
metastasis [1, 109, 150, 155, 166, 177], somatic cell reprogramming [107, 139],
increased tumor angiogenesis [44], and promotion of chronic inflammation and
associated cancer [25].

Mouse Models for GOF p53

Several mouse models have been generated to test if the expression of p53 mutants
in mice will induce GOF activity. Using a knock-in mouse line, Liu et al. [91, 92]
demonstrated an increased metastatic potential in mice inheriting p53-R172H
(homologous to human p53-R175H). Using two mouse models of the Li-Fraumeni
Syndrome, clear and strong evidence of mutant p53 gain of function has been dem-
onstrated, where higher metastatic spread and/or different tumor spectra have been
observed in the presence of mutant pS3 [76, 121]. Wang et al. [167, 168] showed
some evidence of gain of function associated with genomic instability using a murine
p53-R172H mutant transgenic model system. Murphy et al. [111] used the same p53
mutant in a mammary epithelial murine cell model to reach similar conclusions.
Hixon et al. [59] proposed that cells carrying mutant p53 over-express Cksl, a pro-
tein that mediates activating phosphorylation of the anaphase promoting complex
(APC) by cdc2, leading to chromosomal instability as cells are unstable to sustain
APC inactivation. Oncogenic mutant p53 has been demonstrated to confer a domi-
nant, gain of function phenotype that disrupts spindle checkpoint control that is not
dependent on transactivation [167]. Ohiro et al. [119] demonstrated that mutant p53
inhibits stress-inducible kinase pathways, and showed its anti-apoptotic activity. This
activity is also independent of the transactivation function of mutant p53. Possibly
the most unequivocal demonstration of gain of function activity in mouse systems
was shown when mutant p53 was stabilized by knockout of MDM2 or p16 [156].

Transcriptional Effect of GOF p53

There have been several groups that have identified sets of cellular genes that are
either up- or down-regulated by GOF p53 mutants as identified mostly by microar-
ray analyses after expressing pS3 mutants in pS3 null cells such as H1299 [45, 122,
142-144, 171-173]. A series of genes involved in cell growth and oncogenesis were
found to be up-regulated by the expression of p53 mutants R175H, R273H, and
D281G [142-144]. Similar to WT p53, mutant p53 has also been demonstrated to
repress expression of a number of genes including inhibitor of differentiation (Id2)
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[161,176] p21, gadd45, PERP and PTEN [161], among others. Some of these genes
are involved in pro-apoptotic activities, including CD95 (Fas/Apol) [54, 178], cas-
pase-3 [175] and others [140, 179].

Mechanisms to Explain p53 Gain of Function

The mechanisms underlying the different phenotypes of p53 GOF have not been
fully elucidated. In this section we will attempt to give an up-to-date version of the
proposed mechanisms and why they are preferred. Mutant p53 may drive GOF phe-
notypes by acquiring new functions that result in uncontrolled proliferation, survival
and motility [19, 174]. There are two possible mechanisms to explain GOF mutant
p53. (Fig. 4.2): (a) one that involves its direct binding to DNA and regulation of
gene expression; (b) one in which mutant p53 does not directly come near regula-
tory sequences on the chromosome. This second category can be subdivided fur-
ther: (1) protein-protein interactions between mutant p53 and other cellular
protein(s), such as the pS3 family members, p63 and p73, DNA machinery proteins,
and/or proteins of the apoptotic pathway [106, 108]; (2) modulation of target genes
by mutant p53 (Fig. 4.2), such as activating growth promoting genes, disrupting
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DNA repair or apoptotic activities or inhibiting growth suppressive genes [12, 13,
151, 172, 178]. These two mechanisms are not mutually exclusive.

(a)

(b)

Regulation of transcription by binding to DNA. There is some evidence to
show that GOF p53 does in fact bind to DNA on the chromosome, particularly
in G/C rich areas around transcription start sites of some genes that are charac-
terized by active chromatin marks [128]. It seems that this interaction is
responsible for the control of expression of genes such as GAS1 and
HTR2A. The DNA binding activity ascribed to GOF p53 seems to stem from
its ability to interact with stem and loop structured DNA and non-B DNA
structures [52, 165]. Further work on this model is needed in order to clarify
how regulation of transactivation occurs.

Regulation of transcription by protein-protein interactions. As mentioned
above, GOF p53 can modulate the transcription of genes through its interac-
tions with other protein factors.

(i) Interaction of mutant p53 with p63 and p73 to induce GOF activity. The
fact that p53 family members p63 and p73 retain the capability of interact-
ing with tumor-derived p53 mutants led to the possibility that such interac-
tions may inhibit p63/p73 function [26, 47, 86, 93, 110, 151]. In this model,
it is thought that mutant p53 may be inhibiting p63/p73’s DNA binding
ability by interacting with the DNA binding domain of p63/p73, as model
systems outlined in Figure 4.2 C2 predict [47]. As explained in this model,
some of the GOF activities of mutant p53 assume that mutant p53 would
block the inhibitory effects of p63/p73 (mostly p63). However, transactiva-
tion observed by GOF p53 cannot easily be explained by this model alone,
as there are genes that are in fact transactivated by p63 as well as GOF p53
[123, 160]. There is another model that is evolving that involves mostly p63
(and perhaps p73), in which it is assumed that mutant p5S3 can anchor to
p63 and become nucleated on promoters with p63/p73 sites. There is evi-
dence for this possibility also [115].

(i1) Interaction of mutant p53 with transcription factors resulting in its nucle-
ation on the regulatory sequences controlling gene transcription. It was
proposed about 20 years ago [14, 28, 152] that mutant p53 may transactivate
genes it up-regulates indirectly through interactions with transcription
factors that normally bind to the regulatory regions of those target genes.
Various groups have shown interactions of p53 (both WT and mutant)
with several transcription factors including Spl, E2F1, Etsl, CREB,
p300/CREBP, NFY-A [14, 30, 43, 48, 78, 87, 93, 137] and others.
Although in some cases evidence has been presented that indicates nucle-
ation of mutant p53 on DNA by anchoring onto another transcription fac-
tor, in most cases there is a lack of clear-cut evidence. In the model
outlined in Figure 4.2, overall it is assumed that mutant p53 becomes situ-
ated on the promoter-regulatory sequence of a target gene by its interac-
tion with a transcription factor, and then through its intact transactivation
domain it is able to interact with the transcription initiation complex pre-
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sumably near the transcription start site. It is most likely that the transac-
tivation domain interacts with the component of the “mediator” complex
[10, 63, 104]. Also, it is generally assumed that mutant p5S3-CREBP/p300
interaction would facilitate nucleation of these histone acetylases on the
chromatin. This results in an opening up of the chromatin by acetylation
of histones [8, 118].

Cancer Cells Expressing GOF p53 Are Addicted
to Mutant p53

Recent evidence indicates that a number of cancer cell lines are “addicted” to the
presence of the GOF p53 protein, and in some cancers such as lung carcinoma,
mutations in the p53 gene act as a “driver” for lung oncogenesis [32]. This onco-
gene addiction is recognized to be a phenomenon whereby cancer cells are continu-
ously dependent on the presence of “driver” genes for their sustenance [157]. By
definition, activation of such a gene is not required to be involved in the initiating
events of oncogenesis, but it may arise later in the process and becomes essential for
cancer cells to survive and grow. The removal or inhibition of that gene/gene prod-
uct could lead to the selective death of cancer cells, their cell cycle arrest, senes-
cence, or differentiation. In this case, inhibition of mutant p53 would prevent
transcriptional activation of target genes involved in cell growth and survival and
would remove the mutant p53-mediated inhibition of p63/p73 leading to regulation
of the cell cycle and possibly apoptosis. In animal model systems, tumor regression
has been observed and this has opened up important avenues for anticancer therapy
[170]. Several lung cancer cell lines with endogenous expression of mutant p53
have been tested for their addiction to mutant p53 expression. Surprisingly, the
addiction seems to be allele specific in some GOF activity, though all the cell lines
characteristically lose enhanced growth upon reduction of GOF p53 levels [158,
159]. The mechanism of addiction to GOF p53 for some cancer cells for their
tumorigenicity is unknown [158, 159].

Summary

p53 plays a significant role in oncogenesis, whether it is present in the cell as the
wildtype or mutant form of the protein. WT p53 has long been shown to be key to
maintaining the integrity of the cell and therefore preventing oncogenesis; mean-
while mutant p53 causes the acquisition of new oncogenic functions. Both WT and
mutant p53 have biological activities that are dependent on its transcriptional abil-
ity, and both proteins have been demonstrated to repress expression of a number of
genes. Although the mechanism for how p53 activates transcription of its target
genes has not been fully elucidated, there are several models that are being explored
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such as direct binding to DNA, recruitment of histone acetyltransferases, or protein-
protein binding. Not only does mutant pS3 cause cancer cells to become more onco-
genic, but recently it has been shown that cancer cells can become addicted to the
mutant protein. Reducing mutant p5S3 expression in various cell lines has been
shown to be an effective way to diminish cell growth, migration, and tumorigenic-
ity. Since the goal of cancer research aims to discover what causes a cell to become
oncogenic in the hope of developing a way to cure the disease, understanding the
mechanism of gain of function is essential to be able to effectively target mutant p53
for cancer therapy.
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Chapter 5
Transcriptional Regulation by Mutant p53
and Oncogenesis

Raffaela Santoro, Sabrina Strano, and Giovanni Blandino

Abstract More than half of all human cancers carry p53 gene mutations whose
resulting proteins are mostly full-length with a single aminoacid change, abundantly
present in cancer cells and unable to exert oncosuppressor activities. Frequently,
mutant p53 proteins gain oncogenic functions through which they actively contrib-
ute to the establishment, the maintenance and the spreading of a given cancer cell.
Intense research effort has been devoted to the deciphering of the molecular mecha-
nisms underlying the gain of function of mutant p53 proteins. Here we mainly
review the oncogenic transcriptional activity of mutant pS3 proteins that mainly
occurs through the aberrant cooperation with bona-fide transcription factors and
leads to either aberrant up-regulation or down-regulation of selected target genes.
Thus, mutant p53 proteins are critical components of oncogenic transcriptional net-
works that have a profound impact in human cancers.

Keywords Mutant p53 * Transcription ® Cancer * Mutation * Target

Introduction

The tetrameric transcription factor p53 consists of three structural and functional
domains:the amino-terminal transcriptional activation domain (TAD, residues 1-42);
the DNA binding domain (DBD, aminoacidic residues 101-306); the carboxyl-
terminal oligomerization domain (OD, residues 307-355) (http://p53.free.fr).
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Upon several stress signals, such as DNA damage and activation of oncogenes, p53
undergoes post-translational modifications such as phosphorylation, acetylation,
sumoylation, ubiquitination [3], mediated by interaction with stress-sensing mole-
cules like TAT Interacting Protein 60 (Tip60) [72], Ataxia Telangiectasia Mutant
(ATM) and Peptidyl-prolyl cis-trans isomerase NIMA-interacting 1 (PIN1) [82, 83,
86, 88]. Once activated, pS3 can induce cell cycle arrest, senescence and apoptosis
through transcriptional regulation of its target genes (Fig. 5.1a), as well as orchestrating
a DNA damage response [1].

About 50 % of human cancers harbour p53 mutations and the majority of them
are missense mutations, mainly located within the very fragile DNA binding domain.
Missense mutations generate stable proteins incapable of binding canonical p53
consensus sequences [31, 65]. Indeed, any mutation in this region causes a loss of
P53 transcriptional activity [35], since it leads to either an alteration in the residues
which determine a sequence-specific binding to the DNA (class I mutants, e.g.
mutants at codons 248 or 273), or a change of p53 folding, abolishing completely the
binding to the DNA and changing the capability to interact with other proteins (class
II mutants, e.g. mutants at codon 175) (http://p53.free.fr). Intuitively, class II mutants
are associated with a more severe phenotype in vitro. In fact, although they cannot
bind canonical p53 consensus elements by direct binding, it is known that they can
be recruited to regulative elements on the chromatin (so far, attempts to identify a
specific mutant-p53 consensus sequence have failed [79]), through interaction with
other transcription factors, such as NF-Y [10], ETS1 [54, 57], ETS2 [14], p73 and
p63 [12, 24, 67-69] and contribute to the regulation of their target genes (Fig. 5.1b).

GOF of Mutant p53

For many years the arising of tumors has been ascribed to the mere loss of p53
activities through mutations or deletions. Indeed mutants of p53 loose the capability
of activating pS3-responsive genes and to exert antiproliferative and proapoptotic
activities. However, this hypothesis does not solve the question why other tumour
suppressors could not make up for the loss of p53 functions in cancer cells. Recent
work has shown that mutants of p53 gain new functions and contribute to the arising
and maintenance of cancer [13, 36]. The generation of knock-in mice containing
p53 mutations corresponding to the most common p53 missense mutations in
humans, and the comparison to mice with a p53-null allele, gave new insights on the
mechanisms of GOF of mutant p53 [34, 65].

In particular, both p53*~ and p53~~ mice develop tumours. p53~~ mice develop
tumours earlier than heterozygous, with a median tumour incidence of 4-5 months
and lifespan of about 10 months [27]. Heterozygous mice develop tumours with a
median incidence of 18 months, when 50 % of mice succumbs [27]. Osteosarcomas
arise with the highest frequency in p53 heterozygous mice, while 70 % of p53 null
mice harbour malignant lymphomas [27]. The difference in the tumour spectrum
between homozygous and heterozygous mice remains unclear.
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Fig. 5.1 Activation of transcription by p53 wt and mutant p53. (a) stress signals, such as DNA
damage and activation of oncogenes, cause posttranslational modifications of p53, mediated by
interaction with stress-sensing molecules like Tip60, ATM and PIN1. Once activated, p53 can
induce cell cycle arrest, senescence and apoptosis through transcriptional regulation of its target
genes. (b) mutant p53 acquires transcriptional activities by interacting with transcription factors
such as NF-Y, Ets-1/2, p63/p73, E2Fs, PLK2, Mrel1 and Tim50, which induce the recruitment of
mutant p53 to regulatory regions on the chromatin

Knock-in mouse models have been produced for a variety of mutant p53 alleles
[15]. pS3R175H/+mice, corresponding to the hotspot R172H in humans, show no
significant difference in lifespan as compared to p53*~ mice, while their tumours
show a highly metastatic phenotype [40, 42]. Similar data are obtained with other
gain of function transgenic mice [15].
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Mutant p53 Protein Complexes

In vitro experiments have shown that, unlike wild-type (wt) p53, mutant p53 is able
to interact with the p53 family members p63 and p73 through its DBD, and that this
interaction inhibits p63 and p73 transcriptional functions [12, 18, 24, 40, 67]. In
addition, it has recently been shown that mutant p53 can be recruited onto a subset
of p63-responsive elements in the promoters of genes upregulated and downregu-
lated by p63 [49].

Knockout mice p53*-p63*~ and p53*-p73*~ develop tumours at higher frequencies
than p53*~ mice which are also wild-type for p63 and p73, supporting the hypoth-
esis that inactivation of p63 and p73 by mutant pS3 contributes to the metastatic
phenotype of mutant p53 mice [33, 52]. Moreover, knockdown of mutant p53
renders cells more sensitive to chemotherapy [68], while knockdown or inactivation
of p73 reduces their sensitivity to chemotherapeutic agents [32]. However, while
p53 is ubiquitously expressed, p63 and p73 expression is tissue-specific and the
ratios of TA and AN isoforms vary from one tissue to another, which leads to differ-
ent p63- and p73-dependent phenotypes in cancers of different origin.

In addition to p63 and p73, mutant p53 interacts with other transcription factors
and the functional consequence of this binding is the recruitment of mutant p53 to
regulative regions on the chromatin.

The transcription factor NF-Y has been identified as an interaction partner for
mutant p53 [10]. NF-Y binds to the CCAAT consensus motif present in the promoters
of several cell cycle regulating genes, such as E2Fs and cyclines, and contributes to
the modulation of their expression, through selective recruitment of acetylases and/or
deacetylases [10]. Upon DNA damage, the complex mutant p5S3/NF-Y drives the tran-
scription of the cell cycle progressing genes cyclin A, B1 and B2, cdk1 and cdc25C,
resulting in an increased DNA replication [10], which constitutes an important aspect
of mutant p53 GOF activities. In addition, both NF-Y and NF«B are recruited onto the
MAP2K3 promoter and required for MAP2K3 transcription. Mutant p53 engaging in
a complex with NF-Y and NFxB contributes to MAP2K3 upregulation [26].

The Polo-Like Kinase 2 (PLK?2) protein plays a critical role in cell cycle progres-
sion in response to DNA damage, when it is activated by p53 wt and activates a G2
checkpoint, thereby inducing cell cycle arrest and inhibiting aberrant DNA replica-
tion and mitotic catastrophe [4]. Like pS3 wt, mutant p53 is able to induce PLK2
expression as well [74]. In turn, PLK?2 physically interacts with mutant p53, medi-
ates its phosphorylation and promotes its acetylation, thereby inducing its recruit-
ment onto CCAAT consensus motifs [29, 74].

Mrell has been identified as an interactor of mutant p53 as well [63]. Together
with Rad50 and NBS1, Mrel1 forms the MRN complex, which is involved in sens-
ing DNA damage and recruiting the ATM kinase to the sites of DNA damage. The
binding of mutant p53 to Mrel1 seems to prevent the recruitment of the MRN com-
plex to the sites of DNA double strand brakes (DSBs), thus leading to an impaired
ATM response, generating higher genetic instability [63].
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It has recently been shown that mutant p53 interacts with the transcription factors
ETS1 and ETS2, which bind the consensus motif GGAAR [14]. This binding results
in the upregulation of the TDP2 gene, which is responsible for Etoposide resistance
[14]. Fontemaggi et al. have shown that mutant p53 can engage into a complex with
E2F1 and regulate the expression of the transcription factors ID2 and ID4 [19],
which can in turn induce the expression of cytokines, thereby contributing to neo-
angiogenesis [19]. Immunoprecipitation followed by protein identification by mass
spectrometry has shown Tim50 (translocator of the inner mitochondrial membrane
50) as a novel interaction partner of mutant p53 [58]. In this manuscript, Tim50 is
also identified as a mutant p53-target gene, which contributes to the growth of
mutant-p53 expressing cells [58].

Since the interaction with novel partners confers mutant p53 new functions,
many efforts are being made to identify additional interaction partners for mutant
P53, especially in different contexts and in response to different stimuli [7]. This is
even more important if we take into account that mutant pS3 binds with high affinity
to the nuclear matrix, suggesting that mutant p53 could perturb and rearrange the
nuclear structure [37, 80].

Mutant p53 Target Genes

Several laboratories have performed chromatin immunoprecipitation (ChIP)
experiments to reveal whether mutant p53 could be specifically recruited in
vivo onto regulative regions on the chromatin [10, 78, 87]. However, so far no
specific consensus sequence for mutant pS3 has been identified [79] but, as
already mentioned, recruitment of mutant p53 onto the promoters can be medi-
ated by other canonical transcription factors. A first step to unravel the specific
set of targets for each mutant p53 is the use of “ChIP-on-chip” and Chip-seq
analyses and it could contribute to the identification of transcriptional signa-
tures for p53 mutants [9, 25, 76, 81].

In addition, a series of microarray analyses performed in different cell lines have
shown that mutant p5S3 can modulate the expression of several genes [51, 59, 60, 73,
78]. However, the picture appears very complex due to the great heterogeneity of
p53 mutations. In fact, each mutant of p53 can regulate the expression of a pattern
of genes only partially overlapping with the ones of other p53 mutants. This seems
reasonable since different mutations in p53 cause interaction with different sets of
partners.

As many efforts have been made in the past to identify transcriptional targets of
p53 wt, so many are being made for mutant p53, in order to understand which path-
ways are deregulated and responsible for mutant p53-induced carcinogenesis.

The most known gain of function activity of mutant p53 is the induction of cell
proliferation. Several studies have been conducted and the genes c-fos [55], c-myc
[21], PCNA [8, 61], cyclin A, B1, B2, cdk1 and cdc25c¢ [10] have been identified as
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mutant pS3 specific targets, which can promote cell proliferation. Mutant pS3 can
exert its pro-invasive and pro-angiogenic activities mainly through the activation of
its target genes ID4 [19] and the chemokines CXCL1 [62], CXCLS5, CXCLS8 and
CXCL12 [85], as well as MMP-13 [70] and EGFR [43]. Of note, both CXCL1 and
CXCLS are transcriptional targets of ID4 [19].

Given the importance of microRNA deregulation in cancer, an increasing num-
ber of manuscripts has been published on the role of mutant p53 in this process.
Donzelli et al. have shown that mutant pS3R175H can induce the expression of
miR-128-2, upregulated in many chemoresistant cancers, through binding to its host
gene ARPP1, which results in chemoresistance [17].

It has been described that p53 mutants R175H, R273H and C135Y can downregu-
late the expression of miR-130b, which leads to upregulation of the transcriptional
repressor ZEB1. This activates the ZEB 1 signaling pathway which induces Epithelial-
Mesenchymal-Transition (EMT) [16].

miR-155, which is upregulated in breast cancers, is activated by mutant p53 and
promotes EMT through inhibition of genes such as ZNF652 [50]. In addition,
mutant p53 is recruited by ZEB1 onto the promoter region of miR-223, resulting in
miR-223 down-regulation. Consequently, the mir-223 target Stathmin-1 is upregu-
lated, leading to mutant p5S3-mediated chemoresistance [47].

Conclusions and Perspectives

There is growing evidence that mutants of p53 acquire an oncogenic role. Being p53
mutated in more than 50 % of human cancers, restoration of p53 wt functions in
cancers bearing mutant p53 represents a tantalizing strategy for cancer therapy. In
the era of translational cancer research, when the aim is to design ad hoc therapy for
each patient, the establishment of expression signatures, being them based on pro-
teomics, miRNA or gene expression profiling, is becoming of main importance. For
this reason, many efforts have been made to establish differential signatures between
normal and cancerous tissues and among the patients, in relation to various param-
eters altered in cancer, among which p53. Though a molecular signature for p53
mutated cancers has not been established yet, some groups have found a correlation
between mutant pS3 and poor survival in breast cancer [2, 30, 45, 48, 53, 64].
However, the GOF of p53 mutants has not been completely unravelled yet, and
further studies are needed in this field.

Several groups have shown that reactivation of p53 in p53-deficient cells can
induce senescence or apoptosis [46, 66, 75, 77, 84]. Other groups have instead used
small compounds in order to induce a correct folding of p53 mutants (reviewed in
[28]): PRIMA-1 imposes a specific DNA binding and transcriptional activation of
the p53 target genes mdm?2, p21 and PUMA [5, 6, 41]; Cp-31398 confers wild-type
conformation to some mutants by unknown mechanisms [20, 39, 44, 56, 71]; the
CDBS3 peptide renders wild-type and mutant p53 more thermostable by binding to
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Fig. 5.2 Manipulation of mutant p53. (a) The small compounds PRIMA-1, CP-31398 and
CDB3 confer native conformation to mutant p53; hence p53 is able to bind canonical consensus
elements and activate the transcription of its target genes, thereby regaining its transcriptional
activities. (b) Binding of mutant p53 to p73 prevents the recruitment of p73 to responsive promot-
ers; the small compound RETRA and small synthetic peptides, which bind to the core domain of
mutant p53, impair the interaction between p73 and mutant p53; p73 is then available to bind to the
chromatin and drive the transcription of its target genes

their DBD and promoting the proper folding, without compromising the protein-
DNA interaction [22, 23] (Fig. 5.2a).

A more recent approach is designed to inhibit the interaction of mutant p53 to its
binding partner p73. To this aim two kinds of molecules have been used: (a) the
small compound RETRA, which is able to displace p73 from the inactive complex
with mutant p53 allowing it to activate transcription [38], and (b) synthetic peptides
designed to interact with the mutant p53 core domain, which are able to destroy the
interaction of some mutants of p5S3 with the DNA binding domain of p73, restoring
the capability of p73 to activate transcription and induce cell cycle arrest and apop-
tosis [11] (Fig. 5.2b).



98 R. Santoro et al.

| Screening for p53 mutations | '

il
/ § )
w7
QA L
p (2" group)

(15 group)

Regulated

genes and | ——— No chemoresistance

pathways (3" group)
Chemoresistance Chemotherapy

(4" group)

Interaction mut p53-p73?

NO YES
(6™ group) (5" group)

J

Treatment with inhibitors
(RETRA/Peptides)

Fig. 5.3 Example of molecular stratification. Cancer patients are screened for pS3 mutations
and divided into two groups according to p53 status (p53 wt-1st group, p53 mutated-2nd group);
patients from the 2nd group are subjected to expression profiling to determine pathways regulated
by mutant p53 and predict a response to chemotherapy as an example; two more groups of patients
are identified: a 3rd group responding to chemotherapy and a 4th group, which is predicted to show
chemoresistance and which is therefore not subjected to chemotherapy. The hypothesis of interac-
tion mutant p53-p73 is tested in the latter group and patients are again divided into two subgroups:
in the 5th group mutant p53 and p73 interact with each other, therefore patients are subjected to
treatment with inhibitors of the interaction, such as RETRA and small peptides binding to mutant
p53; the 6th group is instead subjected to further analyses to find the proper treatment

Knowing the binding partners of p53 mutants which mediate its recruitment onto
noncanonical p53 promoters, the transcriptionally deregulated pathways, the mech-
anisms by which p53 mutants confer chemoresistance [32, 68], invasiveness and
metastatic potential [13, 36], together with the discovery of novel strategies to inter-
fere with mutant p53 GOF activities, will allow us to stratify cancer patients and
choose the correct treatment, ranging from radio- and chemotherapy to specific
inhibitors of activated pathways and of mutant p53 itself (Fig. 5.3).



5 Transcriptional Regulation by Mutant p53 and Oncogenesis 99

References

10.

11.

12.

13.

14.

15.

19.

. Bartek J, Bartkova J, Lukas J (2007) DNA damage signalling guards against activated onco-

genes and tumour progression. Oncogene 26:7773-7779

. Bonnefoi H, Diebold-Berger S, Therasse P, Hamilton A, van de Vijver M, MacGrogan G et al

(2003) Locally advanced/inflammatory breast cancers treated with intensive epirubicin-based
neoadjuvant chemotherapy: are there molecular markers in the primary tumour that predict for
5-year clinical outcome? Ann Oncol 14:406-413

. Brooks CL, Gu W (2003) Ubiquitination, phosphorylation and acetylation: the molecular basis

for p53 regulation. Curr Opin Cell Biol 15:164-171

. Burns TF, Fei P, Scata KA, Dicker DT, El-Deiry WS (2003) Silencing of the novel p53 target

gene Snk/Plk2 leads to mitotic catastrophe in paclitaxel (taxol)- exposed cells. Mol Cell Biol
23:5556-5571

. Bykov VJ, Issaeva N, Selivanova G, Wiman KG (2002) Mutant pS3-dependent growth sup-

pression distinguishes PRIMA-1 from known anticancer drugs: a statistical analysis of infor-
mation in the National Cancer Institute database. Carcinogenesis 23:2011-2018

. Bykov VI, Issaeva N, Shilov A, Hultcrantz M, Pugacheva E, Chumakov P et al (2002)

Restoration of the tumor suppressor function to mutant p53 by a low-molecular-weight com-
pound. Nat Med 8:282-288

. Coffill CR, Muller PA, Oh HK, Neo SP, Hogue KA, Cheok CF et al (2012) Mutant p53 inter-

actome identifies nardilysin as a p5S3R273H-specific binding partner that promotes invasion.
EMBO Rep 13:638-644

. Deb S, Jackson CT, Subler MA, Martin DW (1992) Modulation of cellular and viral promoters

by mutant human p53 proteins found in tumor cells. J Virol 66:6164-6170

. Dell’Orso S, Fontemaggi G, Stambolsky P, Goeman F, Voellenkle C, Levrero M et al (2011)

ChIP-on-chip analysis of in vivo mutant p53 binding to selected gene promoters. OMICS
15:305-312

Di Agostino S, Strano S, Emiliozzi V, Zerbini V, Mottolese M, Sacchi A et al (2006) Gain of
function of mutant p53: the mutant pS3/NF-Y protein complex reveals an aberrant transcrip-
tional mechanism of cell cycle regulation. Cancer Cell 10:191-202

Di Agostino S, Cortese G, Monti O, Dell’Orso S, Sacchi A, Eisenstein M, Citro G, Strano S,
Blandino G (2008) The disruption of the protein complex mutant p53/p73 increases selectively
the response of tumor cells to anticancer drugs. Cell Cycle 7:3440-3447

Di Como CJ, Gaiddon C, Prives C (1999) p73 function is inhibited by tumor-derived p53
mutants in mammalian cells. Mol Cell Biol 19:1438-1449

Dittmer D, Pati S, Zambetti G, Chu S, Teresky AK, Moore M et al (1993) Gain of function
mutations in p53. Nat Genet 4:42—46

Do PM, Varanasi L, Fan S, Li C, Kubacka I, Newman V et al (2012) Mutant p53 cooperates
with ETS2 to promote etoposide resistance. Genes Dev 26:830-845

Donehower LA, Lozano G (2009) 20 years studying p53 functions in genetically engineered
mice. Nat Rev Cancer 9:831-841

. Dong P, Karaayvaz M, Jia N, Kaneuchi M, Hamada J, Watari H et al (2012). Mutant p53 gain-

of-function induces epithelial-mesenchymal transition through modulation of the miR-130b-
ZEBI1 axis. Oncogene 32:3286-3295

. Donzelli S, Fontemaggi G, Fazi F, Di Agostino S, Padula F, Biagioni F et al (2012)

MicroRNA-128-2 targets the transcriptional repressor E2F5 enhancing mutant p53 gain of
function. Cell Death Differ 19:1038-1048

. Flores ER, Tsai KY, Crowley D, Sengupta S, Yang A, McKeon F et al (2002) p63 and p73 are

required for p53-dependent apoptosis in response to DNA damage. Nature 416:560-564
Fontemaggi G, Dell’Orso S, Trisciuoglio D, Shay T, Melucci E, Fazi F et al (2009) The execu-
tion of the transcriptional axis mutant p53, E2F1 and ID4 promotes tumor neo-angiogenesis.
Nat Struct Mol Biol 16:1086-1093



100

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

R. Santoro et al.

Foster BA, Coffey HA, Morin MJ, Rastinejad F (1999) Pharmacological rescue of mutant p53
conformation and function. Science 286:2507-2510

Frazier MW, He X, Wang J, Gu Z, Cleveland JL, Zambetti GP (1998) Activation of c-myc gene
expression by tumor-derived p53 mutants requires a discrete C-terminal domain. Mol Cell Biol
18:3735-3743

Friedler A, Hansson LO, Veprintsev DB, Freund SM, Rippin TM, Nikolova PV et al (2002) A
peptide that binds and stabilizes pS3 core domain: chaperone strategy for rescue of oncogenic
mutants. Proc Natl Acad Sci U S A 99:937-942

Friedler A, Veprintsev DB, Hansson LO, Fersht AR (2003) Kinetic instability of p53 core
domain mutants: implications for rescue by small molecules. J Biol Chem 278:24108-24112
Gaiddon C, Lokshin M, Ahn J, Zhang T, Prives C (2001) A subset of tumor- derived mutant
forms of p53 down-regulate p63 and p73 through a direct interaction with the p53 core domain.
Mol Cell Biol 21:1874-1887

Goeman F, Fontemaggi G, Blandino G (2012) ChIP-on-chip to identify mutant p53 targets.
Methods Mol Biol 962:211-226

Gurtner A, Starace G, Norelli G, Piaggio G, Sacchi A, Bossi G (2010) Mutant p53-induced
up-regulation of mitogen-activated protein kinase kinase 3 contributes to gain of function.
J Biol Chem 285:14160-14169

Harvey M, McArthur MJ, Montgomery CA Jr, Butel JS, Bradley A, Donehower LA (1993)
Spontaneous and carcinogen-induced tumorigenesis in p53-deficient mice. Nat Genet 5:225-229
Haupt S, Haupt Y (2004) Improving cancer therapy through p53 management. Cell Cycle
3:912-916

Haupt S, Haupt Y (2012) Mutant p53 subverts PLK2 function in a novel, reinforced loop of
corruption. Cell Cycle 11:217-218

Hensel M, Schneeweiss A, Sinn HP, Egerer G, Solomayer E, Haas R et al (2002) P53 is the
strongest predictor of survival in high-risk primary breast cancer patients undergoing high-
dose chemotherapy with autologous blood stem cell support. Int J Cancer 100:290-296
Hussain SP, Harris CC (1998) Molecular epidemiology of human cancer. Toxicol Lett
102-103:219-225

Irwin MS, Kondo K, Marin MC, Cheng LS, Hahn WC, Kaelin WG Jr (2003) Chemosensitivity
linked to p73 function. Cancer Cell 3:403—410

Iwakuma T, Lozano G, Flores ER (2005) Li-Fraumeni syndrome: a p53 family affair. Cell
Cycle 4:865-867

Jacks T, Remington L, Williams BO, Schmitt EM, Halachmi S, Bronson RT et al (1994) Tumor
spectrum analysis in pS3-mutant mice. Curr Biol 4:1-7

Kato S, Han SY, Liu W, Otsuka K, Shibata H, Kanamaru R et al (2003) Understanding the
function-structure and function-mutation relationships of p53 tumor suppressor protein by
high-resolution missense mutation analysis. Proc Natl Acad Sci U S A 100:8424-8429

Kim E, Deppert W (2004) Transcriptional activities of mutant p53: when mutations are more
than a loss. J Cell Biochem 93:878-886

Koga H, Deppert W (2000) Identification of genomic DNA sequences bound by mutant p53
protein (Gly245—Ser) in vivo. Oncogene 19:4178-4183

Kravchenko JE, Ilyinskaya GV, Komarov PG, Agapova LS, Kochetkov DV, Strom E et al
(2008) Small-molecule RETRA suppresses mutant p53-bearing cancer cells through a
p73-dependent salvage pathway. Proc Natl Acad Sci U S A 105:6302-6307

Lane DP, Hupp TR (2003) Drug discovery and p53. Drug Discov Today 8:347-355

Lang GA, Iwakuma T, Suh YA, Liu G, Rao VA, Parant JM et al (2004) Gain of function of a
p53 hot spot mutation in a mouse model of Li-Fraumeni syndrome. Cell 119:861-872
Lehmann S, Bykov VIJ, Ali D, Andren O, Cherif H, Tidefelt U et al (2012) Targetingp53
in vivo: a first-in-human study with p53-targeting compound APR- 246 in refractory hemato-
logic malignancies and prostate cancer. J Clin Oncol 30:3633-3639

Liu G, McDonnell TJ, Montes de Oca Luna R, Luna R, Kapoor M, Mims B, El-Naggar AK
et al (2000) High metastatic potential in mice inheriting a targeted p53 missense mutation.
Proc Natl Acad Sci U S A 97:4174-4179



43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Transcriptional Regulation by Mutant p53 and Oncogenesis 101

Ludes-Meyers JH, Subler MA, Shivakumar CV, Munoz RM, Jiang P, Bigger JE et al (1996)
Transcriptional activation of the human epidermal growth factor receptor promoter by human
p53. Mol Cell Biol 16:6009-6019

Luu Y, Bush J, Cheung KJ Jr, Li G (2002) The p53 stabilizing compound CP- 31398 induces
apoptosis by activating the intrinsic Bax/mitochondrial/caspase-9 pathway. Exp Cell Res
276:214-222

Malamou-Mitsi V, Gogas H, Dafni U, Bourli A, Fillipidis T, Sotiropoulou M et al (2006)
Evaluation of the prognostic and predictive value of p53 and Bcl-2 in breast cancer patients
participating in a randomized study with dose-dense sequential adjuvant chemotherapy. Ann
Oncol 17:1504-1511

Martins CP, Brown-Swigart L, Evan GI (2006) Modeling the therapeutic efficacy of p53 resto-
ration in tumors. Cell 127:1323-1334

Masciarelli S, Fontemaggi G, Di Agostino S, Donzelli S, Carcarino E, Strano S et al (2013).
Gain of function mutp53 down-regulates miR223 contributing to chemoresistance of cultured
tumor cells. Oncogene 33:1601-1608

Miller LD, Smeds J, George J, Vega VB, Vergara L, Ploner A et al (2005) An expression signa-
ture for p53 status in human breast cancer predicts mutation status, transcriptional effects, and
patient survival. Proc Natl Acad Sci U S A 102:13550-13555

Neilsen PM, Noll JE, Suetani RJ, Schulz RB, Al-Ejeh F, Evdokiou A et al (2011) Mutant p53
uses p63 as a molecular chaperone to alter gene expression and induce a pro-invasive secre-
tome. Oncotarget 2:1203-1217

Neilsen PM, Noll JE, Mattiske S, Bracken CP, Gregory PA, Schulz RB et al (2012) Mutant p53
drives invasion in breast tumors through up-regulation of miR-155. Oncogene 32:2992-3000

O’Farrell TJ, Ghosh P, Dobashi N, Sasaki CY, Longo DL (2004) Comparison of the effect of
mutant and wild-type p53 on global gene expression. Cancer Res 64:8199-8207

Olive KP, Tuveson DA, Ruhe ZC, Yin B, Willis NA, Bronson RT et al (2004) Mutant p53 gain
of function in two mouse models of Li-Fraumeni syndrome. Cell 119:847-860

Olivier M, Langerod A, Carrieri P, Bergh J, Klaar S, Eyfjord J et al (2006) The clinical value
of somatic TP53 gene mutations in 1,794 patients with breast cancer. Clin Cancer Res
12:1157-1167

Pastorcic M, Das HK (2000) Regulation of transcription of the human presenilin-1 gene by ets
transcription factors and the p53 protooncogene. J Biol Chem 275:34938-34945

Preuss U, Kreutzfeld R, Scheidtmann KH (2000) Tumor-derived pS3 mutant C174Y is a
gain-of-function mutant which activates the fos promoter and enhances colony formation.
Int J Cancer 88:162-171

Rippin TM, Bykov VIJ, Freund SM, Selivanova G, Wiman KG, Fersht AR (2002)
Characterization of the p53-rescue drug CP-31398 in vitro and in living cells. Oncogene
21:2119-2129

Sampath J, Sun D, Kidd VJ, Grenet J, Gandhi A, Shapiro LH et al (2001) Mutant p53 cooper-
ates with ETS and selectively up-regulates human MDRI1 not MRPI. J Biol Chem
276:39359-39367

Sankala H, Vaughan C, Wang J, Deb S, Graves PR (2011) Upregulation of the mitochondrial
transport protein, Tim50, by mutant p53 contributes to cell growth and chemoresistance. Arch
Biochem Biophys 512:52-60

Scian MJ, Stagliano KE, Deb D, Ellis MA, Carchman EH, Das A et al (2004) Tumor-derived
p53 mutants induce oncogenesis by transactivating growth-promoting genes. Oncogene
23:4430-4443

Scian MJ, Stagliano KE, Ellis MA, Hassan S, Bowman M, Miles MF et al (2004) Modulation
of gene expression by tumor-derived pS3 mutants. Cancer Res 64:7447-7454

Shivakumar CV, Brown DR, Deb S, Deb SP (1995) Wild-type human p53 transactivates the
human proliferating cell nuclear antigen promoter. Mol Cell Biol 15:6785-6793

Solomon H, Buganim Y, Kogan-Sakin I, Pomeraniec L, Assia Y, Madar S, Goldstein I, Brosh
R, Kalo E, Beatus T, Goldfinger N, Rotter V (2012) Various p53 mutant proteins differently
regulate the Ras circuit to induce a cancer-related gene signature. J Cell Sci. 125:3144-3152



102

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

1.

78.

79.

80.

81

82.

83.

84.

R. Santoro et al.

Song H, Xu'Y (2007) Gain of function of p53 cancer mutants in disrupting critical DNA dam-
age response pathways. Cell Cycle 6:1570-1573

Sorlie T, Perou CM, Tibshirani R, Aas T, Geisler S, Johnsen H et al (2001) Gene expression
patterns of breast carcinomas distinguish tumor subclasses with clinical implications. Proc
Natl Acad Sci U S A 98:10869-10874

Soussi T, Lozano G (2005) p53 mutation heterogeneity in cancer. Biochem Biophys Res
Commun 331:834-842

Soussi T, Wiman KG (2007) Shaping genetic alterations in human cancer: the p5S3 mutation
paradigm. Cancer Cell 12:303-312

Strano S, Fontemaggi G, Costanzo A, Rizzo MG, Monti O, Baccarini A et al (2002) Physical
interaction with human tumor-derived p53 mutants inhibits p63 activities. J Biol Chem
277:18817-18826

Strano S, Blandino G (2003) p73-mediated chemosensitivity: a preferential target of onco-
genic mutant p53. Cell Cycle 2:348-349

Strano S, Dell’Orso S, Di Agostino S, Fontemaggi G, Sacchi A, Blandino G (2007) Mutant
p53: an oncogenic transcription factor. Oncogene 26:2212-2219

Sun Y, Cheung JM, Martel-Pelletier J, Pelletier JP, Wenger L, Altman RD et al (2000) Wild
type and mutant p53 differentially regulate the gene expression of human collagenase-3
(hMMP-13). J Biol Chem 275:11327-11332

Takimoto R, Wang W, Dicker DT, Rastinejad F, Lyssikatos J, el-Deiry WS (2002) The mutant
p53-conformation modifying drug, CP-31398, can induce apoptosis of human cancer cells and
can stabilize wild-type p53 protein. Cancer Biol Ther 1:47-55

TangY, Luo J, Zhang W, Gu W (2006) Tip60-dependent acetylation of p53 modulates the deci-
sion between cell-cycle arrest and apoptosis. Mol Cell 24:827-839

Tepper CG, Gregg JP, Shi XB, Vinall RL, Baron CA, Ryan PE et al (2005) Profiling of gene
expression changes caused by p53 gain-of-function mutant alleles in prostate cancer cells.
Prostate 65:375-389

Valenti F, Fausti F, Biagioni F, Shay T, Fontemaggi G, Domany E et al (2012) Mutant p53
oncogenic functions are sustained by Plk2 kinase through an autoregulatory feedback loop.
Cell Cycle 10:4330-4340

Vassilev LT, Vu BT, Graves B, Carvajal D, Podlaski F, Filipovic Z et al (2004) In vivo activa-
tion of the p53 pathway by small-molecule antagonists of MDM2. Science 303:844-848
Vaughan C, Windle B, Deb S (2013) ChIP sequencing to identify p53 targets. Methods Mol
Biol 962:227-236

Ventura A, Kirsch DG, McLaughlin ME, Tuveson DA, Grimm J, Lintault L et al (2007)
Restoration of p53 function leads to tumour regression in vivo. Nature 445:661-665

Weisz L, Zalcenstein A, Stambolsky P, Cohen Y, Goldfinger N, Oren M et al (2004)
Transactivation of the EGR1 gene contributes to mutant p53 gain of function. Cancer Res
64:8318-8327

Weisz L, Oren M, Rotter V (2007) Transcription regulation by mutant p53. Oncogene
26:2202-2211

Will K, Warnecke G, Wiesmuller L, Deppert W (1998) Specific interaction of mutant p53 with
regions of matrix attachment region DNA elements (MARs) with a high potential for base-
unpairing. Proc Natl Acad Sci U S A 95:13681-13686

Wu J, Smith LT, Plass C, Huang TH (2006) ChIP-chip comes of age for genome-wide func-
tional analysis. Cancer Res 66:6899-6902

Wulf GM, Liou YC, Ryo A, Lee SW, Lu KP (2002) Role of Pin1 in the regulation of p53 stabil-
ity and p21 transactivation, and cell cycle checkpoints in response to DNA damage. J Biol
Chem 277:47976-47979

Xu 'Y (2003) Regulation of p53 responses by post-translational modifications. Cell Death
Differ 10:400-403

Xue W, Zender L, Miething C, Dickins RA, Hernando E, Krizhanovsky V et al (2007)
Senescence and tumour clearance is triggered by p53 restoration in murine liver carcinomas.
Nature 445:656-660



85.

86.

87.

88.

Transcriptional Regulation by Mutant p53 and Oncogenesis 103

Yeudall WA, Vaughan CA, Miyazaki H, Ramamoorthy M, Choi MY, Chapman CG et al (2012)
Gain-of-function mutant p53 upregulates CXC chemokines and enhances cell migration.
Carcinogenesis 33:442-451

Zacchi P, Gostissa M, Uchida T, Salvagno C, Avolio F, Volinia S et al (2002) The prolyl isom-
erase Pinl reveals a mechanism to control p53 functions after genotoxic insults. Nature
419:853-857

Zalcenstein A, Weisz L, Stambolsky P, Bar J, Rotter V, Oren M (2006) Repression of the MSP/
MST-1 gene contributes to the antiapoptotic gain of function of mutant p53. Oncogene
25:359-369

Zheng H, You H, Zhou XZ, Murray SA, Uchida T, Wulf G et al (2002) The prolyl isomerase
Pinl is a regulator of p53 in genotoxic response. Nature 419:849-853



Chapter 6
p53 Mutation in the Genesis of Metastasis

W.A. Yeudall

Abstract Development of metastatic cancer is a complex series of events that
includes genesis of tumor-related vascular and lymphatic systems, enhanced cellular
motility, and the capacity to invade and survive at distant sites, as well as evasion of
host defences. The wild-type p53 protein plays key roles in controlling these facets
of tumor progression, and loss of normal p53 function can be sufficient to predis-
pose tumor cells to gain metastatic properties. In contrast, dominant p5S3 mutants
that have gained oncogenic functions can actively drive metastasis through a variety
of mechanisms. This chapter aims to highlight these processes.

Keywords Extracellular matrix * Motility ¢ Epithelial-mesenchymal transition ®
G-protein ®* Chemokine ¢ Transforming growth factor beta * microRNA

Introduction

Invasion of the surrounding or underlying tissues is a crucial step in the progres-
sion to a malignant phenotype, and likely requires altered cellular interactions with
the extracellular matrix (ECM) and enhanced motility. Development of metastatic
disease is a late and often fatal process through which the tumor cells become
established at a site distant to that of the primary lesion. This requires multiple
biological steps, including development of capillary networks and/or lymphatic
vessels adjacent to the tumor (angiogenesis or lymphangiogenesis), intravasation
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into these vessels, transport through the blood or lymphatic system, extravasation
from the circulation, and survival as a secondary tumor deposit. In the case of epi-
thelial neoplasms, this may be preceded by a phenotypic change in the tumor cells
by means of epithelial-to-mesenchymal transition (EMT), although this remains
somewhat controversial [1]. More recent work has highlighted the formation of a
pre-metastatic niche in potential target organs as a result of mobilization and
accumulation of bone-marrow derived cells which prepare the secondary site to
accommodate tumor cells.

More than 100 years ago [2], in an effort to explain why some tumors metastasize
preferentially to specific target organs, Paget proposed the “seed-and-soil” hypothe-
sis, in which tumor cells with metastatic potential (the “seed’’) would only metasta-
size to, and survive in, sites with which they had compatibility (the “soil”). In an
excellent review article [3], the modern concepts of seed and soil are highlighted,
which include tumor heterogeneity, selective metastasis of cells with pre-existing
metastatic potential, and the consequences of the interactions between the microen-
vironment (metastatic niche) and the tumor cells. Current models suggest that sub-
populations of cells exist within the heterogeneous primary tumor which have gained
mutations that confer the propensity to metastasize and survive in particular organs,
and that these mutations may be acquired early during tumorigenesis [4]. Two ele-
gant studies highlight this using sub-lines of MDA-MB-231 breast cancer cells that
metastasize predominantly either to lung or bone [5, 6]. Microarray-based compari-
son of gene expression in primary tumors and lung metastases revealed that the prod-
ucts of some genes were implicated in growth at the secondary site only, whereas
others also played a role in primary tumor growth [6]. In the case of cells that were
metastatic to bone, differentially-expressed genes encoded products involved in oste-
olysis and angiogenesis, amongst others [5]. However, the authors reported that the
“bone metastasis gene signature” was additional to a previously-identified “poor
prognosis gene signature” [7] that was present in the primary tumor, suggesting that
additional biological functions over and above those required for primary tumorigen-
esis are needed to facilitate metastatic spread. Potentially, a subpopulation of cells
within the primary tumor might harbor these metastasis-specific mutations, or they
may be acquired as a result of further genetic insult of the primary lesion.

p53 Mutation and Development of Metastasis

It is well accepted that wild-type p53 is a key regulator of cellular homeostasis, and
that its loss through deletion or mutation underpins the development of many human
malignancies by abrogating cell cycle checkpoints, cell death pathways and various
other functions, some of which are pertinent to metastatic spread. One such mecha-
nism involves regulation of neovascularization, a critical early step in metastasis, as
outlined above. Some years ago, Van Meir and coworkers reported that expression
of wild-type p53 in glioblastoma cells resulted in release of an angiogenesis inhibi-
tor [8], while separate studies identified TSP-1, a potent inhibitor of angiogenesis,
as a direct target of wild-type p53 [9], which impacts on survival [10]. Therefore, its
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reduction in tumors with p53 loss-of-function would enhance the formation of a
tumor blood supply. Wild-type p53 is now known to regulate angiogenesis through
a number of mechanisms — by upregulating expression of angiogenesis inhibitors
that include EphA2 [11-13] and BAII [14]. Conversely, wild-type p53 is reported
to repress expression of proangiogenic molecules such as matrix metalloprotease
(MMP)-1, hypoxia-inducible factor (HIF)-1a [15], the HIF- 1« target vascular endo-
thelial cell growth factor (VEGF)-A [16, 17], and cyclo-oxygenase (COX)-2 [18].
Other studies also indicate that some pro-angiogenic chemokines [19], including
CXCL12, CXCLS8 and CXCLS5, are repressed by wild-type p53 [20, 21]. Indeed, in
a cellular progression model of sarcomagenesis in which wild-type p53 was inacti-
vated, Milyavsky et al. reported elevated expression of CXCL1 and CXCLS,
amongst other genes, in the latter stages of tumor progression [22].

Wild-type p53 is also important in attenuating cellular migration and invasion.
Of course, there is some overlap between genes involved in regulation of angiogenesis
and cell motility. MMP-1 (collagenase IV) is a key enzyme required for degradation
of extracellular matrix (ECM) as a component of the metastatic process, in addition
to its role in angiogenesis. Other examples include the chemokines CXCLS5, CXCLS8
and CXCL12, which are repressed by wild-type p53 [20, 21] and which are key
players in cell migration and metastasis [23-25]. Considerable insight into the role
of p53 was provided by expression profiling studies conducted by Zhao and col-
leagues [26], who examined wild-type pS3-dependent gene expression in a physio-
logical setting. Amongst a cohort of targets that were either activated or repressed
following induction of wild-type p53, they found activation of genes encoding ol
collagens type II and type VI, as well as structural proteins including actin and sev-
eral keratins. Increased expression of plasminogen activator inhibitor-1 (PAI-1,
SERPINELI), an inhibitor of the protease urokinase plasminogen activator (PLAU)
was also reported. However, this protein may be involved in potentiation of the
metastatic process as well as its inhibition, and its actual function may depend on
the concentration in the microenvironment and the context in which it is expressed.
For example, at physiological levels it acts to promote angiogenesis and cellular
invasion, whereas elevated concentrations are inhibitory [27], and may act to aid
cellular detachment [28] in an integrin-dependent manner [29]. Zhao et al. also
found p53-dependent induction of endothelin-2 (EDN2), a modulator of vasocon-
striction. Yet, EDN2 was demonstrated to function as a chemoattractant for macro-
phages [30] and may modulate the inflammatory infiltrate of tumors as well as
enhance invasion [31]. Why this would be induced by a tumor suppressor protein
such as p53 is, thus far, unclear, but may be unrelated to its role in tumor biology.

Studies in a mouse model system of hepatocellular carcinoma also provide further
understanding of the role of wild-type p53 in suppression of metastasis. Delivery of
apolyomavirus middle T antigen using the RCAS system into the livers of transgenic
mice expressing the viral receptor (TVA) was found to result in formation of hepatic
adenomas. However, when this was performed on a p53-null background, invasive
and metastatic tumors developed, with differential expression of 105 genes between
benign and malignant tumors [32]. These included insulin-like growth factor (IGF)-
2, cathepsin E, and the chemokines CCL8 (MCP-2, SCYAS8) and CCL5 (RANTES,
SCYADS), all of which have recognized roles in metastatic spread of tumors.
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Wild-type p53 also suppresses prometastatic activity through inhibition of small
GTPase activation. Using mouse embryo fibroblasts from p53-null and p194RF-null
animals, Guo and colleagues reported changes in actin reorganization, accompanied
by activation of phosphoinositide 3-kinase (PI3K) and Racl [33]. Further work by
this group [34] indicated that p53 loss led to increased focal adhesion formation,
and that ROCK activation only partially mimicked the RhoA phenotype. Promotion
of an invasive phenotype by expression of active RhoA, Racl, or Cdc42, but not an
activated Ras mutant, was also observed in p53-null cells. However, subsequent
studies by Xia and Land revealed that loss of p53 function combined with activated
Ras resulted in enhanced cell motility [35]. Co-expression of mutant p53®7>H and
H-Ras®?V led to more profound migration in both wound-closure and transwell
assays, with increased activation of RhoA, but not Racl or Cdc42. Similar GTP
loading of RhoA was observed when endogenous wild-type p53 was repressed by
shRNA, as well as in p53-null HCT116 cells, indicating the importance of loss of
function. Moreover, wild-type p53 was shown to enhance activity of p190 RhoGAP,
thus minimizing accumulation of the GTP-bound (active) form of RhoA.

p53 Gain-of-Function Mutants

Over and above the undoubted importance of loss-of-function mutations in the
development of metastatic disease, many common mutations in the p53 gene in
human cancer result in expression of proteins with dominant transforming proper-
ties that actively drive tumor progression. These gain-of-function (GOF) mutants
may endow the cells with many properties that impart growth or survival advan-
tages, and may include functions pertinent to metastatic spread. Indeed, mouse
models with knock-in GOF p53 alleles exhibit increased metastasis compared to
pS53-null animals [36-38]. GOF mutant p53 may also be associated with EMT, as
mice expressing a mutant KRAS gene together with p5S3R172H were found to
develop spindle cell carcinomas and frequent (>60 %) spread to secondary organs,
including lungs and lymph nodes [38]. Nude mouse xenografts of fibroblasts
expressing GOF p53 (H179L) were also shown to undergo metastatic spread, with
deposits in lung and mediastinum from subcutaneous primary tumors [39].

Gain-of-Function Mechanisms

Although there is debate over the mechanism through which GOF p53 mutants
act, several models have been proposed. Some years ago, transcriptomic profiling
provided clues to the aberrant functions of this class of proteins. Studies in lung
cancer cells expressing specific p53 mutants revealed key differences (as well as
some similarities) compared to the same cells expressing wild-type p53 [40, 41],
and at least in some cases this appeared to be dependent upon the transactivation
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properties of p53 as L22Q/W23S mutants (i.e., in one of the transactivation
domains) showed greatly reduced potency. Amongst the genes identified by this
method, NF-xB2 (p100/p52) was upregulated by GOF p53 proteins [42], raising
the possibility that transcription factors such as this may be activated by mutant
p53, thereby leading to a secondary level of gene induction or repression that
mediates the biological responses.

An important study by Weisz and colleagues investigated the effects of GOF p53
on the response of cancer cells to tumor necrosis factor (TNF)-a [43]. Whereas TNF-a
is potentially cytotoxic, as it is able to induce an apoptotic response, it is also well-
recognized that this cytokine can promote tumorigenesis through the activation of
NF-xB on a background of inflammation [44, 45]. GOF p53 was shown to promote
NF-«B activity in response to TNF-a, with increased nuclear translocation of p65, and
to inhibit TNF-a-induced apoptosis, whereas cells lacking p53 or treated with siRNA
showed increased cell death in the presence of ligand. Moreover, co-expression of
mutant p53 and NF-«B was found in human tumors, further suggesting a functional
relationship. Thus, GOF p53 may act as molecular switch that toggles the response to
an otherwise cytotoxic factor through activation of NF-«xB.

Another proposed mechanism to explain p53 gain-of-function mutation is
through interaction with other members of the p53 family, such as p63 and p73.
Whereas p73 may be of more importance in apoptosis, p63 isoforms have been
linked to tumor progression and metastasis, although there is considerable contro-
versy in the existing literature as to whether p63 proteins function as tumor suppres-
sors or tumor promoters, which isoforms are responsible, and in which tissue types
[46]. The presence of two promoters leads to expression of full-length TAp63 and
ANp63 which lacks the amino terminus. Each of these undergoes alternative splic-
ing at the 3’ end to generate «, B and y forms and, potentially, 6 and €. ANp63 is
required for normal epithelial differentiation, and its absence is lethal due to defi-
cient formation of the epidermis and associated structures.

Despite some apparent contradictory functions and activities reported for p63,
emerging evidence seems to support the hypothesis that p63 acts as a suppressor
of metastasis, and that the balance of expression between TA and AN isoforms is
important, with ANp63 (or GOF mutant p53) being capable of oligotetramerizing
with TAp63 and suppressing its anti-tumorigenic and anti-metastatic properties.
Mice in which TAp63 is inactivated lose the Ras-dependent senescence response
and show increased sarcomagenesis in the absence of p53 [47]. Consistent with
this suppressive effect, gene knockdown of p63 in squamous carcinoma cell lines
led to increased expression of a cohort of genes involved in invasion and metasta-
sis that included o4 integrin, N-cadherin, tenascin C and two Wnt proteins, Wnt-4
and -5a, with a concomitant increase in cellular migration rate [48]. Moreover,
mutant pS3 has been shown to increase Rab-dependent recycling of the EGFR and
aSP1 integrin, inhibit the function of TAp63, and promote random migration,
invasion and metastasis [49].

Maspin, also known as SERPINBS, is well-known for its function as an inhib-
itor of cell migration, invasion, metastasis and angiogenesis [50]. Although multiple
factors contribute to altered maspin expression in human cancer, Kim et al.
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identified TAp63 as an important activator of maspin expression in lung cells
through binding to a p53 binding site in the maspin promoter [51]. These authors
found a striking correlation between expression of maspin and p63 in lung
cancers, with loss of both in adenomacarcinomas and reduced expression of
maspin in lung cancer metastases to lymph node. TAp63 was found to activate
maspin expression in reporter gene assays, and maspin levels correlated inversely
with invasion, implying that loss (or inactivation) of TAp63 during tumor pro-
gression results in enhanced capacity for metastatic spread. Consistent with this
notion of p63-dependent suppression of invasion by maspin, studies in endome-
trial cancer cells showed that expression of the GOF p53 mutant R273H, but not
a loss of function p53 mutant, inhibited maspin expression and promoted migra-
tion and invasion [52].

Studies by Adomo and colleagues showed co-operativity between transform-
ing growth factor (TGF)-f and GOF p53, in which GOF p53 and Smad?2 enter into
a ternary complex with p63 and repress its anti-metastatic activity, in part through
modulation of five target genes: Cyclin G2, Sharp-1, Follistatin, ADAMTS9 and
GPR&87 [53]. They found that raising the level of p63 altered the balance of GOF
pS3 to p63, and suppressed lung colonization by tumor cells introduced via the
mouse tail vein, further establishing p63 as a suppressor of metastasis. Moreover,
TGF-f treatment of cells expressing GOF p53 enhanced cell migration. The
model proposed involves interaction of the a-domain of p63 with the MH2 domain
of Smad2, and binding of the transactivation domain of GOF p53 by the Smad2
MH1 domain. Thus, this may be specific for p63a isoforms. Interestingly, tumor
suppressive functions of TGF- through the repression of maspin expression and
consequent inhibition of cell migration are dependent upon the presence of wild-
type p53 [54].

A third mechanism to explain mutant pS3 gain of function is direct recruitment,
together with other transcription factors, onto the promoters of specific target genes.
For example, it has been reported that GOF p53 interacts with NF-Y and p300,
activating NF-Y targets [55]. A pertinent example related to invasion and metastasis
is given by the elegant work of Fontemaggi et al. [56], in which they examined regu-
lation of ID4 by GOF p53 — E2F1 complexes. They found that expression of R175H
and R273H isoforms in H1299 cells led to elevated expression of ID4, whereas
repression of mutant p53, but not wild-type p53, by siRNA resulted in lower ID4
levels. Subsequent analyses revealed that E2F1 was required for GOF p53-mediated
activation of ID4 expression. This was shown to facilitate stabilization of mRNAs
encoding the pro-angiogenic (and pro-metastatic) chemokines IL-8 (CXCLS8) and
Gro-a (CXCL1). Furthermore, co-expression of p53 and ID4 in breast tumors was
found to correlate with increased microvessel density, a measure of angiogenesis.
Enhanced recruitment of CBP and STAT onto the NF-xB2 promoter by GOF p53
mutants [57] also explains some of the earlier observations that this transcription
factor is upregulated by mutant pS3 [42]. Direct nucleation of mutant p53 onto the
promoter of the receptor tyrosine kinase AXL has also been shown recently [58],
but this appears to be independent of transactivation ability of the mutant p53, as
L22Q/W23S mutants in one of the transactivation domains were still able to enhance
AXL expression. Stimulation of AXL expression by GOF p53 was correlated with
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enhanced motility of lung cancer cells, supporting a role for this axis in aspects of
tumor metastasis.

p53 and the Chemokine Network

It is now well accepted that NF-«xB signaling is central to the chronic inflammatory
response that promotes tumor progression and metastasis [59, 60]. The chemokine
network is a complex system of ligands and receptors whose primary roles are in
immune cell activation and their recruitment to inflammatory foci through production
of chemokines at the inflammatory site, with establishment of a chemokine gradient
towards which inflammatory cells expressing the cognate receptor migrate [61].
However, chemokines and their receptors are now firmly established as major players
in tumorigenesis, angiogenesis and metastasis [23-25, 62-65]. For example, Muller
et al. reported upregulation of CXCR4 and CCR?7 receptors on the surface of breast
cancer cells and demonstrated that this enabled homing of tumor cells to target organs
expressing the ligands for these receptors [66]. Multiple studies have also reported
elevated expression of pro-angiogenic chemokines such as CXCL1, CXCL2, CXCL3,
CXCLS5 and CXCLS in a wide range of tumor types [67—72]. Thus, the roles of differ-
ent chemokine-receptor interactions in tumor progression are varied and widespread.

As mentioned earlier, an interesting study by Moskovits et al. [20] reported that
wild-type p53 represses CXCL12 expression, thereby reducing cell migration.
Moreover, subsequent studies from our own laboratory [21], which focused on the
contribution of GOF p53 to cell motility, highlighted a positive influence of these
aberrant proteins on chemokine expression. Expression of several chemokines is
regulated, at least in part, by NF-xB family transcription factors [73—83], consistent
with a promoting role for inflammation in carcinogenesis, and it is clear that GOF
p53 proteins activate a transcriptional response that includes NF-«B2 [41, 42]. Thus,
it is perhaps no surprise that chemokines are upregulated by GOF p53. This is a
clear gain of oncogenic function, as p53-null cells show higher levels of chemokine
expression compared to cells expressing wild-type p53, yet substantial increases in
chemokine expression occur when GOF p53 proteins are present [21]. Moreover,
levels of CXCLS, CXCL8 and CXCLI12 are increased differentially, depending
upon the amino acid substitution present in p53, suggesting a degree of allele-
specificity, and appear to depend upon elevated transcription. Further, these
enhanced chemokine levels correlated with increased cellular motility, consistent
with a role in invasion and metastasis. However, it is likely that deregulation of
NF-«B activity is not the only mechanism responsible for enhancing chemokine
expression. At least in the case of CXCL1 (Gro-a) and CXCLS8 (IL-8), enhanced
mRNA stabilization through GOF p53 — E2F1 activation of ID4, as noted above, is
crucial [56]. In addition, inactivation of p63 may also be a key mechanism, either
directly or indirectly [84]. Thus, multiple biochemical mechanisms triggered by
GOF p53 may cooperate to deregulate the chemokine network in cancer cells and
enhance their progression to a metastatic phenotype.
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MicroRNA-Mediated Control of Metastasis

Another key mechanism that regulates processes involved in tumor cell metastasis
is the action of microRNAs (miRNAs). These are small, non-coding RNAs present
throughout the genome, which bind to target sequences in messenger RNAs
(mRNAs), effecting their degradation or repressing their translation. They are gen-
erated in a step-wise process, which involves, first, expression of a pri-miRNA that
contains a characteristic stem-loop structure. This entity is processed by an enzyme —
Drosha — into a pre-miRNA, generally between 70 base pairs (bp) and 100 bp in
length. Following export into the cytoplasm, the pre-miRNA is cleaved by Dicer to
generate the mature miRNA consisting of two strands of 20-25 bp in length, one of
which becomes incorporated into the RNA-induced silencing complex (RISC).

A number of miRNAs have been implicated in suppression of metastasis, includ-
ing miR-31, miR126, miR-206, miR-335, miR-130, and the miR-200 family [85,
86]. Processing of these requires Dicer, which is transactivated by TAp63 [87].
Therefore, transdominant inhibition of p63 by GOF p53 represents yet another
mode of action through which mutant p53 may promote tumor metastasis, as well
as other wide-ranging effects on cellular biology [88, 89]. In addition, miR-200 spe-
cies target the EMT-associated transcription factors ZEB1 and ZEB?2 for degrada-
tion [90, 91]; therefore inhibition of miR-200 processing through loss of Dicer
activity may explain how GOF p53 can promote EMT [92].

A recent study has provided further evidence for GOF p53 regulation of
microRNA that leads to enhanced invasion in breast cancer [93]. Expression of
either miR-155 or GOF p53 in p53-null cells led to increased invasion and
EMT. Subsequent experiments indicated a direct role for p63 in transcriptional
repression of miR-155, which was relieved by the presence of GOF p53. Interestingly,
these authors identified the transcriptional repressor, ZNF652, as a target of miR-
155. ZNF652 blocks expression of multiple genes involved in EMT, including
vimentin, EGFR, TGF-f, and TGFpR2. Thus, inactivation of p63 by GOF p53
enables miR-155 to inactivate ZNF652, thereby promoting emergence of the mes-
enchymal phenotype that is characteristic of many invasive epithelial malignancies.
Unsurprisingly, low levels of ZNF652 were found to correlate with breast tumor
invasion in clinical samples.

Conclusions

P53 mutation impacts metastatic processes on multiple levels. Loss of wild-type
p53 function relieves repression of angiogenesis and enhances motility. However,
dominant oncogenic p53 proteins actively drive metastasis by promoting angio-
genesis through upregulating the expression of chemokines and other angiogenic
factors in tumor cells. GOF p53 mutants enhance metastasis by switching on tran-
scriptional programs that promote a more aggressive biological phenotype, and by
interfering with the metastasis-suppressive functions of p63. Our emerging



6 p53 Mutation in the Genesis of Metastasis 113

understanding of microRNAs in control of angiogenesis and metastasis provides a
further layer of complexity to p53 function. However, the central role of p53 in
development of aggressive cancers may provide opportunities for targeted thera-
peutic approaches, either of p53 directly or one or more of its mediators, to improve
clinical outcome.
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Chapter 7
Structural Studies on Mechanisms to Activate
Mutant p53

Hector Viadiu, Gilberto Fronza, and Alberto Inga

Abstract The design of a broad-spectrum cancer drug would provide enormous
clinical benefits to treat cancer patients. Most of cancerous cells have a mutation in
the p53 gene that results in an inactive mutant p53 protein. For this reason, p53 is a
prime target for the development of a broad-spectrum cancer drug. To provide the
atomic information to rationally design a drug to recover p53 activity is the main
goal of the structural studies on mutant p53. We review three mechanisms that influ-
ence p53 activity and provide information about how reactivation of mutant p53 can
be achieved: stabilization of the active conformation of the DNA-binding domain of
the protein, suppression of missense mutations in the DNA-binding domain by a sec-
ond-site mutation, and increased transactivation.
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Every year more than seven million people die of cancer in the world [27]. Enormous
clinical benefits would result from the discovery of a drug able to treat any kind of
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cancer. As the most common genetic changes found in cancerous cells are mutations
in the transcription factor p53, efforts to design a broad-spectrum cancer drug have
focused in reactivating the p53 pathway [13, 52]. To pharmacologically intervene
the p53 pathway is essential to understand p53 activation in molecular terms [10].
The protein codified by the p53 gene is a transcription factor that regulates how cells
respond to stress, in particular, to DNA damage [61].

In normal cells, pS3 promotes the transcription of genes that arrest the cell cycle to
repair damaged DNA, or of genes that kill stressed cells [62]. Nonetheless, pS3 is the
most commonly mutated gene in cancer. Until now, nearly 2,000 different single amino
acid changes in p53 have been reported in tumors; and, the occurrence frequency of
each mutation varies dramatically, from extremely rare to very frequent hotspots (codons
175, 245, 248, 249, 273, or 282) [37]. About 30 % of the mutations retain, at least,
some transcriptional modulation function, including an altered transactivation speci-
ficity [24]. A few of those mutations can also exhibit gain-of function, oncogenic-like
properties, as revealed by various data, including transgenic mice experiments [48].
However, most of the mutations in the p53 gene result in a p53 protein unable to pro-
mote the transcription of the more than 100 genes that wild-type p53 regulates [42].

The main goal of the structural studies of the transcription factor p53 is to pro-
vide atomic information to design a drug that will recover the transcriptional activ-
ity of mutant p53 [28]. Alternative non-structural approaches are also possible. For
example, cell-based assays with phenotypic read-outs that could identify p53 modu-
lators [6, 9, 56]. In cell-based approaches, the potential for false positives is high
and the effort to understand the mode of action of the selected molecules has proven
to be a lengthy and difficult process [23, 55]. Another approach that has more
recently been explored is to focus on the p53/cofactor interactions that a gain-of-
function mutant p53 protein disrupts; blocking such mutant p53 interactions might
regain p53 activity, [6, 16]. Nonetheless, even to properly design the cell-based or
biochemical screenings, the structural understanding of wild type and mutant full-
length p53 is critical to empower the search for high selectivity molecules. For
example, to provide drugs that would increase the thermodynamic stability of the
p53 DNA-binding domain (DBD), or to describe the cooperative interactions
between p53 monomers and/or dimers. In all these cases, the atomic understanding
of p53 tetrameric structure, its protein/DNA and protein/protein interactions would
foster the development of effective rational therapies. Ideally, a structural and func-
tional understanding of commonalities in the impact of different pS3 mutations
could identify lead compounds to act on entire groups of p53 mutations.

In this chapter, after providing an introduction to the structure of the transcrip-
tion factor p53, we will focus on how mutant p53 activity can be recovered. We will
describe three mechanisms that affect the function of transcription activation in p53:
stabilization of the active conformation of the DBD of the protein, suppression of
missense mutations in the DBD by second-site mutations, and increased transacti-
vation. Specifically, we will detail, in structural terms, how a small molecule stabi-
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lizes the structure of a p5S3 mutant; how a second mutation cancels the effect of a
formerly deleterious mutation; and, how a mutation leads to an increase in the tran-
scription levels of target genes.

Structural Studies on the Transcription Factor p53

To rationally design a drug that could reactivate mutant p53, structural knowledge
on the effect of mutations in p53 is required [28]. The human p53 protein has 393
amino acids divided in three domains: the N-terminus transactivation domain, the
central DNA-binding domain (DBD), and the C-terminus with the nuclear localization
sequence (NLS), the oligomerization domain (OD) and regulatory domain (RD)
(Fig. 7.1a) [60]. Although there have been electron microscopy and small-angle
X-ray scattering studies to define the full-length structure of p53 in the absence of
DNA [51], and in the presence of DNA [2, 40, 59], the inherent flexibility of the
N- and C-termini of the full-length protein has limited the resolution of these stud-
ies. Alternatively, X-ray crystallography has succeeded in providing atomic infor-
mation on individual domains that could be useful to design a p53 reactivating drug
(reviewed in [29, 45, 60]). In this review, we will focus on the structural work done
in mutants of the DBD of p53 and its homolog protein, p73. There are two reasons
to focus on the crystallographic studies of the DBD. First, ninety percent of the
mutations found in tumors affect codons in the DBD [46], and, second, except for
NMR structures of mutant oligomerization domain [17, 18, 43], all the existing
structural knowledge on mutant p53 is on the DBD.

The pioneer work on the structure of the p53 DBD determined the fold of the
DBD monomer and its contacts to DNA [14]. The p53 DBD has an immunoglobu-
lin B-sandwich fold and recognizes the DNA with two long loops and a loop-
sheet-helix motif at one edge of the B-sandwich (Fig. 7.1b). The first structure of
the p53 DBD in complex with DNA classified the most-commonly found cancer
mutations in two groups, as either affecting direct DNA recognition (so called
“contact mutants”, for example: Arg248 or Arg 273) or destabilizing the two
loops and the loop-sheet-helix motif involved in DNA binding (so called “struc-
tural mutants”, for example: Argl75, Gly245, Arg 249, or Arg282) [14]. Moreover,
although the crystal packing did not show the expected p53 tetramer structure, the
authors postulated a model of the p53 DBD tetramer bound to DNA that was con-
firmed to be correct by subsequent studies. The experimental evidence of the
dimer and tetramer structures of the p53 DBD bound to DNA has been determined
more recently [11, 12, 19, 25, 34, 35, 39, 50]. These structures define a dimer of
dimers with the four DBD monomers bound to the DNA major groove in the same
DNA face (Fig. 7.1c) [35].
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Fig. 7.1 Protein domains of human p53 and location in the structure of the p53 DNA-binding
domain of the most-commonly found cancer mutations. (a) Scheme of the protein domains in
human p53. The N-terminus is divided in three subdomains: the transactivation domains 1 and 2
(TAD1 and TAD?2) and the proline-rich domain (PRD); the central domain is the DNA-binding
domain (DBD); and, the C-terminus is formed by the nuclear localization sequence (NLS), the
oligomerization domain (OD) and the regulatory domain (RD) [60]. (b) Human p53 DBD struc-
ture (PDB: 1tup) [14]. Ribbon representation of the human p53 DBD with the six most-commonly
mutated amino acids shown in stick representation (arginines in positions 175, 248, 249, 273 and
282 and gly in 245). Arg248 and Arg273 are considered DNA-binding mutants (orange), while
Argl75, Gly245, Arg249, and Arg282 are considered structural mutants that affect the fold of the
DBD (yellow). (¢) Tetramer of human p53 DBD bound to DNA with most-commonly found muta-
tions shown as stick representation (PDB: 3kz8) [35]. As in (b), DNA-binding mutants are in
orange, while mutations affecting the protein fold are in yellow
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As mentioned before, the pharmacological interest of the structural studies on
mutant p53 lies on understanding at the molecular level how to revert mutant p53
to display its normal transactivation profile, or at least re-enable it to activate some
target genes to induce cell cycle arrest or cell death. The field of structural studies
on mutant p53 is still vastly unexplored. In one hand, one could study the mutations
that affect DNA binding, like Arg248 or Arg273, but the DNA-binding activity of
these mutations is difficult to revert because both residues are exposed to the
solvent and the mutant proteins lack a drug-binding cavity [32]. In the other hand,
one could determine the structure of mutations like Argl75 that destabilize the
structure, with the aim to recover its native conformation; unfortunately, this goal
is experimentally very difficult to achieve due to the inherent structural heterogeneity
of the unstable mutants.

In the following sections, we will focus on describing three structural studies on
mutant p53 that suggest molecular strategies to how mutant p53 could regain activ-
ity. First, we will describe how a small molecule could bind to a pS3 mutant and
increase its thermal stability, presumably recovering DNA-binding [5]. Second, we
will summarize how a second mutation can revert the deleterious effect of an initial
pS3 cancer-associated hotspot mutation [57]. Finally, we will describe how a mutation
in the p53-homolog p73 results in a mutant with increased transactivation [15].

Stabilization of Mutant p53 by Small Organic Molecules

The idea that a small organic molecule could bind to mutant p5S3 DBD and revert
the inactivating effect of a mutation has driven a large number of drug screenings.
These screenings have resulted in numerous potential cancer drugs [56]. PRIMA-1
is the molecule that has progressed farther in clinical trials, and hydrolytic products
of PRIMA-1 might covalently react to cysteine residues in the mutated DBD to
activate p53 [36]. Nonetheless, the majority of these screening efforts have not
been based on structural knowledge that could accelerate the search for an effective
drug to reactivate mutant p53. In here, we review an example of how structure-
based drug design can identify small molecules to stabilize oncogenic p53 mutants
[5]. The Tyr220Cys mutation is present in an estimated ~75,000 sporadic new
cancer cases per year and is a germline mutation in at least eight Li-Fraumeni fami-
lies [47]. This mutation results in a protein with a largely reduced thermostability
[7, 38]. The comparison of the structures of wild-type p53 DBD with Tyr220Cys
p53 DBD shows that the Tyr220Cys mutation creates a cavity in the protein surface
(Fig. 7.2a, b) [7, 38].

The binding of small molecules to this cavity has been postulated as a paradigm
to demonstrate that a drug could stabilize mutant p53 structure. Drug screening
protocols can be in silico or experimental. While structure-based in silico screen-
ings might allow to explore a large chemical space, they result in more false posi-
tives [7]. A fast experimental protocol to screen for chemical groups with the
potential to stabilize pS3 mutant structure can be carried out with a relatively small
library of fragments of organic molecules. These fragments comprehend a diverse
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group of chemical moieties with many distinct chemical groups. Once a series of
presumably weakly bound molecules are identified, those binding sites become targets
for drug-design. Then, a larger molecule that incorporates as many complementary
moieties to the identified protein binding surfaces can be synthesized with the
expectation that binding to the protein is significantly stronger [53].

By screening such fragment library for binding to the Tyr220Cys p53 DBD
mutant, the cavity that results from the replacement of a large tyrosine side chain for
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a short thiol group of cysteine was screened for binding-sites [5]. When 1,895 frag-
ments were screened for binding to the Tyr220Cys p53 DBD mutant, several small
organic molecules were found to interact with the mutant. Two methods to measure
drug binding to the p53 DBD were used. One method was Water-Ligand-Observed
via Gradient SpectroscopY (WaterLOGSY), where protein-ligand complex formation
is identified by the magnetization passed through the substrate-bound water to
the ligand-free water in solution. The second method was thermal denaturation
scanning fluorimetry, where the binding to a small molecule is detected because it
increases the protein’s thermal stability as measured by the tendency of a fluores-
cent dye to bind the exposed hydrophobic core of the unfolded protein. Using this
fragment library of 1,895 compounds, these methods showed that about 4 and 1 %
of the fragments were able to bind to the Tyr220Cys p53 mutant, respectively. These
binding hits were further validated in NMR Heteronuclear Single Quantum Coherence
(HSQC) experiments with "N-labeled protein. To identify the binding sites, three
co-crystal structures were solved. The resulting crystal structures defined the pos-
sible interactions between atoms in the protein and atoms in the small molecules.
For example, 2-amino-1,3-benzothiazole-dioxane binds to the cavity expanding it
by 2 A, and making numerous hydrophobic and specific hydrogen-bond contacts
between the protein and the drug (Fig. 7.2¢). In the bottom of the cavity, the thiol
group from the Cys220 mutant side chain contacts the sulfur atom in the thiazole
ring of the drug; and, in one side of the cavity, a carbonyl-oxygen from the protein
establishes a hydrogen-bond with the amino group of the drug. The discovery of
small molecules that bind to the Tyr220Cys cavity demonstrates that it is possible
to compensate the destabilizing effect of a mutation that creates a cavity by insert-
ing a small molecule with complementary electrostatics to fill the cavity.

Suppression by a Second-Site Mutation

Another mechanism that helps us to explore the pharmacological options to recover
the activity of mutant p53 is the fact that, after an initial mutation has inactivated
pS53, a second mutation could recover, at least partially, the activity of p53.
This phenomenon is called intragenic suppression by a second-site mutation.
Pharmacologically, this suppression mechanism is important because, in the context
of a given first mutation, it points to a larger number of protein sites that could be
modified to recover p53 activity.

The second-site suppression mechanism has been demonstrated in the context of
one of the most-commonly found mutations, the Arg249Ser mutation [57]. This
mutation is the result of the transversion G to T in the Arg249 codon (AGG) to a
serine codon (AGT) that occurs in hepatocytes due to food contaminated with the
mycotoxin aflatoxin B1 [1]. The resulting protein is non-functional and unable to
bind DNA [8, 44]. Yeast-based studies have discovered that transactivation of the
Arg249Ser mutant can be recovered by two mutations in His168 Arg and Thr123Ala [8].



126 H. Viadiu et al.
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c p53 DBD double mutant d p53 DBD double mutant + DNA
His168Arg / Arg249Ser His168Arg / Arg249Ser

PDB: 3d08 PDB: 3d0a

Fig. 7.3 Suppression by a second-site mutation. (a) Hydrogen-bond network around Arg249 in
the wild-type pS3 DBD that maintains the structure between loops L2A and L3 (PDB: 2ocj) [63].
(b) Single Arg249Ser p53 DBD mutant with the hydrogen-bond network between loops L2A and
L3 broken (PDB: 3d06) [57]. (¢) Double His168 Arg/Arg249Ser p5S3 DBD mutant shows a reestab-
lished hydrogen-bond network with Argl68 having a similar stabilizing role between loops L2A
and L3 as Arg249 in the wild-type protein (PDB: 3d08) [57]. (d) Double His168Arg/Arg249Ser
p53 DBD mutant in complex with DNA shows that reestablishing the hydrogen-bond network
allows Arg248 to make DNA contact as in the wild-type protein (PDB: 3d0a) [57]

In vitro studies showed that the His168 Arg mutation is sufficient to recover DNA
binding [44].

Structural studies have described a mechanism for the second-site suppression of
the Arg249Ser mutant [32, 57]. In wild-type p53, Arg249 stabilizes two flexible
loops, L2 and L3. Arg248 in loop L3 establishes a network of contacts that include
a bidentated salt-bridge from Glul71 in loop L2 and hydrogen-bonds between the
carbonyl oxygens of Gly245 and Met246 and loop L3 (Fig. 7.3a) [63]. Instead, the
mutation Arg249Ser destroys the network of contacts between loops L2 and L3 that
stabilizes the protein, explaining the drastically reduced DNA binding and the inhi-
bition of transactivation (Fig. 7.3b) [57]. The double mutant Arg249Ser/His168Arg
recovers DNA binding through, the arginine in position 168 of loop L2 that forms a
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network of hydrogen-bonds equivalent to the one observed in wild-type p53
(Fig. 7.3c). In the new network of contacts of the double mutant, the carbonyl oxy-
gens of Gly245 and Met246 continue forming hydrogen bonds with an arginine,
although this time with Arg168 from loop L2. Moreover, Glul71 does not make any
contact, but Argl68 makes another new contact with the hydroxyl group of Ser249
that maintains the stability of loop L2 and L3. These conclusions, drawn from
studies of mutations in a wild-type context, were initially also shown to be valid in
the context of a quadruple thermostable mutant [32]. Moreover, once the conformation
of loops L2 and L3 is reestablished in the double mutant Arg249Ser/His168Arg, the
DNA-binding residue Arg248 acquires a similar conformation than in the wild-type
protein and contacts the DNA (Fig. 7.3d). While a detailed structural understanding
has not been obtained yet, results from screening assays for second-site suppressor
mutations suggest that conditions can be found to reactivate at least in part the
activity of multiple cancer-associated hotspot p5S3 mutations [4, 8, 49].

In summary, to study the structural consequences of secondary mutations that
suppress an inactive p53 mutant further defines the essential contacts required to
maintain p53 activity. The potential to achieve restoration using small molecules
building upon the structural knowledge gained from genetic screenings for second-
site suppressor mutations has not yet been explored.

Supertransactivation

Another pharmacological possibility, inspired by yeast studies, is the idea to reacti-
vate pS3 mutants that retain DNA binding with a drug that bypasses the effect of
mutations by inducing a higher transactivation level. Genetic screenings in yeast
have been invaluable to study the functional characteristics of pS3 mutations. In
particular, genetic assays have shown that some p53 mutations result in phenotypes
with higher transactivation levels than the wild-type p53 protein [26, 33, 41, 54].
Interestingly, some of those mutations can also act as intragenic second-site sup-
pressors [8]. The mechanism that connects the initial recognition of the RE by p53
and the subsequent recruitment of transcription activating proteins can be studied
by mutations that increase the transactivation level or change the specificity of
transactivation.

A structural explanation that links DNA recognition with activation of transcrip-
tion remains largely unexplored. In recent structural data, a picture is emerging
where the conformation of loop L1 is important for the differential recognition of
response elements (REs) [21]. In a not-yet-determined mechanism, loop L1 confor-
mation appears to link DNA recognition to an increase in gene expression. In the
case of p73, one of the three transcription factors of the p53 protein family, Lys138
(equivalent of Lys120 in p53 and Lys149 in p63) helps to distinguish between dif-
ferent REs [21]. Acetylation of the same lysine in p53 has been linked to induction
of cell death [3, 58]. Target genes such as p21 and GADD45 that control DNA-
repair and cell cycle progression, and are generally expressed with faster kinetics
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Fig. 7.4 Conformation of loop L1 and increased transactivation. (a) Conformation of loop L1
when adenines are present in positions 2 and 3 of the quarter-site RE, as it more frequently happens
in DNA repair and cell cycle arrest REs. In this case, Lys138 is not in contact with the DNA bases
and loop L1 is more flexible (PDB: 4g82) [21]. (b) Conformation of loop L1 when guanines are
present in positions 2 and 3 of the quarter-site RE, as it more frequently happens in cell death REs.
In this case, Lys138 is in hydrogen-bond contact with the DNA bases and loop L1 is less flexible
(PDB: 3vdl) [22]. (¢) Tetramer of wild type p73 DBD bound to DNA with backbone ribbon col-
ored according to the B-factor value (low-blue to high-red) (PDB: 4g82) [21]. (d) Tetramer of
Ser139Phe p73 DBD bound to DNA with the backbone ribbon colored according to the B-factor
value (low-blue to high-red). The mutation Ser139Phe destabilizes the loop L1 resulting in an
increased flexibility of loop L1 and sheet S1 that correlates with an increase in transactivation abil-
ity for a specific group of REs (PDB: 4guq) [15]

compared to genes that control cell death [64], have a higher content of adenines in
positions 2 and 3 of the quarter-site RE (Fig. 7.4a) [21]. While target genes that
control programmed cell death are more likely to have guanines in positions 2 and
3 (Fig. 7.4b) [21], although overall these gene have lower affinity REs because of
mismatches from the optimal p53 RE consensus [20]. The sequence in positions 2
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and 3 of the RE determines the conformation of loop L1. When guanines are
present, Lys138 is bound to them and the conformation of loop L1 is more rigid
(Fig. 7.4b); instead, when adenines are in positions 2 and 3, the conformation of
loop L1 is more flexible (Fig. 7.4a) [22, 21].

We have recently characterized the Ser139Phe p73 mutant, which has an
enhanced transactivation activity compared to the activity of the wild-type p73 for
REs present in the promoters of several programmed cell-death, like: KILLER,
AIP1, FAS and BAX. The crystal structure of the Ser139Phe p73 DBD mutant in
complex with a 20 bp full-site RE shows a flexible loop L1 that has significantly
higher B-factors than the same loop L1 in the structure of the wild-type p73 DBD
in complex with DNA [15]. As the mutant has an enhanced transactivation towards
cell-death REs, we hypothesize that the introduction of the Ser139Phe mutation
triggers the activation of the normally dormant loop that is sequestered by hydrogen
bonds to the guanines found in the positions 2 and 3 of cell-death REs, which can
result in a significant increase in DNA binding cooperativity. The activation that
results from an increasing loop L1 flexibility in the Ser139Phe p73 mutant appears
to mimic the acetylation of the conserved lysine in p53 [3, 58]. As an acetylated
lysine would not be able to form hydrogen bonds to the guanines in the positions 2
and 3 of the RE, we postulate that the reported need to acetylate Lys120 in p53 to
activate transactivation is due to the need in the proteins of the p53 family to have a
flexible loop L1 for optimal transactivation; as occurs, in the wild-type p73 protein
when bound to adenine-rich REs, or in the Ser139Phe p73 mutant [15, 22, 21].

Conclusions

We have described three structural mechanisms that show how it is possible to
increase the level of transactivation in mutants of the p53 protein family. Clearly,
from the structural point of view, one would expect that each unique p53 mutation
would result in a protein with potentially very different structural characteristics
that will depend on the nature of the newly incorporated amino acid. Such structural
diversity needs to be explored because is likely to help to explain the phenotypic
diversity seen in tumors. Although the structural information in p53 mutants is still
scarce, in here we have shown that, if one wishes to rationally intervene when muta-
tions occur in p53, a molecular understanding of the mutant p53 structures is essen-
tial. Future structural work on p53 mutants should continue to guide the development
of a cancer drug of general use.
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Chapter 8
Mutant pS3 and the Response
to Chemotherapy and Radiation

Leila Tchelebi, Hani Ashamalla, and Paul R. Graves

Abstract In addition to playing roles in the genesis and progression of cancer,
mutant p53 also appears to play a significant role in the response to cancer therapy.
In response to chemotherapy and radiation, two mainstays of cancer treatment, most
cancer cells harboring p53 mutations show a reduced sensitivity compared to cells
lacking p53 or those with wild type p53. However, there are also many instances
where mutant p53 has shown no effect or enhances cellular sensitivity to chemo-
therapy and radiation. Similar to the in vitro cellular studies, the majority of clinical
studies show a correlation between the presence of mutant p53 in patient tumors and
adverse outcomes following treatment with chemotherapy agents or radiation in
comparison to tumors with wild-type p53. However, it still remains unclear whether
the presence of mutant p53 in tumors can serve as a reliable prognostic factor and
aid in treatment planning. Thus, as genomic analysis of patient tumors becomes
more cost effective, the role of mutant p53 in tumor responses from cancer therapy
ultimately needs to be addressed. This chapter will discuss current mechanisms of
how p53 mutations affect cellular responses to chemotherapy and radiation and dis-
cuss patient outcomes based on p53 status.
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Part 1: The Role of p53 Status in Response to Chemotherapy
and y-Irradiation: In Vitro Studies and Mechanisms

Introduction

Some mutations in p53 are documented to impart “gain of function” properties
to the cells that harbor them including enhanced oncogenesis, tumorigenesis,
transformation, increased cell growth rates, and metastasis. Another gain of
function property that has been well studied over the years is the response of
cells to chemotherapy and radiotherapy. A large number of studies have exam-
ined the role of p53 mutants in the response to many commonly used anti-cancer
drugs and to ionizing radiation in vitro. Using cell lines that express different
forms of mutant p53, it has been possible to begin to characterize the role of
mutant p53 in the response to chemotherapeutic agents or y-irradiation.
Moreover, these in vitro studies have also been extremely useful for identifying
mechanisms of action of mutant p53 and have allowed for the identification of
signaling pathways and genes that contribute directly or indirectly to the p53
gain of function phenotype.

In addition to the in vitro studies, a large number of clinical studies have been
performed to determine if p53 status can be used to predict patient outcome from
treatment with chemo or radiotherapy. For the patient that has developed cancer and
for doctors treating these patients, this topic is of great importance as the presence
of mutant p53 in tumors may influence outcome from cancer therapies. Therefore,
this chapter is organized into two main parts. Part one focuses on the in vitro studies
describing the role of mutant p53 in response to chemotherapeutic agents and
y-irradiation and underlining mechanisms that may contribute to the cellular
responses. The second part of the chapter summarizes the role of p53 status in pre-
diction of patient outcome following treatment with chemo or radiotherapy. These
studies, organized by tumor site and treatment modality, aim to determine whether
p53 status can be used as a prognostic factor in cancer treatment.

The Role of WT p53

Although this chapter does not focus on the role of WTp53 per se, its role obviously
must be considered when discussing the effects of mutant p53. The WTp53 protein
performs at least three major functions in response to a variety of forms of geno-
toxic stress: induction of apoptosis, cell-cycle arrest and growth control, and induc-
tion of DNA repair processes. Thus, lack of these cellular functions, through
mutation of p53, will have profound affects on cellular responses to chemo and
radiotherapy. As an example, it is well documented that treatment with chemother-
apy agents or y-irradiation results in the induction of p21%f, a mediator of the G1
cell cycle checkpoint in cells that contain WTp35 but not in cells with mutant p53 [1].
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Thus, the absent functions of WTp53 when mutant p53 is present must be accounted
for. Are the cellular effects observed in cells that contain mutant p53 due to the
presence of mutant p53 or to the lack of WT p53? Indeed, many targets have been
identified for WT p53 that are known to sensitize cells to killing by anticancer
agents or radiation [2, 3]. Thus, these targets may not be activated if p53 is mutated.
It is also possible that mutant p53 can heterodimerize with WTp53 proteins and act
in a dominant negative fashion. So are the effects of mutant p53 due to the mutant
proteins themselves or due to a dominant negative effect? These questions are not
easily answered, especially in vivo, where it may not be possible to manipulate p53
genetics. The studies in vitro using isogenic p53 null cell lines have been more
successful in this regard as mutant pS3 can be directly compared to the absence of
p53, or to WTp53.

The Nature of p53 Mutations

To understand how p53 mutations impact the response to chemo and radiotherapy,
it is important to be aware of the different types of p53 mutations and the conse-
quences of these mutations. Although a great many p53 mutations have been
described, the majority of mutations in cancer are missense mutations located in
the DNA-binding domain of p53. These mutations most often result in the production
of full-length mutant protein that appears to exhibit effects over and above its loss
of WT activity. Some of these effects include a dominant negative activity by inter-
fering with WTp53, interference with the function of p63 and p73 [4, 5] and a ‘gain
of function’ activity, in which p53 mutant proteins display oncogenic properties in
their own right [6]. A large proportion of the missense mutations are associated
with gain of function activities and arise in the ‘hotspot’ residues, of p53: R175,
G245, R248, R273, R249 and R282. However, as might be expected, different p53
mutations do not have the same biological effects and it is likely due to the differ-
ential effects on protein function and conformation. For example, mutations at
residues R248 and R273 interfere with DNA binding, whereas G245 and R249
mutations produce local distortion of the protein, and mutations at R175 and R282
produce global distortion of the protein structure [6]. Therefore, it is not surprising
to see different results in the literature on the topic of the effects of mutant forms
of p53. A comparison of the effects of two different p53 mutants may not be
expected to yield similar results.

The Role of Mutant p53 in the Response to Chemotherapy

The p53 gene is one of the most frequently mutated genes in cancer. As such it is
important to determine how it affects the response of tumors to chemotherapy. To
this end, efforts have been directed to understand how p53 status impacts cell
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survival at the molecular level in response to a number of anticancer agents. It is
important to note that the literature is not in agreement on the results of these studies
and this perhaps is not surprising given all of the variables involved in these studies.
One must consider cell type, chemotherapy agent and dose, p53 mutation, and
genetic background of the cells in these experiments. It also important to note that
p53 is only one gene and analysis of one gene may not be enough to predict cellular
outcomes. The majority of reports in the literature show that mutant p53 confers
decreased sensitivity to chemotherapy to the cells in which it is expressed [1, 7-15].
On the other hand, there are also reports that claim the opposite result; that is, that
mutant p53 confers increased sensitivity to chemotherapy [16—18]. Still other
reports suggest that WTp53 may confer increased resistance to chemotherapy
agents [19]. A summary of the most significant reports is provided here.

Several studies provide evidence that cells that express mutant forms of p53
exhibit increased resistance (or decreased sensitivity) to chemotherapy agents. This
phenomenon was described as early as 1997 by O’Connor and colleagues [1] and
similar findings have been reported by several other research groups in different cell
types [7, 9, 20-23]. O’Connor and colleagues conducted an extensive study of the
role of p53 in a large spectrum of cancer cell lines against the growth inhibitory
action of 123 anticancer agents [1]. A total of 39 p53 mutant and 18 wild type cell
lines from a number of tissue types were examined. The overall conclusion was that
cells with mutant p53 tended to exhibit less growth inhibition compared to cells
with WTp53 when exposed to a number of clinically relevant anticancer agents
including DNA cross-linking agents, antimetabolites, and topoisomerase inhibitors.
Specifically, it was shown that mutant p53 conferred a median resistance to cispla-
tin, 5-FU, and bleomycin of 3—10 times to that of wild-type p53 cell lines [1].
Interestingly though, there was no difference observed between mutant p53 and
WTp53 containing cells in response to treatment with the antimitotic drugs such as
the Taxol family of agents [1].

Although a comparison of different cancer cell lines is a critically important piece
of information as shown by the O’Connor study [1], differences in the genetic back-
grounds of different cancer cell lines can obscure the overall role of p53. To address
the question in isogenic cell lines, Blandino and colleagues introduced different p53
mutants into the p53-null H1299 lung adenocarcinoma cell line and measured their
sensitivity to the chemotherapy agent, etoposide [9]. It was found that cells that
expressed the R175H p53 mutant but not the R273H mutant exhibited a decreased
sensitivity to etoposide compared to cells that expressed WTp53 or cells that
expressed vector alone (null-p53). In contrast, both pS3 mutants, R175H and R273H
exerted similar effects with regard to cisplatin treatment, that is, both mutants con-
ferred increased resistance to the drug [9]. Thus, not only are the effects of p53
mutants specific to the type of pS3 mutant but also to the form of chemotherapeutic
agent applied as well. Similar results were reported by Deb and colleagues who
showed that introduction of p53 mutants into the H1299 cell line conferred decreased
sensitivity to the chemotherapeutic agent etoposide [21]. However, in contrast to the
study by Blandino [9], the R273H p53 mutant was also found to confer reduced sen-
sitivity to etoposide treatment as measured by clonogenic assay [21].
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Several additional studies have used different cell types and agents to address the
question regarding the role of mutant p53 in the response to chemotherapy. Wong
and colleagues found that expression of the pS3 mutant, R273H, conferred doxoru-
bicin resistance in an A431 human squamous carcinoma cell line [23]. It was also
shown that expression of the R273H mutant into the p53-null human osteosarcoma
cell line, Saos-2 reduced sensitivity to doxorubicin and methotrexate [23]. In
another study it was shown that p53-null murine leukemic cells that expressed a
temperature sensitive p53 mutant, VI135A, exhibited decreased sensitivity to
doxorubicin or cisplatin compared to cells expressing no pS3 or WT p53 [7]. As pS3
overexpression in cell lines could represent an artificial level of mutant p53 overex-
pression, the opposite technique, of reducing mutant p53 has also been explored. To
validate this concept, the level of mutant p53 was reduced in human cancer cell lines
by siRNA and it was found that depletion of mutant p53 reduced the resistance to
anticancer drugs [24].

The Role of Mutant p53 and the Response to y-Irradiation

Radiation is one of the main treatment modalities for cancer. However, a great num-
ber of tumor types exhibit resistance to radiation. As p53 is one of the most com-
monly mutated genes in cancer, it is important to determine the role of p53 status in
radioresistance. The role of p53 GOF mutations and their response to radiation has
been studied in a variety of cancer cell lines derived from different tissue types. A
study of the role of p53 status and radiation in 60 different cancer cell lines was
conducted by O’Connor and colleagues [1]. In this report it was shown that, perhaps
as expected, the majority of cell lines expressing WTp53 showed a functional induc-
tion of mRNA for p21%*!, GADD45 and Mdm?2 in response to y-irradiation whereas
the majority of cell lines expressing mutant p53 did not [1]. This indicates that
mutation of p53 abrogates, for the most part, the radiation induced G1 checkpoint
in cell lines harboring mutant p53. But how does p53 status affect survival from
radiation treatment? In this area, it is clear that the results of the studies are mixed.
In some cells, evidence shows that the presence of mutant p53 reduces sensitivity to
radiation. In other cells, no effect is reported or the presence of mutant p53 has been
shown to increase radiosensitivity. There are number of factors that could contribute
to the variability observed in these studies including difference in genetic back-
ground of the cell lines, the type of p53 mutation present, the cellular environment
at the time of irradiation and the radiation dose. It is also clear that although p53 is
involved in the cellular response to radiation, it is certainly not the only factor
involved. These studies are summarized in several excellent reviews and the reader
is directed to these for more information on radiation and p53 [25-27].

One of the earliest reports to examine the role of p53 mutants and radiosensitiv-
ity was by Lee and colleagues [28]. In this study, transgenic mice were generated
that overexpressed the p53 mutants R193P or A135V. Hematopoietic cell lines
derived from the transgenic mice were then compared to WT littermate cell lines for
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radiosensitivity. It was shown that overexpression of either R193P or A135V
increased the radiation resistance of mouse hematopoietic cell lineages by 45-57 %
[28]. Although the hematopoietic cells harboring the p53 mutants showed increased
radioresistance, there was no difference compared to WT cells when treated with
EMS, an alkylating agent [28]. In another early report, Li and colleagues utilized
temperature-sensitive myeloid cell lines that allowed permissive expression of no
pS53, WT p53 or the p53 mutant, A135V [7]. It was shown that induction of WT p53
expression greatly enhanced y-irradiation induced apoptosis relative to non-p53
producing cells. In contrast, induction of the p53 mutant A135V increased cell via-
bility following irradiation 3-fold relative to non-p53 producing cells [7].
Interestingly, treatment with Actinomycin D, a potent inhibitor of transcription,
abrogated the reduced apoptosis from y-irradiation in the cells expressing mutant
pS53 [7]. This result was one of the first hints that mutant p53 may act at the tran-
scriptional level to mediate its gain of function properties.

Bristow and colleagues employed rat embryo fibroblast (REF) clones to examine
how mutant p5S3 contributes to the radiation response [29]. It was shown that the
REF clones expressing p53 mutants (H273, N190, V135, P193, D236, A143)
showed increased clonogenic resistance in response to y-irradiation relative to the
non-mutant p53 expression REF clones which expressed low levels of p53 [29]. In
another report, Bristow and colleagues showed that cells that expressed the R193P
P53 mutant were observed to have a significantly higher survival fraction after 2
gray (SF2) (0.86) than the parental pS3-null cell line (0.65) [20]. However, with
regard to mechanism, no differences were observed in apoptosis rates between the
mutant p53 and control cell lines following doses of both 2 and 10 Gy [20]. Similarly,
and unlike the report by Li and colleagues [7], the relative radio-resistance of the
REF clones expressing mutant p53 compared to REF clones that did not express
mutant p53 was not explained by decreased apoptosis based on a number of
morphologic and biochemical end points [29]. The authors explain this finding by
citing evidence, that in general, REF clones do not undergo apoptosis in response to
treatment with y-irradiation [29].

A few recent studies have addressed the role of mutant p53 and radiosensitivity
on a much larger, more systematic scale. One of the first studies to compare the
effect of different p53 GOF mutants on radiosensitivity was by Okaichi and col-
leagues. In this study, isogenic, stable cell lines were generated by transferring dif-
ferent p53 mutants into the Saos-2 cell line, an osteosarcoma, which is null for p53
[30]. A total of 16 different p53 mutants were analyzed (T123A, L130V, Q143A,
V157F, H168R, R175H, 1195T, C238Y, C242F, G244C, G245S, R273H, C277F,
R280T, R282W, E286K) and compared to WTp53 and vector only (no p53). Cell
lines were then treated with y-irradiation and clonogenic assays performed to mea-
sure radiosensitivity. The parental Saos-2 cell line and vector only transformant
(p53 null) were more radioresistant than Saos-2 transfected with WTp53. The p53
mutants exhibited a range of radiosensitivities [30]. The 175H, 244C, 245S, 273H
and 282W transformants were similar in radiosensitivity to the parental and control
vector transformants but much more radioresistant than WTp53 transformants. In
contrast, the C242F transformants were similar to WTp53 in their radiosensitivity
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and the pS3 mutants T123A, I195T and C238Y were actually more radiosensitive
than WTp53. Thus, although most of the p53 mutants were more radioresistant than
WTp53 (12/16), they were not more radioresistant than cells lacking p53 [30].
Therefore in the context of this particular cell line, the p53 mutants do not seem to
exhibit a dramatic “gain of function” phenotype at least with regard to radioresis-
tance. Although in this study only one cell type was examined, the use of isogenic
cell lines was a major strength as analysis of cell lines with different genetic back-
grounds can make identification of the role of mutant p53 difficult.

A comprehensive study examined the role of p53 in radiosensitivity using a wide
range of tumor cell lines that varied in histological type [31]. In this study a total of
39 human tumor cell lines from 9 histological types were analyzed for p53 status,
radiosensitivity by clonogenic assay, and level of p21 expression. On the basis of
survival fraction after 2 GY (SF2), on average, cells that express WT53 exhibited
more cell killing than cell lines that express mutant p53. However, when similar
comparisons were made for cell killing at higher radiation doses, there was no
significant difference between cells that expressed WTpS3 versus mutant p53.
When compared within each histological cell type, the cell lines expressing mutant
p53 exhibited less cell killing (as measuring by SF2) than those cell lines that
expressed WTp53 [31]. However, again when cell killing is measured at higher
doses of irradiation, the differences between WT and mutant p53 expressing cell
lines, even within the same histological type are not significant. In summary, the
authors conclude that the cell lines fall into four radiosensitivity groups: very sensi-
tive (VS), sensitive (S), resistant (R) and very resistant (VR). Using this classification,
16/17 cell lines with WTp53 were sensitive (S) and only 1/16 was very resistant
(VR). In contrast, only 2/15 of the cell lines expressing mutant p53 were sensitive
(S), while 13/17 were resistant (R) and 2/17 were very resistant (VR). The cell lines
lacking p53 were also more radiosensitive than cell lines expressing mutant p53
suggesting some “gain of function” activity of mutant p53 in this setting [31].

In head and neck cancers, p53 is one of the most commonly altered genes. Thus,
it has been examined with regard to p53 status. In a very recent report on head and
neck cancer, Skinner and colleagues completed both a clinical study of patient
outcome and p53 status as well as an in vitro study of HNSCC cell lines [32]. The
clinical arm of this study found that patients with disruptive p53 mutations fared
worse than those with WT p53 or non-disruptive p53 mutations with regard to local
regional recurrence (LRR) and overall survival. The clinical aspects of this study are
covered in more detail in part 2 of this chapter. In the second part of the study, a total
of 38 HNSCC cell lines of known p53 status were analyzed by clonogenic assay for
response to y-irradiation. It was shown that cell lines harboring disruptive p53 muta-
tions were more radioresistant than those with WTp53 or non-disruptive p53 muta-
tions. Confirmation that the radioresistance was due to mutant pS3 was confirmed
by silencing mutant p53 in those cell lines expressing mutant p53 and showing that
the radioresistance was reduced [32]. These data argue that a ‘gain of function’
activity for mutant pS3, which has been observed for other cellular processes, also
exists for the response to radiation. An interesting aspect to this study was that the
in vitro radiosensitivity did not correlate with apoptosis or mitotic cell death but
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rather to radiation-induced senescence. Overall, the presence of disruptive p53
mutants strongly inhibited radiation induced senescence [32]. Thus, it may be
important to analyze the correct response to radiation of a particular cell type when
studying the role of p53 mutations.

In another recent study of head and neck cancer, the role of mutant p53 was
examined using an isogenic head and neck squamous carcinoma cell line pair gener-
ated to express WT p53 (HN30) or mutant p5S3 (HN31) respectively. It was shown
that the HN31 cells demonstrated increased radioresistance compared with their
wild type p53 (HN30) counterparts [33]. Interestingly, HNSCC cells expressing
mutant p53 displayed decreased mitochondrial respiratory capacity and increased
sensitivity to 2-DG inhibition of glycolysis [33]. This finding suggests that mutant
P53 may impact mitochondrial function and that head and neck tumors expressing
mutant p5S3 may be more susceptible to anti-metabolic strategies such as treatment
with 2-DG. As there are no clinically available treatment strategies designed to
specifically address mutant p53 containing head and neck tumors currently available,
and the associated radioresistance, this finding may allow for the development of
novel therapeutic approaches [33]. Although the above reports do support a role for
mutant p53 in modulating the response to radiation, others do not [12, 17]. There is
also some evidence that WTp53 can contribute to resistance from radiation [19].

Mechanisms of Mutant p53 in the Response
to Chemotherapy or Radiation

An investigation into the mechanism of how mutant p53 affects cellular functions
may allow for a better understanding of mutant p53 in cancer and promote the
identification of new cancer targets. Thus, the underlying mechanism of mutant
p53’s gain of function properties has been extensively investigated. However, in
this section, we restrict the discussion of mutant p53’s mechanisms to those associ-
ated with alteration of the response to chemo or radiotherapy acknowledging that
these mechanisms may not necessarily be dissociated from other gain of function
properties of mutant p53.

The mechanism of how the cellular response to chemo or radiotherapy is affected
by p53 status has been widely investigated and hypothesized to be due to a number
of factors. In theory, signaling pathways involved in mediating cell survival, growth,
apoptosis, drug resistance or DNA repair could be involved. Indeed many of these
pathways and the genes within these pathways have emerged as candidates for the
action of mutant p53. For example, mutant p53 has been shown to be involved in
regulating apoptosis [6, 7, 9, 23], genomic instability [34], DNA repair [11, 25, 29],
senescence [32], autophagy [35], gene transcription [6, 21, 36—40], mitochondrial
function [41], drug resistance [39, 42], protein kinase signaling [43, 44] and the
microRNA pathway [45]. Some of the possible mechanisms for how mutant p53
could impart resistance to chemo or radiotherapy are summarized in Fig. 8.1.
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Fig. 8.1 A schematic of possible mechanisms of mutant p53 involved in the cellular response to
chemotherapy agents or y-irradiation is shown
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As WTp53 is a critical regulator of apoptosis, perhaps it is not surprising that
several reports have shown that expression of mutant p5S3 correlates with altered
apoptotic pathways. As one example, it was shown that expression of the p53
mutant, R273H, in A431 cells correlated with doxorubicin resistance and lower
rates of apoptosis [23]. Moreover, the drug resistance could be reduced by siRNA
directed against p53, and this correlated with an increase in the expression of pro-
caspase-3 and apoptosis [23]. Similar results were observed after introduction of
p53-R273H into the p53-null human osteosarcoma cell line, Saos-2. Induction of
expression of p53-273H in Saos-2 cells reduced sensitivity to doxorubicin and
methotrexate, reduced procaspase-3 expression, and reduced DNA fragmentation, a
marker of apoptosis [23]. Another link to apoptosis was established by Li and col-
leagues in myeloid cell lines [7]. It was shown that p53-null murine leukemic cells
that expressed a temperature sensitive p53 mutant, V135A, exhibited decreased
apoptosis rates in response to doxorubicin or cisplatin compared to cells expressing
no p53 or WT p53 [7]. In a study by Blandino and colleagues, it was shown that
expression of the p53 mutants 175H or 179H greatly reduced the rate of etoposide-
induced apoptosis in H1299 cells compared to vector transfected controls [9].
Other p53 mutants, such as 273H and 248W had a much milder protective effect.
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Considering the evidence for dysregulation of apoptosis in mutant p53 expressing
cells, it is not surprising that several genes related to apoptosis have also been found
to be altered in their expression levels in these cells. Notable examples include
upregulation of BAG-1 [46] and NF-kB2 [21] and downregulation of FAS [47] and
MST-1 [48]. For a more comprehensive review of genes dysregulated by mutant
P53, the reader is directed to the review by Brosh and Rotter [6].

The biological assay used to measure p53 function is critically important in
determining if a ‘gain of function’ effect of mutant p53 is present. For example,
Skinner and colleagues found that two modes of cell death commonly associated
with irradiation, apoptosis and mitotic cell death, were unaffected by p53 status
[32]. However, if radiation-induced senescence was assayed, then p53 status
played a significant role [32]. It was found that the presence of p53 mutations
correlating with decreased radiation-induced senescence, p21 expression, and
release of ROS [32]. In addition to apoptosis, a role for mutant p53 in modulating
autophagy was identified as well [35]. In this study, it was shown that although
y-irradiation increased the level of autophagy in the p53-null lung cell line,
H1299, expression of the R175H p53 mutant in H1299 cells greatly attenuated
the level of y-irradiation induced autophagy. Consistent with this result, the
expression of Beclin-1, a marker of autophagy, also increased in H1299 cells in
response to y-irradiation but not in H1299 p53-R175H expressing cells [35].
These results suggest a gain of function role for p53 mutants through inhibition
of autophagy in response to y-irradiation [35].

Another possibility that has been explored is that mutant p53 alters gene expression
of a wide array of genes involved in cancer pathways. Early evidence that transcrip-
tion dysregulation may be one mechanism of mutant p53 included the finding that
Actinomycin D, a potent inhibitor of transcription, blocked the reduction in apoptosis
rate mediated by mutant p53 in response to treatment with doxorubicin or cisplatin [7].
One of the first studies to address the role of gene transcription in the mechanism of
action of p53 GOF mutants was reported by Deb and colleagues in 2005 [21]. To avoid
difficulties inherent in comparing different cancer cell lines, Deb and colleagues gen-
erated isogenic stable cell lines of a non-small cell cancer cell line, H1299, which is
devoid of p53, that expressed either vector alone, or the GOF p53 mutants R175H,
R273H or D281G. Relative to vector-transfected cells, H1299 cells expressing mutant
forms of p53 showed a survival advantage when treated with etoposide as measured
by clonogenic assay [21]. Interestingly, however, cells expressing the transactivation-
deficient triple mutant p53-D281G (L22Q/W23S) had significantly lower resistance
to etoposide. As the L22Q/W23S mutant is shown to be deficient in transactivation,
this result suggested that the pS3 mutants were acting at the level of gene transcrip-
tion. To explore this further, RNA was extracted from H1299 or 21PT stable cell
lines that expressed the p53 mutants R175H, R273H, D281G, or vector alone and
analyzed for gene expression using an Affymetrix gene array chip. Analysis of the
gene array data indicated that all three p53 mutants upregulated a common set of
genes involved in a diverse array of processes including in cell cycle control, onco-
genesis, invasion, metastasis, DNA replication, cell survival, and transcription. One
of the genes found to be upregulated by pS3 GOF proteins was NF-xB2 (p100/p52),
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a member of a family of sequence specific DNA binding transcription factors. This
result raised the possibility that transcription factors themselves may be altered by
mutant p53 leading to a secondary level of gene induction or repression. To explore
the role of NF-xB2 in chemosensitivity, it was overexpressed in H1299 cells. It was
also shown that H1299 cells overexpressing NF-kB2 were less sensitive to etoposide
and siRNAs directed against NF-xB2 increased etoposide sensitivity [21]. As all
three p53 mutants activated the NF-kB2 pathway, one possible pathway through
which p53 mutants induce loss of drug sensitivity is via upregulation of the NF-xB2
pathway. Although evidence suggests that mutant p5S3 may act to induce the expres-
sion of genes apart from WTp53, the mechanism of transactivation by mutant p53 is
not yet clear. One hypothesis is that mutant p53 may interact with other transcription
factors and activate different promoters than when WTp53 is present. Evidence in
support of this theory was shown by using ChIP assays [38]. In this report, the
NF-xB2 promoter showed increased interaction with CBP and STAT?2 in the pres-
ence of mutant p53 [38]. Thus, in H1299 cells, mutant p53 may induce gain of func-
tion activities by enhancing recruitment of CBP and STAT?2 on the promoters of
target genes [38].

In another approach to uncover mechanisms underlying p53 GOF mutant
activities, a proteomic analysis was used to identify mutant p53 interacting pro-
teins [41, 49]. From this analysis, MCM?7, a protein involved in DNA replication,
was shown to specifically interact with mutant p53 but not WTp53 [49]. Another
protein, Tim50, which forms part of the mitochondrial protein import machinery,
although not shown to physically interact with mutant p53, was found to be highly
overexpressed in cancer cell lines that also express p53 mutants. Analysis of the
Tim50 promoter revealed that mutant p53, but not WTp53 was able to upregulate
TimS50 transcription [41]. Interestingly, reduction of Tim50 expression by siRNA
reduced the resistance of cells harboring the p53 mutant, R175H, to paclitaxel but
had no effect upon cells lacking p53. These findings identify the Tim50 gene as a
transcriptional target of mutant p53 and suggest a novel mechanism by which p53
mutants enhance chemoresistance [41].

Chemoresistance may also be attributed, at least in part, by the action of mutant
pS3 in the dysregulation of the microRNA pathway. It was shown that expression of
the p53 mutant, R275H, in the p53-null lung cell line H1299, resulted in the down
regulation of the expression of miR-223. Moreover, in a colon and breast cancer cell
line that expressed the p53 mutant, R273H, down-regulation of mutant p5S3 by shRNAi
increased miR-223 expression [45]. Chromatin immunoprecipitation (ChIP) assays
showed that mutant p53 was capable of binding to the miR-223 promoter [45].
Consistent with these results, overexpression of miR-223 sensitized cells to cisplatin
or 5-fluorouracil. Moreover, down-regulation of mutant p53 also upregulated the lev-
els of the Stathmin protein, a known target of miR-223. Thus from this data a model
was proposed whereby mutant p53, through the down-regulation of miR-223, upregu-
lated the Stathmin protein which contributed to chemoresistance [45].

Mutant pS3 may also act to alter protein phosphorylation signaling pathways. One
of the genes found to be upregulated in H1299 cells following expression of the p53
mutants R175H, R273H, and D281G was the protein tyrosine kinase Axl [44].
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Consistent with this result, knockdown of endogenous mutant p53 in two different
human lung cancer cell lines, H1048 (p53-R273C) and H1437 (p53-R267P) reduced
Axl expression [44]. It was suggested that mutant p53 may act directly at the AxI pro-
moter as ChIP assays demonstrated the presence of mutant p53 at the Axl promoter
[44]. As it is known that AxI expression affects some of the same pathways as mutant
pS3 such as apoptosis, cell adhesion, and motility, the role of mutant p53 was investi-
gated in these processes. Interestingly, knockdown of Axl by RNAI resulted in a reduc-
tion of mutant p53 gain of function activities in lung cancer cells expressing endogenous
mutant p53, including growth rate and cellular motility. Taken together, these results
suggest that mutant pS3 may act to upregulate the Axl protein tyrosine kinase which
then executes, at least in part, some of the p53 gain of function activities.

Conclusions and Possible Reasons for Discrepancies
Among the Studies

The results of the studies described here, which notably represents only a small
fraction of the total studies in the literature on mutant p53, gives a somewhat
mixed verdict with regard to how mutant p53 affects the cellular response to chemo-
therapeutic agents or y-irradiation. Although the majority of mutant p53 studies
suggest that the presence of mutant p53 reduces sensitivity to chemotherapy or
radiation, there are many studies that show no effect or show the opposite effect;
that is, that mutant p53 enhances sensitivity to these agents. Thus, it is important to
examine some of the possible reasons for these discrepancies. First, it is important
to note that unless isogenic cancer cell lines containing mutant p53 are compared to
each other, the same result after treatment with chemo or radiotherapy should not be
expected. Cancer cell lines that are derived from different tissues are known to
respond differently to different chemotherapeutic agents regardless of p53 status.
This is because the cancer cell lines, much like different patient tumors, show a
great amount of genetic variability. Another important point, as mentioned earlier,
is that p53 gain of function mutants act differently depending upon the location and
type of mutation in p53. It is well documented that the degree of chemoresistance
depends critically on the type of mutation present in p53 [1]. Another important
variable to consider is the type of biological assay performed to measure “gain of
function” of p53 in response to treatment with chemo or radiotherapy. For some p53
mutants and cell types, a clonogenic assay may be appropriate. Chemo or radio-
therapy responses are typically measured using this assay which measures the
reproductive integrity of cells regardless of the specific mode of cell death involved
[50]. For this reason, the clonogenic assay has long been the ‘gold standard’ for
measuring responses to chemo or radiotherapy. Unfortunately, not all cell lines form
colonies in vitro. For example, some HNSCC cell lines do not form colonies and
therefore other viability assays, such as the MTT growth assay, are employed.
Although most of the studies discussed here employ the clonogenic assay, in the
cases where it is not used, it is important to recognize that this could be one source



8 Mutant p53 and the Response to Chemotherapy and Radiation 145

of variability in the results observed. Finally, there may also simply be variability
due to how different investigators conduct their experiments. The larger question
that remains is what is the significance of these in vitro studies and the mechanisms
uncovered for the action of mutant p53 in a clinical setting? Inevitably, as these new
targets are discovered, it will become important to evaluate the significance of these
findings in animal models or in clinical settings.

Part 2: The Role of pS3 Status in Response to Chemotherapy
and y-Irradiation: Clinical Studies and Patient Qutcome

Introduction

The p53 gene and its protein product have been extensively studied in vitro and in
animal models. But how can what is known about p53 at a molecular level trans-
late to a clinical setting? Numerous studies have been conducted to analyze the
relevance of a tumor’s p53 status in regards to patient outcome. Special attention
has been, and continues to be, paid towards understanding the implications of
having WT versus mutant pS3 in response to cancer therapy. Ultimately, if we are
able to establish a relationship between p53 mutational status and response to
therapy, we will be able to sequence each patient’s tumor and ascertain which
patients will respond to which therapies. In so doing, the morbidity associated
with ineffective treatment modalities, and the delay in achieving response with
effective ones, can be avoided.

This chapter aims to review what has been shown with respect to p53 mutation
status and the response to treatment of various tumor types. The review is limited
specifically to p53 mutation, not p53 over-expression, deletion, or loss of function.
It is also limited to chemotherapy and radiation therapy as the treatment modalities
studied. Unlike surgery, which acts to physically remove cancer cells, chemo and
radiation rely on intrinsic and extrinsic cellular pathways, involving genes such as
P53, to cause cancer cell death.

With very few exceptions, this chapter is concerned exclusively with studies that
analyze p53 status via gene sequencing methods, as opposed to immunohistochemi-
cal staining (IHC). Studies involving IHC to assess p53 status were avoided because
IHC lacks standardization and is subject to a number of biases including observer
bias and variation in scoring methods among institutions. IHC is also more likely to
result in false positive or false negative results and is therefore not as sensitive for
detecting p53 mutations as is direct gene sequencing [51]. Another limitation of
THC is that it relies on a small number of pre-defined protein markers per tissue sec-
tion to discover the presence or absence of the mutated protein. In order to develop
a clinically relevant molecular indicator of response to therapy, a standardized,
unbiased, and sensitive mechanism for detecting the status of the molecular marker,
in the present case p53, is needed.
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Gynecological Malignancies

Changes in p53 are the most frequent genetic event described in advanced ovarian can-
cer [52]. Understanding the role of mutant p53 in response to therapy, therefore, may be
of particular importance in the treatment of this cancer. In advanced disease, where
chemotherapy is the mainstay of treatment, knowledge of the relationship between p53
status and response to therapy could help to determine which chemotherapeutic agent
would be most effective and which agents should be avoided in a particular patient.

Taxane- and platinum-based chemotherapeutic agents are routinely used in the
treatment of ovarian cancer. There is evidence, however, that the presence of mutant
p53 within tumor cells can impact a patient’s response to these drugs. Existing data
seems to show, however, that the effect of p53 mutational status on response to each
of these therapies is not concordant. With respect to platinum-based chemotherapy,
several studies have shown that tumors harboring a p5S3 mutation are more likely to
be resistant to treatment [53-57]. Indeed, not only the presence of mutant p53, but
also the specific type of mutation, has been shown to play a role in response to
platinum-based chemotherapy [53]. However, despite the large number of studies that
have found a correlation between p53 status and response to platinum-based chemo-
therapy, there is some data suggesting that no such association exists [58]. In the case
of taxol-based chemotherapy, on the other hand, it has been shown that harboring a
P53 mutation in tumor cells predicts a favorable response to treatment [59]. These
results imply that certain patients, namely those without a mutant p53, will respond
better to platinum-based chemotherapy, while those who harbor a mutation are more
likely to respond to taxol-based agents. More research in this area will enable clini-
cians to tailor each patient’s therapy in order to avoid subjecting cancer patients to
taxing chemotherapeutic regimens which confer no clinical benefit.

The role of p53 status in other gynecological malignancies has also been studied,
however, results are less conclusive than in the case of ovarian cancer. In cervical
cancer, for instance, there remains a controversial correlation between p53 status
and response to therapy [60]. Moreover, the data that is available assesses p53 status
via IHC and gene expression as opposed to gene sequencing [60] which makes it
difficult to draw meaningful conclusions given operator bias and lack of standard-
ization, as previously discussed. There is some evidence, however, that cervical can-
cers with mutant p53 detected by gene sequencing are more likely to be radio-resistant
[61]. Radiation therapy may, therefore, not be the appropriate modality of treatment
for patients with these tumors. However, further investigation is needed before
meaningful conclusions can be drawn.

Breast Cancer

Breast cancer is the most common non-cutaneous cancer among women and the
second most common cause of cancer death among women. As in the case of
many other malignancies, p53 is the most commonly mutated gene in breast
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cancer [62]. There are a number of treatment approaches that can be used in the
management of breast cancer, some of which are interchangeable. For instance,
lumpectomy with radiation is equivalent to mastectomy in many cases of early
stage cancer. In the case of larger tumors, neoadjuvant chemotherapy can be
used to decrease tumor volume in an attempt to avoid what may otherwise be a
disfiguring surgery. Given this arsenal of treatment approaches and the morbid-
ity associated with each one — including toxic radiation and chemotherapy — the
ability to predict response to therapy would be invaluable in the management of
patients with breast cancer. Determining the relationship between p53 muta-
tional status and response to these various therapies could save many patients
from undergoing unsuccessful treatments, and their associated complications,
from the outset.

Neo-adjuvant chemotherapy is often employed in the management of locally-
advanced invasive breast cancer; however, response to chemo varies and is often
unpredictable [63]. Furthermore, there exist a number of agents to choose from,
some of which may be more successful than others. Patients who fail to respond to a
particular neo-adjuvant regimen are not only subjected to the toxic effects of an inef-
fective therapy, but, their tumors are potentially given time to grow and spread until
an effective regimen is initiated. Predicting a response to chemotherapy in the neoad-
juvant setting via assessment of tumor markers, such as p53, would be beneficial to
a great number of patients. The studies published to date which utilized gene
sequencing to assess p53 status and response to chemotherapy in the neoadjuvant
setting, however, have unfortunately shown conflicting results [64—66].

Hormonal therapy is another treatment modality often used in breast cancer
therapy. Tamoxifen, which is commonly used, works by binding to estrogen recep-
tors, decreasing DNA synthesis, and inhibiting estrogen effects. Because it is
involved in regulating the cell cycle, it is highly plausible that a mutation in p53
may play a role in response to the drug. The current consensus in the literature
seems to be that mutated p53 causes resistance to tamoxifen [62, 67, 68].
Currently, whether or not tamoxifen is prescribed to patients is largely predicated
on a tumor’s hormone receptor status. However, even in patients whose tumors
are highly estrogen or progesterone receptor positive, tamoxifen therapy has
been known to fail, thus exposing women to a drug that can cause osteoporosis
and increase the risk of uterine cancer, while conferring no benefit in the man-
agement of their disease. It would, therefore, be valuable to find an additional
means of predicting response to this drug. One of these may be via assessment
of p53 status.

There is limited data in the literature that studies the role of p53 mutation in
response to radiation therapy in breast cancer, another mainstay in the treatment of
this disease. Moreover, the available studies seem to have conflicting results. In the
case of combined treatment, for instance, involving neoadjuvant chemo, surgery,
and radiation therapy, it was found that a mutation in p53 predicted a poor response
to therapy [69], while in the case of radiation therapy alone, a mutant p53 was
shown to sensitize tumors to therapy [70]. More studies are needed before conclu-
sions linking p53 mutation to treatment response can be drawn.
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Head and Neck Cancer

Genetic changes in p53 have been reported to occur in approximately 45 % of head
and neck cancers [71, 72]. Treatment for head and neck cancer is selected on the
basis of site and stage of disease. Patients’ response to therapy can vary widely for
any given site at any given stage, however. Due to the prevalence of p53 mutations
in head and neck cancers and the heterogeneity in treatment response, there has
been significant interest in attempting to find molecular markers that can predict
response to therapy. In the case of neoadjuvant chemotherapy and the response of
patients with various stages of head and neck cancer, it has been found that p53
mutations predict failure to respond to treatment [14]. In patients treated with radia-
tion therapy, either in the adjuvant setting or as primary therapy, it has also been
found on numerous occasions that a mutation in p53 makes tumor cells less likely
to respond to treatment [15, 32, 73, 74]. Finally, in one study in which both treat-
ment modalities were assessed, p5S3 mutational status again predicted an unfavor-
able response to therapy [75].

While, in head and neck cancers overall, p53 mutation appears to portend poor
response to therapy, some studies focusing on specific sites have found that no
correlation exists between treatment and p53 status. For instance, in the case of
nasopharyngeal cancers, one study found that p53 mutations were infrequent and
were not associated with failure of radiation therapy [76]. Another study that
focused only on laryngeal cancers found that, while p53 mutation was a common
occurrence in these cancers, the presence of a mutation had no bearing on response
to radiation [77]. In the case of oropharyngeal cancers, on the other hand, p53 muta-
tion was associated with radiation resistance [78]. These findings may imply that
the effect of p5S3 mutation on response to various therapies varies by site. Further
investigation is needed to determine for which tumor sites the knowledge of p53
mutational status would be applicable. More evidence is also needed to assess
whether mutation in p53 predicts a favorable or unfavorable response to therapy in
those sites where it plays a role.

Prostate Cancer

Like breast cancer in women, prostate cancer is the most common non-cutaneous
cancer in men and the second most common cause of cancer-related death
among men. P53 mutations, however, have only been reported in approximately
twenty percent of prostate cancers [79]. This may, at least in part, explain why
there is so little data regarding the role of p53 mutations in response to therapy
for this disease. With respect to prostate cancer therapy, radiation or surgery are
the first-line therapies used to treat the disease. However, there is a subset of
patients who fail radiation therapy and subsequently need to undergo salvage
prostatectomy. Conversely, patients who fail surgery undergo salvage radiation
which can result in good tumor control. It would, therefore, be beneficial to
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determine whether or not a particular patient’s tumor is radiosensitive prior to
initiating therapy.

There is little available data regarding prostate cancer, pS3 status by sequencing
techniques, and treatment outcomes. Most of the available studies have analyzed
p53 status by IHC, to look for the presence of mutated p53 [79, 80]. One study that
used both genetic sequencing and IHC to determine p53 status found that p53
immunoreactivity by IHC predicted failure to respond to radiation therapy, while
the presence of a true gene mutation had no significant association with response to
treatment [81]. This result has been replicated, seeming to indicate that in the case
of prostate cancer, p53 mutational status does not predict response to radiation
therapy [82]. More research is needed, however, before it can be concluded that no
association between p53 and response to therapy exists.

Hematologic Malignancies

Hematologic malignancies encompass those tumors that affect the blood, bone
marrow, and the lymph nodes. They affect both pediatric and adult populations.
Chemotherapy is the mainstay of treatment for these malignancies but response to
therapy is unpredictable. While some patients achieve disease-free survival using
certain chemotherapeutic regimens, other patients with the same disease fail to
adequately respond to the same treatment regimen.

The frequency of p53 mutations in hematologic malignancies has been reported
as anywhere from 5 to 50 % [83]. The disparity in frequency of mutations among
researchers might explain why results regarding the effect of p53 mutation status on
response to treatment are also varied. In one study that looked at patients with acute
myelogenous leukemia (AML), myelodysplastic syndrome (MDS), and chronic
lymphoblastic leukemia (CLL), p53 mutation predicted a favorable response to che-
motherapy in all three diseases [84]. Another study involving exclusively patients
with CLL found that p53 mutations were significantly correlated with poor response
to treatment [85]. In the case of lymphomas, studies have failed to show a signifi-
cant relationship between p53 status and response to treatment [86, 87]. There are a
number of explanations as to why these results are so varied. One explanation is that
p53 status and response to therapy in hematologic malignancies is dependent upon
the specific disease entity - ALL versus CLL versus CML, and so on. Another expla-
nation may be that it depends on the specific chemotherapeutic agents used.
Ultimately, the answer is most likely to be a combination of both.

Pulmonary Malignancies

Non-small cell lung cancer is the most common non-cutaneous cancer world-
wide and it is the number one cause of cancer death worldwide. In certain cases,
the response to therapy can be as low as fifty percent. This is especially true in
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advanced disease, which portends the worst prognosis. Not only are responses to
therapy among patients varied, but there are a number of different chemothera-
peutic regimens that can be employed in treating the disease. Therefore, identify-
ing tumor markers that predict response to therapy in the case of pulmonary
malignancies, such as non-small cell lung cancer, would be of great benefit to
patients and clinicians, alike.

In locally advanced disease, chemotherapy with or without the addition of radiation
is increasingly being used in the neo-adjuvant setting but response to treatment is
unpredictable at the present time. Furthermore, there are different options that can be
used for induction chemotherapy, among them are cisplatinum and paclitaxel. Results
in the literature have shown that while cisplatinum-based induction chemotherapy
either alone [88] or in combination with radiation therapy [89] is ineffective in the case
of p53-mutated cancers, response to paclitaxel either alone [90] or in combination
with radiation therapy [91] was unrelated to p53 status. These results indicate that, for
patients whose tumors harbor a p53 mutation, cisplatinum-based regimens should be
avoided. Meanwhile, the fact that p53 status is unrelated to response to paclitaxel sug-
gests that the drug can be used regardless of whether or not a mutation is present. It also
signals a need to identify more tumor markers that can help us guide treatment.

Tumors of the Central Nervous System

In the case of central nervous system (CNS) tumors, which encompasses a number
of different tumor histologies, data analyzing p53 mutational status and response to
therapy are limited. This may be explained by the fact that p5S3 mutation is a highly
infrequent event in certain CNS tumors [92, 93]. Another explanation may be that
that mutation status is difficult to assess. CNS tumors are frequently unresected, as
in the case of primary lymphoma, or are unresectable, as in the case of brainstem
gliomas, so there is limited tissue available for study.

It is important to realize that p53 may not play a role in the tumorigenesis of
every tumor type. Therefore, determining the mutational status of these tumors
would not be beneficial in predicting response to therapy. For example, Yeung et al.
attempt to summarize what is known about the mechanism of radioresistance in
vestibular Schwannomas (VS) because radiation therapy has emerged as an alterna-
tive treatment modality to surgery for these tumors [94]. The authors hoped that in
determining the mechanisms of radioresistance in VS, tumor markers could
eventually be identified to guide treatment planning. In identifying markers that
predict tumor response to treatment, patients with radioresistant tumors could
eventually be identified prior to initiating radiation therapy where treatment failure
is likely to ensue. These patients could be selected for microsurgical resection
instead. However, the authors found that in these tumors, p53 mutations do not con-
tribute to tumor pathogenesis and, therefore, mutational status is unlikely to be a
helpful marker in predicting treatment response.
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In other tumor types, pS3 mutation may be so infrequent that knowing a tumor’s
p53 status may be of low yield in terms of predicting response to therapy. In a study
looking at glioblastomas and response to either radiation therapy or temazolomide,
pS53 mutations were only observed in 15 % of tumors out of a total of 301 tumors
analyzed [95]. The authors found a trend towards increased response to temazolo-
mide in the presence of p53 mutations, but their finding was not statistically signifi-
cant, likely because of the small number of p53 mutated tumors.

Knowing a tumor’s p53 status may be helpful, not only in predicting who will
respond to which therapies, but also in identifying those patients who no longer
require additional therapy. Choroid plexus tumors are pediatric tumors with poor
survival rates which can be treated with chemotherapy, radiation therapy, or both. In
a study by Tabori et al. [96], the authors found that patients without pS3 mutations
who were treated only with chemotherapy had excellent survival rates. The authors
concluded that adding radiation therapy to the treatment regimen was unnecessary.
If other studies were conducted also supporting this finding, that tumors with mutant
P53 have an excellent response to chemotherapy, children diagnosed with choroid
plexus tumors could be spared an additional, unnecessary treatment modality that
increases morbidity with no survival benefit.

Tumors of the Gastrointestinal Tract

P53 status has been widely studied in tumors of the gastrointestinal tract. These
focus primarily on colon cancer, which is the third most frequently diagnosed can-
cer in the United States in both men and women. Unfortunately, however, a great
number of these studies analyze p53 status by IHC rather than by gene sequencing,
as with many of the other tumors sites we have seen. Again, because IHC is a less
sensitive means of detecting p53 mutation it is not very helpful in determining a
clinically useful means of assessing the relationship between p53 and response to
therapy. Thus, these individual studies will not be discussed here.

A number of review articles and meta-analyses have been published attempting to
uncover the potential role of p53 status as predictive of GI tumors’ response to ther-
apy. These review articles highlight the fact that studies using gene sequencing to
determine p53 status are few and far between. In their review of the available literature
which assesses predictors of histological response to neo-adjuvant radiation and
chemo-radiation, for instance, Smith et al. note that there are three times as many stud-
ies using IHC to detect p53 mutational status as there are studies using either gene
sequencing or single strand conformational polymorphism analysis. Another review
article by Peterson et al. [97] similarly found that, when either chemotherapy or radia-
tion was the treatment modality used, analysis by IHC was much more frequently
employed than gene sequencing. Not only is detection by IHC less reliable, but the use
of this method in place of gene sequencing can result in different, even conflicting,
results. In a review by Munro et al. [51], for instance, the authors found that when
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studies used IHC to detect p53 abnormalities, they found no relationship between p53
and treatment response to chemo, while they found that p53 mutation was associated
with a poor response to radiation therapy. The same review article found that when
studies used gene sequencing to detect alterations in the gene, p53 mutation was asso-
ciated with an unfavorable response to both chemotherapy and to radiation.

While many of these review articles focus on the relationship between p53 muta-
tion and treatment outcome, another approach is to draw conclusions regarding
response to therapy in wild-type tumors. In a review of the available literature
studying p53 status as a predictive biomarker in response to neo-adjuvant chemo-
radiation, Chen et al. [98] found that wild-type tumors were associated with good
response to neo-adjuvant treatment. Unfortunately, it is not possible to extrapolate
the data and conclude that having a mutated p53 would therefore predict a poor
response to therapy. This is not possible because in certain cases, as we have seen
with tumors in other organ systems, there may be no predictable relationship
between p53 mutation and treatment response and other tumor markers may be
needed.

More research is undoubtedly needed before any definitive conclusions can be
drawn. However, in looking at the actual studies included in the reviews and the
meta-analyses mentioned above using gene sequencing, the current evidence shows
that p53 mutation is associated with poor response to therapy in the case of gastro-
intestinal tumors. In the case of neo-adjuvant radiation, the presence of a p53
mutation detected by gene sequencing has been found to predict a poor response to
treatment [99, 100]. Adjuvant chemotherapy, too, in the presence of a p53 mutation
has been shown to be less effective [101]. Finally, in the case of chemotherapy given
for advanced, Stage IV colorectal cancer, studies have shown a poor response to
treatment when p53 is mutated in tumor cells [102, 103].

P53 and response to treatment has also been studied in other gastrointestinal
tumors, such as esophageal carcinoma. Like with many other cancers, the treat-
ment of esophageal carcinoma employs a number of treatment modalities, none of
which have been overwhelmingly effective in controlling this disease. There is,
therefore, an interest in trying to identify tumor characteristics which can predict
treatment response in order to avoid unnecessary, costly, and taxing therapies. In one
study looking at esophageal carcinoma alone, p53 mutation was associated with
poor response to chemo-radiation [104]. More studies are needed to support this
finding.

Conclusions

Tumor markers are increasingly being studied as a means to determine tumor
response to therapy. If tumor markers could be correctly identified which predict
therapeutic response, unnecessary treatments, and the cost and morbidity associated
with them, could be avoided. Effective therapies could also be identified early on in
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Table 8.1 Studies that analyzed the role of mutant p5S3 and patient outcome to treatment with
chemotherapy or radiation were reviewed

pS3 pS3
mutation - good mutation — poor
Treatment patient response patient response No
Tumor type modality to treatment to treatment correlation Conclusion
Ovarian Chemo: 0 5 1 Poor response
Platinum-based
Chemo: 1 0 0 Good response
Taxol-based
Cervical RT 0 1 0 Poor response
Breast Chemo 2 0 2 Inconclusive
Tamoxifen 0 3 0 Poor response
RT 1 0 0 Good response
Combined 0 1 0 Poor response
Head Chemo 0 1 0 Poor response
and neck RT 0 5 2 Poor response
Both 0 1 0 Poor response
Prostate RT 0 0 2 No correlation
Leukemia  Chemo 1 1 0 Inconclusive
Lymphoma Chemo 0 0 2 No correlation
NSCLC Chemo: 0 2 0 Poor response
Platinum-based
Chemo: 0 0 2 No correlation
Taxol-based
CNS Both 0 0 2 No correlation
GIT RT 0 2 0 Poor response
Chemo 0 2 0 Poor response

The table shows the number of studies identified, organized by tumor site and treatment modality,
that were performed using p53 gene sequencing as the principal method to identify mutant p53.
The conclusion was poor response if the majority of studies indicated a correlation with mutant
p53 and poor patient outcome, good response if the majority of studies indicated a good patient
response, and inconclusive if no majority was found. NSCLC non-small cell lung carcinoma, CNS
central nervous system, GIT gastrointestinal

the management of aggressive tumors, allowing for more effective tumor control.
Knowledge of tumor markers and response to therapy can, therefore, be used to
guide treatment selection, resulting in better patient outcomes. In the case of p53,
this review has shown that in the majority of tumor sites including ovarian, breast,
head and neck, lung and gastrointestinal tumors, research has shown that p53 muta-
tion predicts an unfavorable response to both chemotherapy and radiation (Please
refer to Table 8.1 for a summary of the data.). Despite all that has been done thus far,
much more research is needed before p53 mutational status can be adapted to the
clinical setting. However, with further research, sequencing of the p5S3 gene may
allow us to identify those patients harboring p53 mutations and spare them from
unnecessary, costly, taxing, and ultimately ineffective treatments.
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The p53-Mdm2 Loop: A Critical Juncture
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Abstract The presence of a functional p53 protein is a key factor for the proper
suppression of cancer development. A loss of p53 activity, by mutations or inhibition,
is often associated with human malignancies. The p53 protein integrates various
stress signals into a growth restrictive cellular response. In this way, pS3 eliminates
cells with a potential to become cancerous. Being a powerful decision maker, it is
imperative that p53 will be activated properly, efficiently and temporarily in
response to stress. Equally important is that p53 activation will be extinguished
upon recovery from stress, and that improper activation of p53 will be avoided.
Failure to achieve these aims is likely to have catastrophic consequences for the
organism. The machinery that governs this tight regulation is largely based on the
major inhibitor of p53, Mdm?2, which both blocks p53 activities and promotes its
destabilization. The interplay between p53 and Mdm?2 involves a complex network
of positive and negative feedback loops. Relief from Mdm?2 suppression is required
for p53 to be stabilized and activated in response to stress. Protection from Mdm2
entails a concerted action of modifying enzymes and partner proteins. The association
of p53 with the PML-nuclear bodies may provide an infrastructure in which this
complex regulatory network can be orchestrated. In this chapter we use examples to
illustrate the regulatory machinery that drives this network.
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Introduction

The tumour suppressor pS3 protein is pivotal in the prevention of cancer develop-
ment. P53 determines cell fate through its activities as a transcription factor, and by
engagement in critical protein interactions at the mitochondria (reviewed in [1-3]).
P53 is normally labile, but in response to external and internal stress signals, it is
triggered to become stable and active within the nucleus. As a transcription factor it
controls the expression of genes that regulate cell growth and cell death (reviewed
in refs. [2—4]). Stabilized p53 induces either cell growth arrest (temporary, or per-
manent “senescence’”), or programmed cell death (apoptosis). The growth restric-
tive activities of p53 prevent the proliferation of cells with damaged DNA or with a
potential for neoplastic transformation; while p5S3-mediated permanent cell growth
inhibition (apoptosis or senescence) drives tumour suppression. Given these func-
tions of p53, it is not surprising that p53 serves as a serious obstacle to the step-by-
step progression of cancer development. This barrier is very frequently removed at
one of the steps, either by direct mutation of the pS3 gene, or by indirect mecha-
nisms, such as an elevation in the expression levels of p53 inhibitors, or by down-
regulation of p53 co-activators, such as ARF [3].

The lability of p53 under normal cellular conditions is largely attributable to its
inhibitor Mdm2 (Hdm?2 in humans), which ensures that p53 has a short half-life and
consequent low basal activity. Stresses that dramatically elicit a change in p53 status
include: DNA damage, untimely expression of oncogenes, hypoxia, and nucleotide
depletion among others [5, 6] (also reviewed in [7-9, 2]). The activation of p53
involves stabilization of the protein, which is mediated by extensive post-
translational modifications, and protein-protein interactions with cooperating fac-
tors. Once stable, p53 engages in enhanced DNA binding and transcriptional
activity. The summation of the incoming signals and the cellular context, dictates
whether activated p53 will direct cells to growth arrest, senescence or apoptosis
(reviewed in ref. [10, 11]). This chapter focuses on the regulation of p53 by Mdm?2.
Particular emphasis will be given to current models explaining how the p53/Mdm2
auto-regulatory loop is modulated or interrupted in response to stress. The different
mechanisms involved will be illustrated by specific examples. An attempt will be
made to explain how such a busy network of regulation may be coordinated within
a cell in a spatial and temporal manner in response to a given stress signal.

The p53-Mdm?2 Feedback Loop

Over two decades of research have passed since the identification of mdm?2 as a p53
target gene [12, 13] (also reviewed in [2, 14]). The revelation that p53 induces
Mdm?2 expression, which then inhibits the biochemical and biological activities of
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Fig. 9.1 The p53/Mdm?2 autoregulatory loop. Activated p53 induces the expression of multiple
target genes. One of the genes is Mdm2 which binds p53, inhibits its transcriptional activity and
promotes it for proteasomal degradation

p53, defined the first and the most important auto-regulatory loop that governs p53
regulation. This loop proves to be even more powerful than initially thought, as
additional multiple regulatory loops are being found to interweave with it [15-19].
Several of these loops will be described in this chapter. Mdm?2 binds p53 in the
transactivation domain and blocks its ability to induce or suppress transcription
(reviewed in [20, 21]). The major and most efficient inhibitory effect of Mdm?2 is to
destroy the p53 protein via the ubiquitin-proteasome pathway [22, 23] (also
reviewed in [24-26, 21]). Thus, through this negative feedback loop, Mdm?2 shuts
off its own expression (Fig. 9.1). The physiological significance of this auto-
regulatory feedback loop was demonstrated by the clinical observation that amplifi-
cation of Hdm2 in human cancers often correlates with wild type p53 status,
supporting the notion that high expression of Hdm?2 is sufficient for relieving a cell
from p53 regulation, in the absence of p53 mutation (reviewed in [27, 28, 2]).
Further, a single nucleotide polymorphism (SNP) in the Adm2 gene that leads to
increase Hdm?2 expression, results in reduced levels of p53-dependent apoptosis and
correlates with accelerated tumour formation [29] (for review see [30, 31]).
Consistently, reduced expression of Mdm?2 protein in mice carrying a hypomorphic
mdm?2 allele, results in increased frequency of p53 dependent apoptosis and leads to
many defects in mice [32] (or reviewed in [30, 33]). Even more convincing was the
finding that mouse embryos lacking mdm?2 die early during development, but if
crossed with p53 null mice this phenotype are rescued [27, 34-36] (also reviewed
in [20, 33]).

Intriguingly, the presence of the Mdm2 analogue, Mdmx (also called Mdm4 or
Hdmx in humans), is critical for proper mouse development. The embryonic lethal-
ity of mdmx null mice is rescued by the removal of p53, as in the case of mdm?2
deficient mice, supporting critical and non-overlapping roles for Mdm?2 and Mdmx
in the inhibition of p53, at least during early mouse development [37-39] (or reviewed
in [40, 14, 33]). Moreover, analogous to Hdm2, Hdmx expression is elevated in a
considerable fraction of human cancers carrying wild-type p53, implying that high
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Fig. 9.2 A model for the proteasomal degradation of p53 by Mdm2. Mdm?2 is important for the
mono-ubiquitination of p53. The possible involvement of Mdm2 and other factors in the subsequent
steps leading to p53 degradation is shown. For simplicity the sub-cellular compartmentalization of
this process is not shown

level of Mdmx expression is sufficient to inactivate p53, without concomitant
pS53 mutations [41, 42]. Interestingly, in sharp contrast to Mdm?2, the inhibition of
p53 by Mdmx, does not directly involve protein degradation and there is no evi-
dence for existence of a regulatory loop between Mdmx and p53 [43]. Mdmx binds
p53 in its transactivation domain and inhibits p53 transcriptional activity [44].
Importantly, Mdmx forms heterodimers with Mdm?2 and, although Mdmx lacks
its own E3 ubiquitin ligase activity, it can assist Mdm?2 in p53 degradation (reviewed
in [45]) (Fig. 9.2).

Mdm2-Mediated p53 Ubiquitination and Degradation

The majority of studies investigating the inhibition of p53 by Mdm?2 support the
current model that Mdm2 promotes the ubiquitination and subsequent degradation
of p53 through the proteasomal machinery (Fig. 9.1). This promotion of p53 degra-
dation requires the E3 ligase activity of Mdm?2, which is mediated by the RING-
finger domain [46, 47]. Although, a number of studies identified Mdm?2 as the
principal endogenous E3-ligase that promotes the efficient degradation of p53 (e.g.
[48, 22, 23, 46, 47]), p53 is also degraded in mdm2 deficient cells [49], suggesting
that other E3 ligase/s can promote p53 degradation in an Mdm?2-independent man-
ner, in vivo. Indeed, a number of other E3 ligases were shown to regulate p53 pro-
tein levels in tissue culture and in biochemical studies in vitro, these include: Pirh2
[50], Copl [51], and Arf-BP1 [52], ICPO [53], TOPORS [54], CHIP [55], Ubcl13
[56], Synoviolin [57], E4F1 [58], CARP1 [59], CARP2 [59], WWP1 [60], MSL2
[61], (also reviewed in [62, 25, 21]). However, the exact cellular contexts and level
of contribution of these ligases remain to be defined.

Confirmation that the primary physiological function of Mdm?2 is to promote p53
degradation via its E3 ligase activity was shown by Itahana et al. [63]. In this study,
the loss of p53 rescued the early lethality of mice bearing a C462A mutation in
Mdm?2, a mutation that causes the abolishment of the E3 ligase activity of Mdm2,
without affecting its interaction with p53. Nonetheless, accumulating evidence
over the last decade indicates that Mdm?2 can repress p53 activity by additional
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mechanisms, besides its direct interaction with p53. For example, Mdm?2 can inhibit
p53 acetylation mediated by p300/CBP [64, 65] as well as by inhibiting and degrad-
ing PCAF [66]. In addition, Mdm?2 can recruit the histone deacetylase HDAC1 [67]
and the nuclear corepressor KAP1 [68], providing alternative ways by which Mdm?2
can repress the acetylation of either p53 or histones surrounding the p53 binding
sites. Moreover, Mdm2 was also reported to promote NEDD8 conjugation of p53, a
modification that inhibits its transcriptional activity [69]. Finally, Mdm2 induces
monoubiquitination of histones in the vicinity of the p53 response elements, result-
ing in the transcriptional repression of p53 [70].

Mdm?2 can also regulate the levels of nuclear p53 by a degradation- independent
ubiquitination. Using an in vitro ubiquitination reconstitution assay, it has been shown
that Mdm?2 mediates the monomeric ubiquitination of p53 on multiple lysine residues,
rather than adding ubiquitin chains onto one or few lysine residues [71]. It was found,
that when expressed in low levels, Mdm2 can mediate pS3-monoubiquitination, which
signals for p53 nuclear export and leads to its accumulation in the cytoplasm, thereby
inhibiting its role as transcription factor [72, 73]. However, proteasome-dependent
degradation of nuclear p53 can also effectively prevent its transactivation function
[73, 74], suggesting monoubiquitination of cytoplasmic p53 is required for other pro-
cesses. Indeed, the role that pS3 plays in the cytoplasm, including direct signalling at
the mitochondria and the induction of transcription-independent apoptosis [75], may
involve p53 modified in this manner.

P53 is subject to ubiquitination on at least 6 C-terminal lysines [48]. The six
C-terminal lysines of p53 are the predominant sites for mdm?2-mediated ubiquitina-
tion [76]. Although the in vitro data certainly demonstrate the importance of the six
C-terminal lysines of p53 for Mdm?2- mediated ubiquitination, knock-in studies in
which the equivalent lysines have been mutated did not dramatically alter p53 pro-
tein levels [77, 78]. These studies suggests that the C-terminal lysines are not essen-
tial for efficient p53 degradation in vivo and that additional E3 ligases, as well as
ubiquitination of additional p53 lysines, are required for effective pS3 regulation. In
vitro data suggest that lysine residues located in the DNA-binding domain and in the
N-terminus may be ubiquitinated [79].

An additional mechanism by which Mdm2 may regulate p53 has been sug-
gested. Yin et al. [80] have shown that Mdm2, by virtue of its binding to p53,
induces p53 translation from an internal initiation site, generating a smaller prod-
uct of 47Kd (termed p53/47). This product lacks the Mdm?2 binding site and hence
is more stable than wt p53 and has altered specificity towards the apoptotic target
gene, bax. The p47 form is still subject to degradation, presumably through oligo-
merization with wt p53, as previously shown for other Mdm2-binding deficient
mutant of p53 [81]. Surprisingly, the overall apoptotic activity of the p53/47 does
not differ from that of wt p53. Hence, the physiological relevance of this mode of
regulation is yet to be defined.

It is difficult to weigh the relative contribution of p53 degradation to the overall
down-regulation of p53 by Mdm?2 (reviewed in [24]). The inhibition of p53
transcriptional and apoptotic activities by Mdm2 without promoting p53 degrada-
tion supports dual inhibitory mechanisms by Mdm?2 (e.g. refs. [82, 83]). However,
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genetic studies support the notion that the major physiological importance of Mdm2
relates to its ability to regulate pS3 protein abundance and that Mdm?2 has little
effect on p53 transcriptional activity on a “per molecule” basis (reviewed in [84]).
Moreover, in vivo, Mdm?2 that binds p53 but lacks its ubiquitination ligase activity
is unable to efficiently suppress pS3 functions (reviewed in [85]).

Breaking the p53/Mdm?2 Regulatory Loop

The p53/Mdm?2 auto-regulatory loop provides explanations for: how the low basal
level of p53 is maintained and how p53 returns to its basal level during the recovery
from stress. At the same time, however, it raises the question of how the p53 protein
temporarily escapes these intensive restrictive activities of Mdm?2 (as well as of
Mdmx) when cells are exposed to stress? Considerable effort has been devoted over
the past decade to unravel the mechanisms by which the p53/Mdm?2 loop is regu-
lated and can be interrupted under stress conditions (e.g. [17, 18, 24, 86, 87]). Three
major mechanisms for this loop interruption have been identified; first, stress
induces post-translational modifications of both p53 and Mdm?2; second, interacting
proteins act to disrupt p53/Mdm?2 binding; third, transportation of the two proteins
leads to their spatial separation. A variety of proteins participate in these levels of
regulation, where the choice of the particular regulator is largely dictated by the
type of the incoming stress signal (e.g. [17]). It is not our intention to cover every
known case, but rather to use selected examples to illustrate the principles of three
major levels of regulation.

Stress Induced Phosphorylation

P53 Activation by the ATM/ATR-Chk Pathways

The p53 protein is subject to extensive post-translational modifications (reviewed in
[88-90, 8, 5]), some of which affect its sensitivity to inhibition by Mdm?2. Here we
will focus on the role of phosphorylation in this regulation. Phosphorylation of p53,
in particular within the N-terminal side, has critical impact on its functional interac-
tion with Mdm?2. Phosphorylation on threonine 18 (Thr18) by casein kinase I reduce
the interaction between p53 and Mdm?2 [91, 92]. This phosphorylation appears to
require a preceding phosphorylation on serine 15 (Ser15) by several protein kinases
including ATM and ATR (reviewed in [41, 88, 86]), which activate p53, but do not
stabilize it [93-96]. Moreover, phosphorylation of threonine-proline motifs enables
the binding of the prolyl isomerase PIN1 to induce cis-trans prolyl isomerizations.
The phosphorylation of p53 on three sites, Ser33, Thr81 and Ser315, was shown to
affect the sensitivity of p53 to Mdm?2 through the involvement of Pinl (see below).
Although several PINT1 sites exist in human p53, the PINI site in the proline-rich
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domain (threonine 81-proline 82) seems to be essential because proline 82 is
isomerized by PIN1, enabling the recruitment of Chk2 to phosphorylate serine 20
and consequently reduce Mdm?2 binding [97].

Much attention has been focused on the phosphorylation of human p53 on Ser20
(Ser23 in the mouse), as it resides within the Mdm?2 binding site. This phosphoryla-
tion is mediated by the checkpoint kinase (Chk) 1, MAPKAPK?2 or JNK in response
to UV-light and by Chk2 in response to y-irradiation (IR) (reviewed in [41, 88, 8]).
The phosphorylation of Ser20 reduces the binding affinity between p53 and Mdm?2,
and consequently p53 is activated and stabilized (reviewed in [98]). Thus, one
mechanism by which p53 is protected from Mdm?2 in response to DNA damage
involves Ser20 phosphorylation (Fig. 9.3). This temporal protection would last as
long as the DNA damage signal persists. How this signal is terminated is not clear.
For instance does it involve dephosphorylation of Ser20 and other sites?

Another mechanism which allows p53 induction involves stimulation of ATM
and ATR in response to DNA damage, leading to phosphorylation of Mdm2 and
MdmX, mediating their rapid degradation [99, 100].

Biochemical analysis and studies using cultured cells indicate that phosphoryla-
tion of these p53 sites stimulates the recruitment of key transcriptional proteins,
such as p300 and CBP [101-107], leading to the acetylation of several key lysine
residues in the carboxy-terminus of p53 that are normally targets for ubiquitination,
this process is thought to help stabilize p53 [67, 108].

The physiological role of Ser20 in human was also tested in the transgenic mice
bearing a substitution from Ser23 to alanine 23 (Ala23). Introduction of this substitu-
tion mutant p53 into ES cells or MEFs had no significant effect on the activation or
accumulation of p53 in response to DNA damage in contrast to the case in the Chk2
null mice [109, 110]. Further, Ser23 is phosphorylated in Chk2 null mice in response to
IR [111]. Can this apparent controversy be reconciled? Several possible explanations
may be suggested. First, the regulatory role of Ser20 in human p53 may differ from
that of Ser23 in the mouse. The lack of conservation of the Ser46 phosphorylation
site in mouse pS3 exemplifies this notion (see below). Second, Ser20 (and Ser23) is
not the only Chk2 phosphorylation site in p53 [97, 112] (reviewed in [41, 113, 8, 9, 5]).
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Third, Chk2 may also activate pS3 by phosphorylation-independent mechanisms, for
instance by direct interaction with p53 [114]. Whereas the precise mechanistic
explanation for p53 activation by Chk2 needs further exploration, the evidence for
the physiological relevance of Chk2 appears solid. The activation of p53 in response
to DNA damage is severely impaired in Chk2 null mice, and p53 mutations are not
or rarely found in cancers bearing germ-line or somatic mutations in the Chk2 gene
(reviewed in [115]). Despite the subtle phenotype, one study reported a partial defect
in p53 accumulation and apoptosis in irradiated thymocytes [109]. Mutant mice
developed B-cell lymphomas, but with a long period of latency (around 18 months,
compared with 6-10 months in Trp53—/— mice).

It was also surprising that the mutation of Ser18 in mouse p53 (human Ser15) led
to a modest phenotype [116, 117] that had normal p53 stability in unstressed and
DNA-damaged cells, normal cell-cycle control, cell-type-specific partial defects in
apoptosis and normal tumour suppression. A targeted double mutation in S18A/
S23A was analysed in-vivo [118]. The double mutant knock-in mice, display
reduced apoptosis in thymocytes and develop some malignancies, lending support
to the physiological importance of these two key phosphorylation sites. Overall,
these mice provide evidence to support the idea that DNA damage pathways can, at
least partially, influence tumour suppressor function.

Mdm?2 Inactivation by the ATM-c-Abl Pathway

Mdm?2 is a phosphoprotein, that is subject to both phosphorylation and de-
phosphorylation of specific sites in response to DNA damage [119, 120] (also
reviewed in [121-123]). A search for phosphorylation sites in Mdm?2 relevant to p53
regulation revealed multiple sites that are targeted by several protein kinases
(reviewed in [121-123]). The interaction between Mdm?2 and p53 is impaired upon
phosphorylation of Mdm2 by DNA-dependent protein kinase [124]. A similar effect
is observed when cyclin A-Cdk2 phosphorylates Mdm2 on threonine 216, which
also augments the Mdm2/ARF binding [125].

An important antagonist of Mdm?2 is the c-Abl tyrosine kinase. C-Abl is essential
for the efficient accumulation of p53 in response to DNA damage [126], (reviewed
in [127]). This is achieved by protecting p53 from Mdm2-induced nuclear export,
ubiquitination, and degradation [83, 126, 127]. The kinase activity of c-Abl is
essential for the neutralization of Mdm?2. Indeed, c-Abl phosphorylates Mdm2 on
tyrosine 394 [128] and on tyrosine 276 [129]. The latter modification enhances
interaction of Mdm?2 with ARF and leads to decreased p53 turnover [129]. Prevention
of phosphorylation on tyrosine 394 enhances the ability of Mdm?2 to promote p53
degradation and to inhibit p53 transcriptional and apoptotic activities [128].
Intriguingly, the adjacent amino acid Ser395 is phosphorylated by ATM in response
to DNA damage [130]. This phosphorylation impairs the nuclear export and degra-
dation of p53 [131]. Interestingly, c-Abl is activated by ATM in response to DNA
damage (reviewed in [132, 133]), raising the possible scenario that ATM and c-Abl
may work in concert to neutralize Mdm?2 under certain stress conditions (Fig. 9.4).
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Fig. 9.4 A role for c-Abl and ATM in the protection of p53 from Mdm?2 in response to DNA dam-
age. The role for the phosphorylation of Hdm2 on Tyr394 by c-Abl and Ser395 by ATM is shown.
Whether these adjacent phosphorylations have a synergistic effect is not known yet

Although Tyr394 phosphorylation occurs independently of the phosphorylation of
Ser395 [128], the effect of these two kinases on the neutralization of Mdm2 maybe
synergistic. Additional studies show that the complex phosphorylation of Mdm2
upon DNA damage by PI-3 kinases including ATM, ATR and DNA-PK may
increase auto-ubiquitination of Mdm?2 and enhance its degradation, resulting in
augmented p53 abundance and transcription [100]. Additionally, it was proposed
that phosphorylation of Mdm?2 by ATM on multiple sites near its RING domain may
disrupt Mdm?2 oligomerization thus specifically suppressing p53 poly-ubiquitination
[134, 135].

It is important to note that the inhibition of p53 by Mdmx is also restrained by
ATM- and c-Abl-mediated phosphorylations that accelerate Mdmx degradation by
Mdm?2 and inhibit Mdmx binding with p53, respectively (Reviewed in [136, 28, 24,
86, 137, 138, 2]).

Stimulation of Mdm2 by the Akt/PTEN Pathway

The phosphorylation of Mdm?2 can also be stimulatory as is the case with the
mitogen-activated kinase, Akt. Upon growth stimulation, Mdm?2 is phosphorylated
by Akt on Ser166, Ser186 and Ser188, which enhance the nuclear accumulation of
Mdm?2 and its ability to inhibit p53 [139-141]. These phosphorylations also aug-
ment Mdm? interaction with p300, reduce the affinity of Mdm?2 for p19ARF [142]
and inhibit Mdm? self-ubiquitination [ 143] (Reviewed in [143—147]). Consequently,
Akt stimulates the inhibition and destabilization of p53 via Mdm?2. Interestingly
P53 can counteract this inhibitory axis by promoting the cleavage and degradation
of the Akt protein [148]. This feedback loop generates a survival signal when Akt is
activated, whereas under death inducing conditions, p53 opposes survival signals by
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Fig. 9.5 A model for the p53/Mdm2/Akt regulatory loop. The negative regulation of p53 by Akt
is induced in response to survival signals an involves the activation of Mdm?2. p53 counteracts this
pathways through at least 3 different loops: the cleavage of Akt, the inhibition of PI3K through
PTEN, and dephosphorylation of Mdm?2 on Akt sites through the induction of cyclin G and the
subsequent recruitment of PP2AB’. In this pathway survival is achieved by inhibition of p53 by
Akt, whereas apoptosis is achieved by counteracting Akt by p53

eliminating Akt [149] (Fig. 9.5). The regulatory loop involving p53, Mdm2 and Akt
is further regulated by additional feedback loops (reviewed in [16, 150, 151]). The
first involves the p53 target gene, Cyclin G, which recruits the phosphatase PP2AB’
to the Mdm2/p53 complex where it de-phosphorylates Mdm?2 on the Akt site Ser166
[152]. Phosphorylation of Mdm?2 by cyclin A/cdk2 inhibits its activity, thus the
cyclin G-PP2A phosphatase enhances Mdm?2 activity and inhibits p53. Mice with
the cyclin G gene knocked out are viable [153], and cyclin G null mouse embryo
fibroblasts have elevated p53 protein levels in the absence of stress [152], demon-
strating that this feedback loop is operational in vivo and acts upon the basal levels
of p53 in a cell not only the higher p53 activated levels after stress.

The kinase activity of Akt is constitutively activated in human cancer as a result of
dysregulation of its regulators, including loss of the tumour suppressor PTEN [154],
which involves in the second loop. PTEN is a phosphatase that de-phosphorylates
the Akt activating kinase, PI3-Kinase (Reviewed in [16, 155-158]). PTEN can
inhibit Akt, thereby affecting the sub-cellular localization of Mdm?2, PTEN can also
downregulate Mdm2 and increase p53 stability [159] and finally, PTEN is a tran-
scriptional target of p53 [160] generating another positive feedback loop. Thus,
activation of p53, with the subsequent induction of effectors target genes, counteracts
the survival action of Akt at multiple levels, shifting the balance towards growth
inhibition (Fig. 9.5).
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It was shown that the PTEN-Akt pathway participates in checkpoint control in
response to DNA damage. PTEN—/- cells have high Akt activity, and are defective
in checkpoint control in response to DNA damage [161] Importantly, activated Akt
is able to phosphorylate Chk1 at Ser 280, thereby reduced Chk1 nuclear localization
[162]. In addition, Chk1l phosphorylated at Ser 280 is located in the cytoplasm.
Together, these observations indicate that loss of PTEN and subsequent activation
of Akt can lead to Chkl1 phosphorylation and reduced the nuclear localization of
Chk1, which in turn will compromise the DNA damage response.

Overall, different stress or mitogenic signals dictates the patterns of Mdm?2 phos-
phorylation. The summation of these phosphorylation events determines the extent
by which p53 exerts its biological activities or being suppressed by Mdm?2.

A Role for the Proline Rich Region of p53

The polyproline region of p53 (PPR; also referred to as the Proline-Rich-Doman,
PRD:; residues 62-91) consists of 5 PXXP motifs, which are partially conserved in
the evolution. The regulatory role of the PPR in tumour suppression by p53 was
initially noted by A. Levine and colleagues [163]. This followed a series of studies
attributing various regulatory functions to the PPR. These include the induction of
p53-mediated apoptosis, but notably not growth arrest [ 164], reflecting altered spec-
ificity of p53 for apoptotic target genes versus growth arrest promoting genes [165].
Subsequent attempts to clarify the genes that are activated both in humans and mice
have led to some contradictory findings [166]. Since there was no clear functional
distinction among the affected target genes, it suggests that the impact of the PPR
on the transcriptional specificity of p53 does not provide the major explanation for
the impaired apoptotic activity of pS3APro [167]. Further, since the lack of the PPR
has little effect on transcription in a gene reporter assay, it is possible that the PPR
may affect gene expression at the chromatin level [167]. Interestingly, the PPR is
required for p53-induced apoptosis in response to chemotherapeutic treatment, and
this cell death is transcriptionally-independent [168].

Searching for an additional explanation for the impaired activities of pS3APro,
Berger et al. [169] demonstrated a link between the PPR of p53 and p53 regulation
by Mdm?2. p5S3APro mutant was shown to be excessively sensitive to Mdm?2-
mediated ubiquitination and degradation, as well as to Mdm2-mediated inhibition
of transcriptional and apoptotic activities [169]. This sensitivity of p53Apro for
inhibition by Mdm? results from enhanced affinity of pS3 to Mdm?2 relative to that
of wt p53 [169]. Further studies in mice confirmed the importance of the PPR of p53
for Mdm?2 interactions and p53 stability [166].

This suggests that the PPR may serve as an anchor for p53 stabilizing proteins.
Indeed, a region within the PPR serves as a binding site for the corepressor
mSin3A. This interaction is important for transcriptional repression by p53 and for
the stabilization of p53 [170]. However, this stabilization appears to be independent
of Mdm?2, suggesting an additional mechanism for the PPR in p53 degradation [170].
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An interesting insight into this story is based on the demonstrated role for Pinl in
the regulation of p53. Pinl is a peptidylprolyl isomerase, which converts a cis-trans
configuration of a peptide bond between proline and an adjacent residue. A special
case is when the preceding residue serves as a phosphorylation site, such as serine
or threonine. Interestingly, one of the residues that govern the binding of Pin1 to p53
resides within the PPR, proline 82, which is affected by the phosphorylation of
threonine 81 (in addition to two other residues) in response to UV light [171, 172].
Importantly, in response to Pinl isomerization p53 is relieved from Mdm?2 [171].
This may represent an additional mechanism for how the PPR of p53 influence the
pS53/Mdm?2 loop.

Additional studies have emphasized the importance of the human p53 PPR for
interactions with the ASPP family of p53 regulators, including the p53 inhibitor
iASPP and its relatives ASPP, which are activators of p53. Importantly, these pro-
teins preferentially bind to p53 codon-72 in the PPR and modulate p53 apoptotic
function, through selective enhancement of pro-apoptotic gene-target activation (ie.
PIG3). Intriguingly, the evolutionarily conserved p53 inhibitor iASPP particularly,
binds more efficiently to the p53Pro72 polymorphism, which is a poorer activator of
apoptosis than p53 bearing the Arg codon [173].

Modulation by Protein-Protein Interactions

Both p53 and Mdm?2 form complexes with various modulators, which can be clas-
sified into two large groups. Proteins from the first group enhance specific bio-
chemical activities of p53. For instance, Refl increases the DNA binding and repair
activities of p53 in the presence of selenomethionine [174]. In most cases, however,
the mechanisms by which members of this group activate p53 are not clear. Members
of the other groups confer protection for p53 from the inhibitory effects of Mdm?2.
It is likely that contribution from both groups is required for maximal activation of
p53. For example, the mere stabilization of p53, by proteasomal degradation, is
insufficient for p53 activation. Likewise, the activation of a labile p53 protein may
not provide sufficient signal for triggering growth inhibition. In accord with the
topic of this chapter we shall focus here on the second group of proteins, using
examples to illustrate the major mechanisms employed.

In principle, prevention of p53-Mdm?2 interaction ought to be sufficient for the
protection of p53 from Mdm?2. The proof of principle was demonstrated by intro-
ducing to cells antibodies or peptides, directed to the interaction site in p53, and
observing a reduction at the levels and activities of the p53 protein (e.g. [175]).
Surprisingly, this mechanism is employed by a minority of p53 regulators or co-
factors. For instance, the TAF(I[)31 transcriptional co-activator of p53 competes
with Mdm?2 for p53 binding [176]. Other proteins impair their physical separation
by imposing spatial separation (see below). Perhaps the reason why this mechanism
is not widely used is because it involves a considerable risk of unscheduled activa-
tion of p53 with severe consequences. In fact, the majority of p53 co-activators
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that protect p53 from Mdm?2 do so without interrupting their physical interaction.
These include pRb, ZBP-89, ARF, Werner’s syndrome protein (WRN), -catenin,
and c-Abl (reviewed in [48, 177-179]). The type of stress signals dictates, at least
in part, which of the co-activators will come to action. DNA damage trigger proteins
such as c-Abl to protect p5S3 from Mdm?2, whereas deregulation of oncogenes, such
as Myc and beta-catenin, trigger the ARF pathway (reviewed in [17, 180-183]). The
fact that Mdm?2 masks the transactivation domain of p53 makes it difficult to explain
how proteins activate p53 when bound to Mdm?2. It is possible that the nature of the
interaction between p53 and Mdm?2 is altered in a manner that alleviates the restric-
tive effect of Mdm?2 from p53 N-terminal domain. A more trivial explanation is that
upon binding of the co-activator to p53, a small pool of p53 is relieved from Mdm?2
and is sufficient to perform its biological role.

The ARF Oncogenic Pathway

An important regulatory loop of p53 is that with the tumour suppressor product of
the CDKN2A locus, ARF (Alternative Reading Frame) (also called p194®F in mouse
and p14#RF in human), that normally expressed at low levels in cells (reviewed in
[16, 180-183]). ARF serves as the prime nodal point integrating oncogenic signals
into growth inhibition through the activation of p53 [184]. This is the case when the
expression of oncogenes such as c-Myc, Ras, or p-Catenin is deregulated [185,
186]. Activation of ARF leads to growth arrest, senescence or even apoptosis under
certain conditions. These effects are achieved by activation of p53 through several
mechanisms. ARF promotes the nucleolar localization of Mdm?2, thereby spatially
separating Mdm?2 from nucleoplasmic p53 [184]. Also, a nucleolar-independent
mechanisms has also been identified [187, 188] in which ARF directly inhibit the
E3 ubiquitin ligase activity of Mdm2. Moreover, in addition to suppressing Mdm?2-
mediated effects on p53, ARF modulate the activity of other E3 ligases such as
ARF-BP1 and ARF/ARF-BP1 interaction was found to be involved in both
p53-dependent and p53-independent functions of ARF [52]. ARF also enhances
p53 function by promoting the phosphorylation and inhibiting the transcriptional
activity of the RelA NF-kB subunit. The NF-xB family of transcription factors dis-
play anti-apoptotic activity and antagonize the p53 pathway through induction of
Mdm?2 and repression of p53. Thus, by counteracting the functions of Rel A, ARF
increases the effectiveness of the p53 pathway [189].

Because ARF is also activated by mitogenic signals it is imperative that unsched-
uled activation of p53 under growth promoting conditions will be avoided. One
compensatory mechanism was demonstrated for the Ras-Raf growth promoting
pathway. Activation of p53 through the Ras-Raf-ARF axis is counteracted by the
parallel induction of Mdm?2 [190]. Failure of the p53-ARF axis is a common event
in most human cancer. Generally, mutations in both genes within the same tumour
are not common events [15]. However, at least in certain tissues or cell types the
p53 and ARF pathways may function independently (reviewed in [191, 180, 182]).
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Mice lacking ARF are highly prone to tumour development [192], underscoring
the role of ARF in tumour suppression in mice. In humans, however, mutations at
the CDK2A locus (which encodes INK4A, also known as pl16, and ARF in
overlapping reading frames) target mainly INK4A (p16) and rarely target ARF
[193, 194] suggesting that ARF may be less crucial to tumour suppression in
humans. Two studies concluded that pS3 did not have a tumour suppressor function
in ARF-null mice [195, 196]. Using a knock-in mouse that expresses a wild-type
p53—oestrogen receptor fusion protein (pS3ER™M) which is dependent upon
4-hydroxytamoxifen (4-OHT) for activity, Christophorou and colleagues [195]
showed that the restoration of p53 function 6 days before administering a single
whole-body dose of ionizing radiation led to widespread p53-dependent cell death
in radiosensitive tissues in a manner similar to that observed in wild-type mice.
However, although there was a substantial pS3 response, it provided no protection
against the subsequent onset of lymphoma development. By contrast, when p53
function was absent during irradiation but was restored for a 6-day period 8 days
after administering the radiation, when precancrerous cells are presumbly present,
a significant level of protection from tumour formation was observed. Notably, this
acquired protection was lost when the mice were crossed onto an ARF-null back-
ground. A similar conclusion has been reached by Serrano’s group [196], who
studied the role of ARF in tumour suppression in transgenic mice that expressed an
additional copy of Trp53 (known as p53*P* mice), which is known to provide
added protection against the development of cancer [197]. They showed that wild-
type and p53*?*" mice, regardless of whether they are in an ARF-competent or
ARF-null background, respond normally to DNA damage as measured by the
number of apoptotic thymocytes detected following a high dose of ionizing radia-
tion. However, although the p53****" mice have extra protection against spontaneous
and drug-induced tumour development, they are not protected in the absence of
ARF. Moreover, when MEFs from these animals were used in a two-oncogene
focus assay, focus formation was detectable only in the absence of either p53
or ARF, suggesting that ARF is required to suppress the transformed phenotype
arising from oncogene expression.

The Spatial Distribution Mode of Regulation

The Nuclear Cytoplasmic Boundary

It has long been shown that p53 is a dynamic protein being shuttled between the
nuclear and the cytoplasm in a cell-cycle-dependent manner (reviewed in [198,
199]). Deregulation of p53, by mutations or elevation of inhibitory proteins, such as
Mdm?2 and HPV-E6, can bias the shuttle towards the cytoplasm. Whereas stress
conditions, on the other hand, promote the nuclear accumulation of p53.

Many studies demonstrated that the nuclear versus cytoplasmic effects of p53 are
determined by multiple post-translational modifications that affect its interaction
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with other proteins, it’s shuttling between the cytoplasm and the nucleus and its
biological activities. Poly(ADP)ribosylation of p53 leads to its nuclear accumula-
tion [200]. In contrast, monoubiquitylation by Mdm?2 stimulates the nuclear export
of p53, which on arrival at mitochondria is deubiquitylated by mitochondrial
HAUSP, thus generating the apoptotically active non-ubiquitylated p53 [75]. Other
post-translational modifications of p53 (such as phosphorylation and sumoylation
of carboxy-terminal serines and lysines) can stimulate nuclear export and/or mito-
chondrial association. Moreover, the transcription factor Foxo3a (Foxo3) promotes
P53 cytoplasmic accumulation by increasing its nuclear export [201]. This indicates
that the entire context of post-transcriptional p5S3 modifications and protein interac-
tions can affect the precise subcellular localization and function of p53.

Many studies have indicated that p53 play active roles in the cytoplasm, such as
direct signalling at the mitochondria and the induction of apoptosis [75]. Cytoplasmic
pS53 can localize to the mitochondria, and induce apoptosis via interactions with
antiapooptotic members of the Bcl family such as Bcl-XL and Bcl2 resulting in the
permeabilization of the outer mitochondrial membrane, the release of cytochrome c
and other apoptotic activators from the mitochondria [202-204]. In addition, p53
can interact with the proapoptotic factor Bak, releasing it from the negative inhibi-
tion of the anti-apoptotic Bcl2-family member Mcl1 [205]. The pro apoptotic effects
of cytoplasmic p53 are not dependent on transcription, in principle. However, the
control of transcription by nuclear pS3 contributes to the function of cytoplasmic
p53. For instance, p53 target protein, PUMA controls the sequestration of cytoplas-
mic p53 by the anti apoptotic Bcl-XL protein, releasing p53 to activate Bax [206].
Understanding the extra-nuclear activities of p53 will likewise furnish new oppor-
tunities to pharmacologically modulate the p53 system.

PML Nuclear Bodies as a Regulatory Junction

A dynamic redistribution of p53 within the nucleus may provide a mean by which
p53 regulation is coordinated in response to a given stress signal. This transporta-
tion of p53 within the nucleus is mediated by the promyelocytic leukemia protein
(PML), which forms small structures termed PML nuclear bodies (PML-NB).
These nuclear structures increase in numbers and size when cells are exposed to
stress, such as YIR or deregulation of oncogene expression (reviewed in [207, 208]).
Several lines of evidence strongly link p53 with the PML-NBs. First, p53 is recruited
to these structures in response to IR or UV light, and Ras activation [209-212].
Second, p53 interacts with PML (isoform IV), an interaction that is required for the
activation of p53 by PML [210, 213]. Third, PML is critical for the activation of
p53 in response to stress, and for pS3-dependent apoptosis [213]. Indeed, p53 tran-
scriptional activity is impaired in PML-null primary cells, and these mice are radio-
resistant, even to lethal doses of yIR [213]. Further, p53 activity is compromised in
acute promyelocytic leukaemia, which explains the low frequency of p53 mutations
in this form of cancer [214]. Fourth, PML itself is a p53 target gene [215], suggest-
ing a positive feedback loop between the two proteins.
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Fifth, a growing list of p53 regulators has been demonstrated to be localized to
the PML-NBs. In response to oncogenic Ras activation, p53 is co-localized along
with the CBP acetyltransferase into the PML-NBs, inducing the formation of a tri-
meric p53-PML-CBP complex and the acetylation of p53 on lys 382, leading to
p53-induced senescence [212]. Interestingly, the histone deacetylase SIRT1 can
also localizes into the PML-NBs and reduce the acetylation of p53 at Lys382 and
thereby antagonize the induction of p53 activity [216, 217]. In addition to CBP co-
localization in the PML-NBs, it was shown that UV irradiation also induces the
accumulation of another acetyl transferase into the PML-NBs, TIP60 [218], which
induces p53-dependent apoptosis by acetylating pS3 at Lys120 [219, 220]. Apart
from regulating p53 acetylation, PML was shown to promote the Ser46 phosphory-
lation of p53 by HIPK2 [221], a modification that increases pS3-mediated apoptosis
in response to UV light exposure [222, 223]. All together, these findings raise the
attractive hypothesis that the PML-NBs may serve not only as a meeting junction
for p53 and its regulators in response to DNA damage, but also could block the
physical interaction between pS3 and Mdm?2. Indeed, PML can promote the phos-
phorylation of p53 on Thr18 and Ser20, mediated by Chk2 and CK1, respectively
[224, 225]. These residues resides within the N’-terminal transactivation domain of
p53 and are known to be the most important in attenuating the p53-Mdm?2 interac-
tion [98, 226].

Interestingly, CK1 can directly phosphorylate Mdm?2 in its acidic domain, a
modification that can further weaken the p53-Mdm?2 interaction [227]. Likewise,
while recruited into the PML-NBs in response to stress, Chk2 can also phosphorylate
PML itself and activate its apoptotic function [228]. In addition, it was published
that PML can facilitate Chk2 autophosphorylation and activation [229], revealing
even more complex interaction between PML and Chk2.

Finally, PML can also regulate Mdm?2. It was shown that PML can bind Mdm?2
[230, 231], by that protect pS3 from Mdm?2 mediated degradation through addi-
tional mechanisms, involving a physical inhibition of there interaction by forming a
trimeric PML-p53-Mdm?2 complex [232] or by sequestrating Mdm?2 to the nucleoli
upon DNA damage [233]. PML can also affect Mdm2 expression indirectly, for
example by inhibiting the eIFAE dependent mRNA export of Mdm?2, leading to
reduced levels of Mdm?2 protein [234]. Interestingly, p53 overexpression results in
transcriptional repression of elF4E [235]. Consistently, Mdm2 overexpression,
leads to reduced p53 and increased elF4E levels [235]. This might suggest the exis-
tence of a feedback loop between eIF4E, Mdm?2, p53 and PML. Another example
involved the transcriptional repressor Daxx, which is also associates with the PML-
NBs, may also play a role in the PML-NBs/p53- induced apoptosis [236]. It was
shown that Daxx association with Axin, can increase the phosphorylation of p53 at
Ser46, mediated by HIPK?2 [237]. In addition, under unstressed conditions, Daxx
can form a ternary complex with Mdm2 and the deubiquitinating enzyme HAUSP,
enhancing Mdm?2 stability. Upon DNA damage, this complex is dissociated, result-
ing in the degradation of Mdm2, which in turn stabilizes p53 [238, 239].

Thus, several competing pS3 regulation mechanisms converge at PML NBs and
it is becoming clear that a lot of this action involves PML directly and also is attributed
to the recruitment of key p53 modulators. It is likely that many other modulators are
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Fig. 9.6 A model for the role of PML in the integrated regulation of p53 in the PML-NBs. In
response to oncogenic activation or DNA damage PML is activated by SUMOylation (s) and
recruits pS3 into the PML-NBs. Consequently, p53 undergoes series of modifications, including
acetylation (Ac) by CBP, phosphorylation on S46 by HIPK2 and de-ubiquitination by HAUSP. In
addition, PML protects p53 from Mdm?2 mediated degradation. These effects of PML lead to the
activation and stabilization of p53. It is not clear yet whether these various modifications occur
within the PML-NBs

involved and additional PML-dependent modifications of pS3. The identification
of this link between p53 and the PML-NBs shed new light on how the complex
network of p53 regulation may be coordinated in a timely manner within the nucleus
(Fig. 9.6).
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Introduction

p53 transactivates cell cycle inhibitory, apoptosis or senescence-related genes in
response to DNA damage to protect the genetic integrity of the cell (reviewed in [1]).
Highlighting its critical tumor suppressor functions, p53 is mutated, lost, or function-
ally inactivated in nearly all cancers (reviewed in [2]). When mutated within its core
DNA binding domain, p53’s normal instability is abrogated, and oncogenic gain-of-
function properties are observed accompanied by massive accumulation of steady state
mutant p53 protein levels relative to the low or undetectable steady state level of wild-
type (WT) p53 in normal cells [3, 4]. Mutation of p53 may affect its stability through a
combination of mutant p53’s inherent biochemical and biophysical properties as well
as pathways aberrantly activated in genetically damaged cells. The increased stability
of mutant p53 proteins is key to its ability to accumulate to high levels and phenotypi-
cally exhibit “gain-of-function” properties (reviewed in [3]). In this chapter we will
address the multifaceted ways in which intrinsic mutant p53 properties intersect with
emergent properties of cancer cells to yield the stable mutant p53 phenotype.

WT p53 Stabilization and Degradation Cycle

Normal p53 Turnover in the Absence of Genotoxic Stress

Due to its growth inhibitory properties, p53 must be maintained at low levels in the
absence of DNA damage, to allow normal cell cycle progression (reviewed in [5]).
The Mdm?2 E3 ubiquitin ligase maintains p53 instability, facilitating ubiquitination
that targets it to the proteasome for degradation (reviewed in [5, 6]). In addition to
Mdm?2’s E3 activity towards p53, p53 is also regulated by the E4 ubiquitin ligases
p300/CBP that promote the polyubiquitination of p53 in the cytoplasm [7] by acting
as a scaffold that assembles a polyubiquitinating complex for p53 that includes
Mdm2, and accelerates the degradation of p53 by targeting it to the proteasome [8].
Mdm?2 and p300/CBP, and possibly other E3/E4’s [34] depending on context, thus
maintain p53 as an unstable low abundance protein in the absence of genotoxic or
other stress, protecting cells from p53’s harmful growth suppressive or apoptotic
effects when not needed.

Stabilization of WT p53 by Post-translational Modification
After Genotoxic Damage

When DNA damage occurs in the cell, signaling through the DNA damage check-
point via the ATM/ATR checkpoint kinases phosphorylates both p53 and Mdm?2, and
these posttranslational modifications lead to the stabilization of p53 ([9-11]; reviewed
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in [12]). In response to ionizing radiation, ATM has been shown to phosphorylate
WT p53 on serine 15 [13, 14], and in response to UV light, ATR has also been found
to phosphorylate WT p53 on serine 15 [15]. The stabilization of pS3 was inhibited by
mutation of serine 15 or serine 20 (a chk2 phosphorylation site; reviewed in [16]) to
alanine [17, 18], suggesting this phosphorylation contributes to stabilization, though
by still an unclear mechanism. In addition to modification of p53, Mdm?2 is also
phosphorylated after DNA damage by ATM at serine 395 [11], and this phosphoryla-
tion was suggested to contribute to the stabilization of p5S3 by compromising the
ability of Mdm2 to promote nucleo-cytoplasmic shuttling of p53 that would nor-
mally enable p53 degradation [9]. More recently, it was found that Mdm?2 forms
oligomers that enable the polyubiquitination and degradation of p53 in the absence
of damage [10]. Phosphorylation of Mdm2 by ATM was found to inhibit the ability
of the Mdm2 RING domain to oligomerize, which suppressed the polyubiquitination
of p53 [10]. The stabilization of WT p53 following DNA damage enables it to accu-
mulate to high levels and activate a checkpoint response, inhibiting the cell cycle at
the G1/S boundary via p21 induction [19] or inducing apoptosis via transactivation
of downstream effectors such as Bax, PERP, PIG3, and Puma, among many other
genes (reviewed in [1, 2]).

Stabilization of Mutant p53 by Physiologic Stimuli

Whereas stabilization of WT p53 enables a checkpoint response to resolve the
initiating damage or induce apoptosis to protect cells from becoming tumori-
genic, stabilization of mutant p53 enables it to also accumulate to high levels but
to the opposite effect, promoting growth, invasive/metastatic properties, and
genetic instability [3]. It has been shown that although mutant p53 is constitu-
tively stable in cancer cells [4, 20], it does not possess inherent stability in normal
cells [4], suggesting that the cancer cell provides an environment that converts
mutant p53 into a more stable form.

Impact of DNA Damage, Oncogenes, Reactive
Oxygen Species on Mutant p53 Stability

Given that mutant p53 is generally only stable in cancer cells, a number of studies
have examined whether mutant p53 is subject to the same stability regulation by
stress as WT p53, despite the usual baseline increase in stability seen for most
alleles of mutant p53. Surprisingly, mutant p53 can be further stabilized by geno-
toxic signalling in cancer cells. Treatment with UV-C or ionizing radiation (IR)
causes stabilization of WT p53, and similarly, UV-C stabilized mutant p53 stably
expressed in MCF7 cells [20], and IR was shown to stabilize p5S3R175H protein in
B cells harboring a single R175H allele [21].
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The effects of oncogene activation, reactive oxygen species and the chemo-
therapeutic agent doxorubicin on mutant pS3 were also analyzed in mouse mod-
els. Mice expressing activated Ras were crossed to mice expressing the mutant
pS3R172H protein [21]. Western blot analysis of p53 levels from these mice
showed that the level of mutant p53 was higher in the lungs of K-Ras/p53R172H
mice than in p53R172H mice that did not harbor activated K-Ras, suggesting that
pS3R172H is stabilized by K-Ras activation. Similar results were found using
heterozygous p53R172H/+mutant mice expressing another oncogene, c-Myc
[21]. Splenic lymphomas from Ep-myc/p53R172H/+mice were found to express
p53 at higher levels in comparison with WT spleens, suggesting that mutant
pS53R172H can be stabilized by higher expression of c-Myc. It was also found that
loss of the tumor suppressor p16 led to stabilized p53R172H expression in tumors
[21], suggesting that a change in the balance of expression of growth promoting
or inhibiting genes affects the stability of mutant p53. In addition, it was found
that induction of reactive oxygen species (ROS) also leads to stabilization of
mutant p53 in vivo [21]. Another DNA damaging agent, doxorubicin, which is
known to activate WT p53, was also found to stabilize mutant pS3 [21]. Taken
together, all of these data suggest that the pathways that are normally involved in
the stabilization and activation of the WT p53 tumor response can also stabilize
and activate mutant p53. The activation of p53 mutant “gain of function” pheno-
typic activity following this stabilization is evident in some of the cases analyzed,
as gamma irradiation or expression of K-Ras, though not c-Myc expression, loss
of pl16 or doxorubicin treatment, were found to lead to more aggressive tumor
growth or decreased survival [21].

DNA Damage-Induced Modifications of Mutant p53

Since mutant p53 is activated by similar pathways or agents as WT p53, the
contribution of post-translational modifications to WT p53 may have significance
for the stability of mutant p53. Previous work has suggested that phosphorylation
of serine 15 or serine 20 may be required to stabilize WT p53, as mutation of these
sites to alanine inhibited stabilization of p53 in vivo [17, 18] following DNA dam-
age [22]. However, in several mutant p53 expressing cell lines, including EB2,
T47D and DU145, constitutive phosphorylation of serine 15 was not observed
[23]. Of note however, both MDA-MB231 and MDA-MB468 cells, which contain
mutant pS3, were found to have constitutively phosphorylated serine 15 [23], sug-
gesting there may be different mechanisms for the stabilization of mutant p53
depending on cellular context, and certainly great variability in cancer cell environ-
ments that can directly impinge on differential modifications of key residues of
mutant p53.
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Stabilization of Mutant p53 Through Inhibition
of Degradation

In addition to activation of processes that stabilize mutant p53 because of defects in
the cellular environment or modifications that make mutant p5S3 more stable, there
are also defects in the normal degradation or turnover of mutant p53 in cancer cells
which lead to its longer stability and half-life.

Ubiquitination and Degradation of WT or Mutant p53

Addition of ubiquitins to either WT or mutant p53 by their respective ubiquitin
ligases normally targets them for degradation. Ubiquitin is a 76 amino acid pro-
tein that is conjugated to lysines in target proteins either as monoubiquitination,
which can occur as single ubiquitins on multiple sites or chains of up to three
ubiquitin molecules on each site, or as polyubiquitination which is designated as
chains of at least 4 ubiquitin molecules linked together on one or more lysines
(reviewed in [24]). Monoubiquitination of a protein is associated with non-degradative
functions such as transactivation and the DNA damage response, and is required
for subsequent polyubiquitination, which does lead to targeting to the proteasome
and degradation [25]. Mdm? is an E3 ubiquitin ligase for p53 that is capable of
adding single ubiquitin molecules onto 6 lysines in the C-terminus of p53 [26].
Following monoubiquitination, degradation of p53 is promoted by the addition
of additional ubiquitins to the original ubiquitin monomers, creating chains of
ubiquitin proteins which, when linked through ubiquitin lysine 48, target p53 for
degradation [26]. Degradation of WT or mutant p53 then occurs through the 26S
proteasome [23].

Several E3 ligases have been identified in addition to Mdm?2 which can promote
the degradation of p53, including CHIP (C-terminus of Hsp70-interacting protein)
[27], Pirh2 [28], Copl [29], ARF-BPI1 [30], Carps [31], Synoviolin [32] and
TOPORS [33] (reviewed in [34]). Mdm2 and CHIP have been identified as the
major E3 ubiquitin ligases for mutant p53 since destabilization of mutant p53 is
partially inhibited by knockdown of Mdm?2 or CHIP [23]. It has been suggested that
Mdm2/WT p53 binding is necessary to enable Mdm?2 to act as a ubiquitin ligase
[35]; however, the ability of Mdm?2 to ubiquitinate WT p53 was found to be more
efficient than Mdm?2’s ability to ubiquitinate mutant p53. This may be a result of
alternate binding regions of Mdm?2 to mutant p53 [36]. It has also been found that
there is largely a lack of ubiquitination of mutant p53 in cancer cells [23]. This
deficiency in ubiquitination could account at least, in part, for the limited degradation
deficiency of mutant p53 [23].
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Regulation of Mutant p53 Stability by Cellular Chaperones

Intrinsic functional properties of mutant p53 that inhibit its ubiquitination and sub-
sequent degradation have been identified. Mutant p53 has a conformation that is
aberrant from WT p53, and this conformation has been shown to cause it to associ-
ate with the Hsp90 chaperone protein, which is overexpressed in cancer, in order
to prevent aggregation of mutant p53 [23]. The conformation of mutant p53 has
been shown to cause mutant p53 to bind to upregulated Hsp90, trapping it and
Mdm?2 in a complex, preventing Mdm?2 from ubiquitinating mutant p5S3 [23]. The
contribution of mutant p53’s aberrant conformation to its stability is highlighted,
since knockdown of Hsp90 in MDA-MB231 and MCF-7 cancer cells leads to
destabilization of mutant p53 [23]. Additionally, treatment of MDA-MB231 can-
cer cells with 17AAG, which inhibits ATP binding to Hsp90, was found to release
mutant p53 from Hsp90, leading to rescue of its ubiquitination and degradation
[23]. Furthermore, the complex of mutant p53 with Hsp90 was proposed to also
protect mutant p53 from degradation, allowing mutant p53 to accumulate to a
high level to enable its gain-of-function [23]. Confirming this mechanism in the
cell types tested, an inhibitor of Hsp90 led to degradation of mutant p53 by its E3
ubiquitin ligases Mdm2 and CHIP [23]. This inhibitor, suberoylanilide hydroxamic
acid (SAHA), is able to inhibit stabilization of mutant p53 by Hsp90 by inhibiting
HDACS6, which activates Hsp90 [23]. This finding suggests that degradation of
mutant p53 by reversing the mechanisms that keep it stable may have a potential
role in future cancer treatment.

In addition to Hsp90, Hsp70 has also been identified to contribute to mutant p53
stabilization [37]. By transfecting p53 R175H into non-transformed mouse embry-
onic fibroblasts (MEF) (Trp53—/—, Mdm2-/-) with CHIP or Mdm2 along with
Hsp70, these authors showed that Hsp70 promotes the degradation of mutant p53
through CHIP but inhibits the degradation of mutant p53 by Mdm2. Similar to
Hsp90, Hsp70 and Mdm?2 were both found to be needed for the formation of mutant
p53 aggregates in MEFs as well as cancer cell lines such as H1299 and SK-BR-3.
This was proposed to be a mechanism for mutant p53 stabilization.

The Cellular Environment

In addition to mechanisms that stabilize mutant p53 through its activation or by
inhibition of degradation, aberrations in the cellular environment that contribute to
mutant p53 stability have also been identified. Whereas mutant p53 becomes stabi-
lized in cancer cells, it is inherently unstable in normal cells [4]. Homozygous
mutant pS3 mice expressing the R172H (p53H/H) mutation were found to express
P53 in 79 % of tumors whereas heterozygous mutant R172H expressing mice were
positive for p53 staining in only 70 % of the primary tumors. However, immunos-
taining of R172H homo and heterozygous mutant R172H expressing mice indicated
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no staining of p53 in normal tissues of the lung, thymus, spleen, heart, bone marrow,
brain, pancreas, liver, intestine and kidney [4]. These data suggest that alterations in
the cancer cell environment lead to the hyperstability of mutant p53 in these cells.

To determine specific cellular alterations that stabilize mutant p53, pS3H/H
mice were crossed with Mdm?2 null mice, and normal tissues were stained for p53
[4]. In the absence of Mdm?2, mutant pS3 was found to express in normal tissues
from several organs, suggesting that Mdm?2 suppresses expression of mutant p53 in
normal tissues. Since mutant p53 was normally turned over by Mdm?2 in normal
cells similarly to WT p53, this suggests that WT and mutant p53 are regulated by
similar mechanisms in the absence of damage. To determine the effects of DNA
damage on mutant p53 in the presence and absence of Mdm?2, p5S3H/H and p5S3H/H/
Mdm?2-/- mice were irradiated with 5 Gy to the whole body, and tissues were
harvested and subjected to Western blot analysis. IR was found to stabilize mutant
p53 in the spleen and thymus, and though absence of Mdm?2 led to an increase in
mutant pS3 level, IR treatment did not increase the level further [4]. In response to
IR, WT p53 levels increased following irradiation but returned to basal levels 7 h
later. In contrast, mutant p53 levels were also increased following IR but remained
elevated up to 15 h later [4], suggesting WT and mutant pS3 are both activated by
the same mechanism in response to DNA damage. However, unlike WT p53,
mutant pS3 did not become rapidly destabilized after resolution of checkpoint
activity and repair possibly due to the impaired transactivation of Mdm?2 transcrip-
tion after DNA damage in cells with mutated p53 that is unable to transactivate the
usual p53 target genes. These data implicate Mdm?2 in a role for regulation of
mutant p53 stability.

Another important component of the cell environment that is commonly
inactivated in cancer was examined for its role in contributing to mutant p53 stabil-
ity. pS3H/H mice were crossed with pl6INK4a—/— mice that retained the p19Arf
allele, which shares common genetic code in exons 2 and 3 with the p16Ink4a gene.
The absence of pl16 was found to stabilize mutant p53 in normal tissues as well as
in some tumors [4]. Other defects in the cell context were found along with mutated
p53, including upregulation of cyclin D1 and Rb phosphorylation [4], suggesting
further that alterations in the cellular environment may contribute to mutant p53
stabilization in cancer cells.

Transactivation Deficiency Towards Mdm?2

Mdm?2 is an E3 ubiquitin ligase for mutant p53 and is normally upregulated by WT
p53, which is thought to lead to its degradation following resolution of the DNA
damage signal. However, due to the mutation, mutant p53 is unable to transcrip-
tionally upregulate normal WT p53 targets, including Mdm?2. The inability of
mutant p53 to therefore transactivate Mdm?2 has been suggested to contribute to
mutant p53 stability due to an insufficient level of Mdm?2 [20]. Analyzing the RNA
from spleens of WT, p53R172 (p53H/+) and p53R172H (p53H/H) mutant mice
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Fig. 10.1 Many of the steps that are known to normally stabilize WT p53 in the DNA damage
response have been identified to contribute to the stability of mutant p53, magnifying the onco-
genic potential of mutant p53, as described in the text. The general steps that have been identified
that lead to mutant p53 stability are shown in circles, and a more detailed description of the con-
tributing factors are shown as starred bullet points

following IR treatment showed that Mdm?2 levels in pS3H/+mice increased, but to
half the extent of WT p53 mice, while pS3H/H mice had no change in Mdm?2 levels
following DNA damage [4]. This demonstrates that mutant p53 is defective in
transactivating Mdm?2 following IR, suggesting that it is the inherent inability of
mutant p53 to activate p53 target genes that prevents it from activating a factor that
normally contributes to its destabilization when DNA repair is complete. This may
result in a more prolonged upregulation of mutant p53 after stress in non-
transformed cells, as opposed to WT p53. However, it is unclear if this mechanism
contributes in any substantial way to constitutive mutant p53 stability seen in rest-
ing cancer cells.

Conclusions

The gain-of-function phenotype of mutant p53 is thought to depend on its increased
stability and resulting elevated levels in cancer cells. Many of the steps that are
known to normally stabilize WT p53 in the DNA damage response have been identi-
fied to contribute to the stability of mutant p53, magnifying the oncogenic potential
of mutant p53 (Fig. 10.1). WT p53 is normally kept at low levels in the absence of
DNA damage by transactivating its E3 ubiquitin ligase Mdm?2, which along with
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its E4 p300/CBP promotes its polyubiquitination and degradation by the 26S
proteasome. When there is an oncogenic challenge to a cell, WT p53 becomes
stabilized by the DNA damage checkpoint to enable cells to either arrest the cell
cycle to repair the damage or senesce or initiate apoptosis. Similarly to the WT p53
that is activated in response to an oncogenic challenge, factors such as oncogenes,
DNA damage, and ROS have been shown to stabilize mutant p53. WT and mutant
p53 both become post-translationally modified following damage, contributing to
their stability. In contrast to WT p53, which gets degraded following the perfor-
mance of its intended function to enable resolution of DNA damage, mutant p53 is
unable to facilitate damage repair, which may keep mutant p53 hyperstabilized due
to constitutively activated checkpoint pathways found in cancer cells (R.A. Frum
and S.R. Grossman, unpublished observations).

Impaired polyubiquitination and subsequent defects in degradation of mutant
pS53 has also been reported to occur in cancer cells. In addition, the aberrant
conformation of mutant p53 has been shown to contribute to its stabilization by
causing it to interact with heat shock proteins, which prevents it from being
degraded. The work to date illustrates that mutant p53 is regulated by the same
signaling pathways as WT p53, and the same factors that contribute to WT p53
stability also stabilize mutant p53. However, the inherent properties of mutant p53
such as its conformation, or inability to transactivate WT p53 target genes, also
plays a role in keeping mutant p53 stable in cancer cells, suggesting that the loss
of WT function combined with the acquired functions of mutant p53 and the
specific cancer cell environment, together, all play a role in the stability and oncogenic
properties of mutant p53 in cancer cells.
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Chapter 11

Crosstalk Between Mdm?2, p53
and HIF1-a: Distinct Responses
to Oxygen Stress and Implications
for Tumour Hypoxia

E. Douglas Robertson, Kostyantyn Semenchenko, and Bohdan Wasylyk

Abstract The E3 ubiquitin ligase Mdm?2 regulates two transcription factors, p53
and HIF1a, which appear to be tailored towards different and specific roles within
the cell, the DNA damage and hypoxia responses, respectively. However, evidence
increasingly points towards the interplay between these factors being crucial for the
regulation of cellular metabolism and survival in times of oxygen stress, which has
particular relevance for tumour formation. Mdm2, p53 and HIFla all respond to
hypoxia, and intriguingly, have distinct roles depending on the level of hypoxia. The
data from numerous studies across different conditions hint at the interplay between
these key factors in cellular homeostasis. Here we try to weave these strands
together, to create a picture of the complex tapestry of interactions that demon-
strates the importance of the crosstalk between these key regulatory proteins during
hypoxia.

Keywords MDM?2 ¢ p53 « HIFla » Hypoxia * pVHL * PHD1-3 « GLUT * PNUTS
* Protein-protein interactions ® Protein degradation * Post-translational modification
* Target genes * VEGF ¢ PAI-1 ¢ ET-1 » Metabolism ¢ Glycolysis ®* Angiogenesis ®
Cellular homeostasis * Cell cycle control * Apoptosis * Growth-factor response

E.D. Robertson * K. Semenchenko * B. Wasylyk (P<)

Department of Functional Genomics and Cancer Biology,

Institut de Génétique et de Biologie Moléculaire et Cellulaire IGBMC,
UMR 7104 CNRS-UdS, U946 INSERM, 1 rue Laurent Fries,

BP 10142, 67404 Illkirch Cedex, France

e-mail: boh@igbmc.fr

S.P. Deb and S. Deb (eds.), Mutant p53 and MDM?2 in Cancer, 199
Subcellular Biochemistry 85, DOI 10.1007/978-94-017-9211-0_11,
© Springer Science+Business Media Dordrecht 2014


mailto:boh@igbmc.fr

200 E.D. Robertson et al.

The Hypoxic Gradient and the Key Regulators

Normal Cells Adapt to Available Oxygen Levels

The term “hypoxia” is used to describe a reduction in the availability of oxygen to
cells and tissues. In terms of human tissues, depending on the organ and the distance
from blood vessels, the concentration of oxygen varies between 2 and 9 % [7].
Hypoxia then occurs with increasing severity below 2 % oxygen until the absence of
oxygen and anoxia. The effect of oxygen withdrawal on cells and tissues is dramatic.
At the molecular level, cells must switch from the oxygen dependent TCA cycle to
the less energy efficient glycolysis pathway. In order to compensate for the resulting
energy deficit, cells must increase their uptake of glucose, and so many enzymes in
the glycolysis pathway are up-regulated in response to hypoxia [16].

Tumour Cells Have a Different Response to Reduced Oxygen

A common feature of tumours is that they are hypoxic [37]. As cancerous cells
divide and rapidly proliferate, they use up the available oxygen and, without a
proper vasculature, many tumour regions become chronically hypoxic. One may
therefore suppose that cancerous cells are specially adapted to a hypoxic environ-
ment. Indeed, it was observed that tumour cells have a peculiarity known as the
Warburg effect; that is, they up-regulate glucose intake (characteristic of cells in
hypoxia) even under normal oxygen conditions. Increased glycolysis provides both
the energy and biosynthetic needs for proliferating tumour cells [37].

The Key Component

The key regulator of hypoxia has been identified as HIF1a (hypoxia inducible factor
1 alpha), a member of the PAS protein family of transcription factors. HIFla is
degraded under normoxic conditions. Hydroxylation of key proline residues by one
of three prolyl-hydroxylases (PHD1-3) targets it to the E3 ubiquitin ligase pVHL,
which subsequently leads to HIF1a degradation by the proteasome [25]. In low
oxygen conditions, however, the hydroxylation reaction can no longer take place,
allowing HIF 1« to be stabilized and translocated to the nucleus, where it can inter-
act with its binding partner HIF1p to form a transcription factor that can regulate
downstream gene transcription [25]. This stabilization allows for a rapid response to
oxygen deprivation.
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Other Components

However, this is not the whole story, because other factors are also involved in managing
the hypoxic response, such as HIF2«a, HIF3a and the ETS family member Elk3 [18,
19, 46]. Furthermore, it is increasingly clear that p53 and its ubiquitin ligase Mdm2
are also important factors in managing the cellular response to low oxygen levels.
Under conditions of cellular stress, such as DNA damage, p53 is induced and acts
as a transcription factor to specifically target genes involved in cell cycle control and
apoptosis. Additionally, it up-regulates Mdm?2, thus forming an auto-regulatory
loop [53, 34, 27] whereby p53 controls its own activity. It is easy to imagine a role
for p53 in protecting cells from the damaging effects of prolonged or severe hypoxia,
however it is interesting to note that, as discussed here, Mdm?2 also has a distinct
role controlling hypoxic gene expression. Thus HIFla, p53 and Mdm?2 have
individual and overlapping roles regulating shared genes, but respond to different
stimuli and furthermore, all 3 physically interact in a hypoxic “ménage a trois”,
the balance of which is crucial in determining the response (see Fig. 11.1 for a
general overview).

Losses, Gains and Alterations of MDM2,
p53 and HIF1a in Hypoxia

Loss of Mdm?2 in Hypoxia

Mdm?2 is down regulated in hypoxia, but the evidence is sometimes conflicting and
likely depends on the cell type and severity of hypoxia. After 6 h at 0.02 % oxygen,
human colorectal carcinoma (RKO) cells express significantly less Mdm2 and con-
currently more p53 [1]. Other studies have also shown that Mdm?2 is down regulated
under hypoxia in both primary and transformed cell lines [26, 59] although in some
cancer cell lines (HCT116, Mum2B and PC-3) a transient induction of Mdm2 has
been observed in hypoxia [38].

Different mechanisms appear to contribute to down-regulation of Mdm?2 in
hypoxia. Mdm2 RNA is down-regulated in primary neuronal cells, initiating after
8 hin 0 % oxygen and reaching a 10 fold reduction in mRNA after 16 h [59]. Mdm?2
localization in MCF-7 cells switches from being almost exclusively cytoplasmic to
nuclear under virtually anoxic conditions, without a change in the level of Mdm?2.
Interestingly, this translocation of Mdm? is blocked by geldanamycin, an inhibitor
of Hsp90 required for HIF 1« stabilization [51]. Mdm?2 is down-regulated by phos-
phorylation. Several kinases have been identified as being activated and phosphory-
lated under hypoxia, including p38. Inhibition of p38 phosphorylation in hypoxia
reverses the down-regulation of Mdm2 and up-regulation of p53, suggesting that
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p38 drives the Mdm?2/p53 hypoxic response, at least in neuronal cells [59]. Yet
another mechanism of hypoxic Mdm?2 regulation involves hypoxia-induced PNUTS
(a protein phosphatase-1 binding protein). Overexpression of PNUTS decreases
Mdm?2 protein but not mRNA, and inhibiting proteosomal activity reverses this
effect. The mechanism of PNUTS activated Mdm?2 degradation is unclear. PNUTS
has no effect on the p53/Mdm?2 interaction and does not itself directly interact with
Mdm?2 [32]. Thus, in most instances, Mdm?2 appears to be down regulated in
hypoxia, although it is difficult to unravel the whole picture due to the different cell
types and hypoxic conditions used in the various studies.

Gain of p53 in Hypoxia

The response of p53 to hypoxia is its induction under extreme conditions.
Untransformed human fibroblasts exposed to 0.02 % oxygen have increased levels
of p53 after 2 h, reaching a peak at 5 h, which is maintained until 22 h. Restoring
the cells to normoxic conditions results in a return to basal expression levels after
1 h [17]. Hypoxia mimics, DFX (Desferrioxamine) and CoCl,, which inhibit the
PHD proteins that target HIF1a for degradation, also induce p53 in murine ES cells
[39]. This could indicate a role for HIFla in p53 stabilisation, but not enough is
known about other targets for the PHD proteins, which could also interact with p53.
p53 is not induced by hypoxia in some cell lines (MCF-7 and HCT116 cells, 16 h at
0.05 % O,) [39], suggesting that the mechanisms can vary depending on the cell
background. The kinetics of the response of HIF1a and p53 to hypoxia appears to
be slightly different, depending on both the severity and longevity of treatment.
Hammond et al. [20] found that whilst HIF1 o was induced at 2 % oxygen with simi-
lar kinetics to lower oxygen concentrations, pS3 was only stabilised under 0.02 %
hypoxia. Therefore, while p53 is induced in hypoxia like HIF1a, it is distinct in that
it is not as sensitive to the depletion of oxygen.

Up-Regulation of HIF 1« in Hypoxia Affects
the p53/MDM?2 Balance

There is considerable evidence for an interaction between HIFla and Mdm?2 that
does not require pS3 and leads to the stabilization of HIF1a [41]. Using in vitro GST
pull-down assays, Chen et al. [9] were able to demonstrate that HIF 1« binds strongly
to Mdm2, although, in contrast to other studies, they were unable to show a similar
interaction between HIF1a and p53. This suggests that the effect of hypoxia on p53
is primarily mediated by the interaction between Mdm2 and HIFla. However,
although unable to detect an in vitro interaction, they were able to show a p53/
HIFla interaction in vivo that was enhanced by increasing the levels of Mdm?2 [9].
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The consequence of this interaction appears to be that HIFla can inhibit Mdm2
ubiquitination of p53, leading to its stabilization and increased transcriptional activ-
ity. In an RKO cell line expressing HPV E6, p53 accumulation results from the
inhibition of E6 interaction with p53, without an effect on E6 protein levels [1].
Overexpression of HIF1a can inhibit p53 degradation caused by the overexpression
of Mdm?2 but not by the HPV E6 protein [9]. These data suggest that HIFl« inter-
acts with either p53 or Mdm?2, and inhibits Mdm?2 regulated p53 degradation.

HIFla has been shown to directly interact with Mdm2 in both normoxia and
hypoxia in cancer cell lines, and in both p53** and p53~~ backgrounds [38]. Since
Mdm?2 is a ubiquitin ligase and HIFla is itself targeted by the ubiquitin ligase
pVHL, it could be possible that part of the function of the HIF1o/Mdm?2 interaction
is to target HIF1a for degradation by the proteasome. However, there is no differ-
ence in the rate of HIF1a degradation after reoxygenation in Mdm?2 deficient cells.
Instead, overexpressing Mdm?2 actually increases HIF1a stability and its ability to
induce VEGEF transcription in hypoxia, although there is no effect under normoxic
conditions [38]. This effect has also been observed by LaRusch et al. [29], who
showed that knockdown of Mdm?2 or Nutlin3 treatment (a chemical inhibitor of the
p53/Mdm?2 interaction) reduces expression of VEGF or EPO reporters. Additionally,
they were able to identify the regions of HIF1o/Mdm?2 interaction. Pull-down assays
using truncated Mdm?2 located the HIF1a interaction to the same region as p53.
Examination of the sequence identified similarity between N-terminus of HIFla
(near to the DNA binding domain) and the p53, E2F, p73 sequences that bind to
Mdm?2. Mutation of the critical phenylalanine of the p53-binding motif of Mdm2
inhibits the interaction of Mdm?2 with HIF 1« [29]. Additionally, the HIF1o/Mdm2
interaction occurs independent of p53 but, unlike other studies, a HIF1o/p53 inter-
action was not detected [29]. This evidence points to HIFla competing with p53
for binding to Mdm?2. The Mdm?2/HIF 1« interaction could help to stabilize p53 as
well as HIF1a. However, since previous data suggest that Mdm?2 is down-regulated
by hypoxia, the conditions under which this interaction is relevant remains to be
established.

Evidence for a HIF1o/Mdm?2 interaction also comes from studies with specific
inhibitors of HIF1a. The chemical inhibitor YC-1 was shown to inhibit the accumu-
lation of HIF1a protein in hypoxia (HepG2 hepatocellular carcinoma cells at 0.1 %
0,), by inhibiting both the protein synthesis and stability of HIF1a [30]. Treatment
with YC-1 also down-regulates Mdm?2 in hypoxia, and transfection with an Mdm?2
overexpression vector rescues the effect of YC-1 on HIFla [30]. Finally, YC-1 is
able to inhibit the activity of the Mdm?2 promoter in hypoxia [30]. This data sug-
gests that YC-1 inhibition of HIFla is mediated through its regulation of Mdm?2.
Similarly, Apigenin (a dietary flavonoid), also inhibits HIFla through Mdm?2 in
hypoxia (1 % O, in an ovarian cancer cell line) [12]. Apigenin significantly affects
HIFla protein stability, but also slightly down-regulates HIFloo mRNA, and again
this corresponds with down-regulation of Mdm?2 [12]. Therefore, these studies with
chemical inhibitors highlight the importance of Mdm2 stabilisation of HIFla,
although differences in cell lines and oxygen concentrations make it difficult to get
a clear picture of when Mdm?2 stabilisation of HIFla is important.
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In conclusion, it is well established that there is an interaction between Mdm?2
and HIF1a that leads to the stabilization of HIF1a and does not require p53. In addi-
tion, there is also data to suggest that Mdm2 has a role beyond that of HIF in
controlling hypoxic gene expression.

Mdm?2 Regulates Hypoxia-Responsive Genes
in Normoxia and Hypoxia

Mdm?2 in Normoxia

Besides its role in hypoxia, HIF1a can have effects in normoxia, either when normal
mechanisms of HIF1a degradation are disrupted, or through stabilisation by growth
factors and other mechanisms [28]. Studies in normoxia reveal some of the mecha-
nisms of Mdm?2 interaction with HIF1a. In VHL defective Renal Carcinoma Cells,
HIFla and HIF2a are not degraded in normoxia and instead are constitutively
expressed. Down-regulation of Mdm?2 decreases expression of HIF1a and HIF2« at
the mRNA level, although the effect on protein stability has not been examined [8].
The regulation of classical “hypoxic” gene targets of HIF appears to be different,
suggesting a “hypoxic-like” role for Mdm?2. Loss of Mdm?2 results in an increase of
VEGF and PAI-1 expression, and a dramatic down-regulation of ET-1. However, in
the same cells, down-regulation of HIFla has no effect, and down-regulation of
HIF2a results in reduced expression of VEGF, PAI-1 and ET-1 [8]. These normoxic
effects are not due to p53, but instead to increased Erk1/2 signalling. In cells treated
with siRNA against Mdm?2, blocking Erk1/2 phosphorylation abolishes the effect of
Mdm?2 knockdown on PAI-1 and VEGF [8]. These data suggest a HIF independent
role for Mdm?2 in the expression of hypoxic gene targets mediated by Erk1/2.
However, it should be noted that these experiments were done under normoxic con-
ditions and so it is unclear if the same would have been true in hypoxia. In addition,
abnormal cancerous cells were used, and it is not clear how well the results apply to
normal cells.

HIFla can also be induced in normoxia, by stimulation of cells with growth
factors [31], such as IGF-1 and GDF-15 (Growth differentiation factor 15). Whilst
the mechanisms are poorly understood, they appear to be dependent on Mdm?2.
Bardos et al. [5] found that transient expression of Mdm?2 results in increased
HIF1a expression, in agreement with other reports. IGF-1 induces both HIF1a and
Mdm?2 irrespective of pS3 expression, however the induction of HIFla is signifi-
cantly impaired in the Mdm2/p53 double mutant. HIF1a induction occurs through
the PI-3K-AKT/PKB signalling pathway, since it is blocked with a PI-3K specific
inhibitor. Increased expression of HIF1a under these conditions occurs at the level
of protein synthesis rather than protein stability, since inhibition of protein synthe-
sis with cycloheximide decreases HIF1a induced by Mdm?2 in normoxia but not in
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hypoxia [5]. PI-3K inhibition has also been shown to block HIFla induction of
VEGEF [48]. A consequence of PI-3K inhibition is inhibition of Mdm2 expression
and phosphorylation. Forced expression of Mdm?2 is sufficient to restore expres-
sion of VEGF [48]. This provides evidence for a role for Mdm?2 in the expression
of HIFl« target genes. The growth factor GDF-15 can also induce HIF1a [49].
Mdm?2 is significantly up-regulated after GDF-15 treatment, leading to pS3 degra-
dation. Treatment with Nutlin3 abolishes this interaction and also prevents GDF-
15 induction of HIF1a and VEGF, however interactions between HIF1o and Mdm?2
were not examined [49]. Therefore, there is a strong case for Mdm2 involvement
in HIF1a gene regulation under conditions where HIFla is induced by growth fac-
tors (see Fig. 11.1).

Mdm?2 in Hypoxia

Mdm?2 directly influences the expression of certain hypoxia-regulated genes. In one
study, Mdm?2 and VEGF expression in HUVEC cells were shown to correlate under
hypoxia, and treatment with Nutlin3 was shown to block the accumulation of VEGF
and inhibit tube-formation [35]. In another study, MEF cells expressing Mdm?2 were
shown to have higher levels of VEGF than those that do not express the protein [58].
In addition, Mdm?2 was shown to increase in the cytoplasm and decreases in the
nucleus under hypoxia in a human neuroblastoma cell line, and also to interact
directly with the 3'UTR of VEGF mRNA [58].

The ability of Mdm?2 to control the expression of downstream hypoxic targets as
well as its interaction with HIF1a has implications for cancer therapy. Nutlin3 is a
chemical inhibitor of the Mdm?2/p53 interaction that has great potential for cancer
therapy. By blocking this interaction, it is possible to reactivate pS3 in tumour cells,
leading to cell death. Nutlin3 has also been shown to block the Mdm2/HIF 1« inter-
action [29] augmenting its anti-cancer potential because, as mentioned above,
Mdm?2 can stabilise HIF1a in hypoxia. Nutlin3 was found to radiosensitise prostate
cancer cells, independent of p53 [50], perhaps due to this effect. Additionally,
Nutlin3 was shown to inhibit HIF1a production in hypoxia, leading to reduced
expression of VEGF that is independent of p53 [40]. A different analysis of the
mechanism of Nutlin3 inhibition of HIF1a however, found it to be pS3 dependent
and VHL independent [33], suggesting that the mechanisms could be dissimilar
under different conditions. Inhibition of HIF1a was found to be mediated through
blocking the Mdm?2/HIF1a interaction and reinforcing FIH/HIF 1« inhibition [33].
Blocking the MDM2/HIF 1« interaction could therefore inhibit tumour cells ability
to survive in a hypoxic environment.

In conclusion, Mdm?2 has a distinct hypoxic role, and is also of high importance
under conditions where HIF1a is induced under normoxic conditions. While this
feature is poorly understood, it is likely to be important in cancerous cells. High
Mdm?2 could have a double effect of inhibiting p53 tumour suppressor functions and
enhancing HIF1a gene targets that control angiogenesis and metabolism.
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p53 Regulates Gene Expression and Physiological
Functions in Hypoxia

p53 is Important for the Hypoxic Response

There is evidence for a physiological role for p53 in managing the organismal
response to low oxygen levels. Prolonged exposure of p53 knock-out and wild type
mice to a hypoxic environment (8 weeks in 10 % oxygen) results not only in differ-
ences in HIF1a and VEGF expression, but also physiological changes such as thick-
ened blood vessels [36]. Convincing evidence comes from changes in p53 in animals
adapted to life in oxygen-deprived environments. Intriguing studies of the subter-
ranean mole rat, Spalax ehrenbergi, have revealed that it has an altered p53. The
exchange of arginine to lysine at positions 174 and 209 mirrors changes often found
in human tumours and correlates with decreased expression of apoptotic genes but
increased expression of Mdm?2 and genes associated with cell cycle arrest and DNA
repair [3]. Mdm?2 is highly up-regulated under hypoxic conditions in Spalax in com-
parison to other rats, pointing to its importance in adaptation to hypoxia [4].
However, Mdm?2 is up-regulated in another animal adapted to low oxygen, the red-
eared slider turtle (Trachemys scripta elegans), although other p53 target genes are
affected [57]. Apafl, a regulator of apoptosis, is less dramatically activated in
Spalax in comparison to rats [4]. The p53 activated DNA repair gene p5S3R2 is sig-
nificantly induced in Spalax during hypoxia, however this is not the case in mice
[47]. Interestingly, Spalax does not develop tumours, either in captivity or in the
wild [47]. These studies show that in order to live in oxygen-depleted environments,
complex organisms have had to alter p53, and they suggest that there is a link
between p53’s role in adaptation to hypoxia and cancer.

P53 Responds Differently to Hypoxia and to DNA Damage

The transcriptional activity of p53 that is induced by hypoxia is different from the
activity induced by other stresses, in that it mainly represses rather than activates
downstream effector genes [26]. There is at least one exception. p53 can trigger
apoptosis in hypoxia by directly up-regulating Bnip3L, without affecting other tar-
get genes, such as Puma, Bax and DRS [13]. In contrast, knockdown of p53 de-
represses expression of the closely related gene, BNIP3 [14]. Binding of p53 to the
promoter of BNIP3 is required for the repression and unlike BNIP3L this repres-
sion occurs in hypoxia, highlighting that up-regulation of Bnip3L is highly specific
[14]. The microRNA miR-17-92 has been identified as one of the targets for p53
repression under hypoxia (0.1 % O,) [55]. Overexpression of this microRNA has
been found to inhibit hypoxia induced apoptosis and knockdown of p53 prevents
this inhibition during hypoxia, showing some of the intricacies of the hypoxic role
of p53 [55].
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The increase in pS3 due to hypoxia appears to occur through a different pathway
from the increase due to ionizing radiation. Cells expressing HPV E6 protein or
infected with HPV-18 have increased levels of p53 under hypoxia but not after
ionizing radiation [17]. HIFla is present in hypoxia in both phosphorylated and
unphosphorylated forms. The phosphorylated form of HIF 1« preferentially binds
to its dimerization partner ARNT, whereas the dephosphorylated form interacts
preferentially with p53 [51]. Geldanamycin, which induces the dephosphory-
lated form of HIF1a, inhibits p53 induction by hypoxia, but not by DNA damag-
ing agents, again suggesting hypoxia and DNA damage act to stabilize p53 by
different pathways [51]. The significance of p53 induction under hypoxia is not
entirely clear, as it is not necessary for the G1 checkpoint induced by the lack
of oxygen [17].

p53 Crosstalk with HIF 1

There is evidence for crosstalk between HIF1a and p53 in hypoxia, even though p53
is not required for the induction of HIF1a under hypoxia. HIF1a is required for p53
accumulation in the presence of hypoxia mimics such as DFX. HIF1a co-precipitates
with p53 under these conditions, suggesting that the interaction promotes p53 sta-
bility [2]. p53 is not induced by DFX in mouse ES cells in which HIF1a can not be
induced, due to the lack of HIF1p. Similarly, p53 is not stabilized under hypoxia in
a hepatoma cell line that is not able to produce HIF1a [2]. Prolonged exposure to
DFX, for 48—72 h, further increases the levels of p53 and Mdm?2, but reduces HIF1a.
This decrease in HIF1a under prolonged hypoxia depends on p53 and is indepen-
dent of Mdm?2, suggesting a negative feedback system [10]. Other studies have
shown that HIF1a binds to the DNA binding domain of p53 and p53 binds to the
Oxygen Degradation Domain (ODD) of HIFla [21, 44].

Additional components of the hypoxia pathway have been shown to interact with
pS53. pVHL is the E3 ubiquitin ligase responsible for the degradation of HIF1a fol-
lowing its hydroxylation in normoxia. Roe et al. [43] demonstrated that p53 can
directly interact with pVHL independently of either HIFla or Mdm?2, and interest-
ingly the regions of pVHL and p53 that interact are different from those involved in
the interactions with HIF1la and Mdm?2. The functions of this interaction are not
only to stabilize p53 and prevent its degradation via Mdm?2 but also to prevent its
translocation from the nucleus [43]. Furthermore, pVHL can induce p53 acetylation
and consequent transactivation, leading to the up-regulation of p53 target genes.
The induction of p53 target genes is also reduced when pVHL is knocked down,
showing that the endogenous protein has an active role in the p53 pathway [43].
Thus the interplay between HIF 1o, pS3 and their ubiquitin ligases pVHL and Mdm2
has important effects in both the induction of genes in response to hypoxia and the
induction of HIF1a by growth factors.
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p53 May Have Other Partners

HIF 1« appears to be required for the hypoxic accumulation of p53. However, p53
is only induced in extreme hypoxic conditions, that is, 0.02 % oxygen or in the
presence of a hypoxia mimic, whilst HIFla can be stabilized between 1 and 3 %
oxygen. p53 induction under hypoxia is both a function of severity and time, and if
left for long enough at less severe oxygen concentrations, p53 accumulation can be
observed. These differences in sensitivity to deprivation of oxygen imply that there
may be other factors that are required for the p53 hypoxic response and remain to
be discovered.

p53 Has Effects on Metabolism and Angiogenesis in Hypoxia

One of the key features of hypoxia at the cellular level is a switch from the TCA
cycle to the oxygen independent glycolysis pathway. This requires more glucose
uptake, in order to counter the energy deficit. Cancerous cells maintain this increased
uptake of glucose in the presence of high oxygen levels, which is known as the
Warburg effect. The up-regulation of the glucose transporters GLUT1 and GLUT4
is a key feature of the hypoxic response, and GLUT genes are regulated by HIFla.
HIF1a has been shown to regulate expression of Glutl and Glut3, in mice chrondro-
cytes [42]. Furthermore Glutl has been shown to be up-regulated in CHO cells
under hypoxia but not in cells where HIFla is not functional [52]. Interestingly, it
was discovered that GLUT1 and GLUT4 are targets for p53 repression [45]. Indeed,
mutation of the DNA binding domain of p53 results in up-regulation of both genes,
linking p53 to the Warburg effect [45]. In addition to a role in repressing elements
of the glycolysis pathway, p5S3 has also been shown to induce the expression of
TIGAR (TP53-induced-glycolysis and apoptosis regulator). Expression of TIGAR
inhibits glycolysis and protects cells from oxidative stress [6]. One of the features
of the Warburg effect is the increased production from pyruvate of lactate, rather
than acetyl-CoA. This switch is mediated by Pdk2, which can inhibit Pdc, the cata-
lyst for the conversion of pyruvate into acetyl-CoA and entry into the citric acid
cycle. p53 can repress Pdk2 transcription, thus loss of p53 leads to more lactate
production [11]. A further example of p53’s ability to restrict the use of glycolysis
for energy production is that, in p53~~ MEFs, there is an increase in the rate of
glucose uptake and an increase in Glut3 expression, although there is no effect of
p53 on Glutl or Glut4 expression [24]. p53 can also regulate aerobic respiration,
through the ability to induce transcription of GLS2 (Glutaminase 2) that converts
glutamine to glutamate [22].

Angiogenesis is an important process during development, but occurs rarely in
the adult. Angiogenesis is important for tumour growth since, although tumours are
often adapted for hypoxic conditions, they still need to be supplied with nutrients
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and oxygen in order to continue expanding. Unsurprisingly then, p53 has been
identified as having properties that inhibit angiogenesis. Correlations have been
observed between p53 expression and VEGF expression and micro-vessel density
in different tumour types [23, 15]. Indeed, loss of p53 function has been shown to
lead to increased VEGF and vascularization in tumours [56]. Another mechanism
by which p53 could regulate the hypoxic response in tumours is via expression of
microRNAs. p53 regulates the expression of miR107, which can target the binding
partner of HIFla, HIF1f, leading to decreased hypoxic gene expression.
Overexpression of this miR in mice suppresses VEGF expression and angiogenesis,
and in tumours its expression inversely correlates with HIF1p [54]. Therefore, the
importance for p53 as a counterbalance for HIFla during chronic or extreme
hypoxia is reasonably well established, as is its importance in preventing the activa-
tion of key angiogenic and glycolytic pathways that are essential for tumour growth.

A Need for Further Study

It is clear that there is significant crosstalk between Mdm2, HIF1a and p53, which
all have important roles in the hypoxia pathway. The specific roles of Mdm2 and
pS3 are clearly dependent on the severity of hypoxia; however, more in depth studies
are required to examine the effects of duration of hypoxia since prolonged mild
hypoxia could have a similar effect to severe hypoxia. In addition, some cells are
more sensitive to hypoxia than others, and given the importance of adaptation to
prolonged hypoxia for cancer cells, their response may be completely abnormal.
The roles of p53 and Mdm?2 under hypoxia are distinctly different to those in
response to DNA damaging agents. The importance of p53 for gene regulation
under hypoxia is highlighted by the identification of its modification in animals
specially adapted to low oxygen environments. Indeed, since it is more likely that
tissues will experience hypoxia than extensive DNA damage during their existence,
it could be argued that the hypoxic role of Mdm?2 and p53 is the most prevalent.

Both p53 and Mdm? are reported to be able to interact with HIF 1, although the
consequences of these interactions are different. Mdm?2 functions to stabilize HIF1a
whilst p53, at least in one study, appears to be important for HIF1a degradation. In
response to growth factors, the Mdm?2 mediated stabilization of HIF1a is apparently
p53 independent. The interaction between HIF1a and p53 protects pS3 from Mdm2
mediated degradation. Whilst the function of HIF1a induction in response to growth
factors is not as well understood as its role in hypoxia, it is apparent that Mdm2
stabilisation is crucial in this process. HIF1a and p53 also share control of many of
the same genes involved in metabolism although their roles are opposing. Under
severe hypoxia p53 keeps metabolism in check, whereas in the hypoxic tumour
microenvironment, loss of p53 aids the cancerous cells by removing the brake from
metabolism.

The weight of evidence demonstrates that both Mdm2 and p53 are important
players in the HIF 1 regulated hypoxia response pathways, with important implications
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for cancer and the development of tumours in the hypoxic microenvironment. Both
pS53 and Mdm?2 have distinct roles, as has been identified by the numerous studies
described here. However, more work needs to be done to build up a consistent story;
inconsistencies likely arise from the use of different cell lines in different oxygen
concentrations for different periods of time, and constructing a definitive story for
Mdm?2 and p53 in hypoxia will require these issues to be addressed.

Given the established importance of hypoxia in cancer progression and treat-
ment, a clearer understanding of, at the very least, the interactions between these
regulators could be expected to contribute to better therapies.
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Chapter 12
MDM2 Overexpression, Activation
of Signaling Networks, and Cell Proliferation

Swati Palit Deb, Shilpa Singh, and Sumitra Deb

Abstract Frequent overexpression of MDM2 in human cancers suggests that the
protein confers a survival advantage to cancer cells. However, overexpression of
MDM?2 in normal cells seems to restrict cell proliferation. This review discusses the
cell growth regulatory functions of MDM?2 in normal and genetically defective cells
to assess how cancer cells evade the growth-restricting consequence of MDM2
overexpression. Similar to oncoproteins that induce a DNA damage response and
oncogene induced senescence in non-transformed cells, MDM?2 induces G1-arrest
and intra-S phase checkpoint responses that control untimely DNA replication in
the face of genetic challenges.

Keywords MDM?2 ¢ Oncogenesis ® p53 ¢ Cell cycle « Unscheduled DNA replica-
tion Akt signaling

MDM2, the Oncoprotein

It has been more than two decades since the human homologue of the mouse double
minute-2 (mdm2) gene was discovered as an oncogene. The gene was found in
amplified double minute chromosomes in a spontaneously transformed and tumori-
genic cell line known as 3T3DM. In addition, artificial amplification of mdm?2
genomic DNA in murine cells induced tumorigenesis. These observations suggested
the oncogenic consequences of mdm?2 gene amplification [1], and were followed by
the findings that the mdm2 gene is amplified and overexpressed in 17 of 47 sarco-
mas, and 5 out of 5 sarcomas with mdm?2 gene amplification did not have a p53 gene
mutation commonly found in human tumors [2]. These findings, along with the
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observation that MDM2 complexes with wild-type p53 [3], led to the conclusion
that the oncogenic function of MDM?2 is due to its ability to interact with WT p53
and inhibit its ability to activate transcription of its target genes. It was thought that,
since MDM2 acts by inactivating p53, MDM2 overexpression in tumors carrying
p53 mutations does not confer any further selective advantage.

Subsequently, MDM2 was found to be overexpressed in various human tumors,
either due to gene amplification and gain of copy number, or due to enhanced
expression at the level of protein or RNA (reviewed in [4-6]). A single nucleotide
gene polymorphism (snp) in the promoter region of MDM?2 (snp 309) was found to
enhance MDM?2 expression by enhancing the affinity of the promoter sequence for
the transcription factor spl [6]. The gene polymorphism has been associated with
MDM2 expression and a higher risk of cancer in some studies [7].

Although amplification of the MDM2 gene was originally observed in soft tis-
sue sarcomas with WT p53, occurrence of p53 mutation and MDM2 overexpres-
sion are not mutually exclusive in human cancers [4, 5, 8]. In many studies, MDM?2
overexpression was observed along with p53 mutation [9—12], while several groups
reported MDM?2 overexpression without gene amplification (reviewed in [4]).
Furthermore SNP T309G polymorphism of the MDM?2 promoter region, known to
enhance MDM?2 expression, has been reported in cancers with p53 mutations [13,
14]. These evidences indicate that cancers bearing pS3 mutations may also overex-
press MDM2. Whether these two oncogenic events cooperate with each other in
establishing oncogenic phenotypes or are selected in a cell type- or tumor-specific
manner remains to be established. Since both gene aberrations are considered to be
early events during oncogenesis, and occur frequently in various cancers [15],
present evidences do not exclude the possibility that their joint appearance could
be co-incidental. However, accumulation of the two proteins in a certain tumor
may alter the biochemical nature of the tumor, its growth characteristics as well as
clinical outcome depending on the occurrence of other gene mutations in the same
tumor. Some studies have reported a worse prognosis for tumors carrying p53
mutation and overexpressing MDM?2 [9], and this observation was supported by
studies in transgenic mice that show a higher incidence of tumor formation in
pS53-knockout mice overexpressing MDM2 compared to MDM?2 transgenic or
pS53-knockout mice [16].

Function of MDM?2 in Non-cancerous Cells

The presence of MDM2 during embryogenesis is essential to control accumulation
and growth suppressive effects of WT p53 [17, 18]. Thus, the embryonic lethality
posed by MDM2 deficiency could be rescued by deletion of WT p53.

The p53-independent functions of MDM2 have met with skepticism due to the
fact that studies in mouse models did not show an overt phenotype in p53—/—
MDM?2—/— mice compared to p53—/— mice. However, the knockout mouse models
suffer from the limitation that MDM2 is a WT p53-inducible gene [19-21], and
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therefore compared to normal mice, p53—/— mice express lower levels of MDM2,
which cannot be induced under stress. Thus, phenotype comparison of
p53—/—:MDM2—/- and p53—-/- mice may not show significant biological
consequences. It is essential to generate knock-in MDM?2 mice expressing MDM2
mutants precisely inactive in the function under scrutiny. Such models for ubiquitin
ligase functions of MDM?2 have been generated [22, 23], and have been used to
understand the consequence of the p53-degrading function of MDM2. Generation
of similar mouse models would be important to determine the significance of
pS53-independent functions of MDM2. However, as discussed below, in cell culture
studies MDM?2 has been found to regulate crucial cell cycle regulatory genes in
normal cells [24-26]. Functional redundancy of crucial regulatory genes in higher
eukaryotes may defend a major phenotype alteration due to a single gene inactiva-
tion by the absence of MDM2.

Interaction of MDM2 with Known Growth Regulators

One of the indicators of biological or oncogenic functions of MDM2 would be the
proteins it interacts with. Consistent with its crucial role in cell growth regulation,
MDM?2 interacts with a large number of proteins [27]. Many of these interactions
have been related to the ability of MDM2 to regulate WT p53 levels or other ubig-
uitin ligase substrates, while the consequences of some of the interactions are
pS53-independent.

Interaction with p53

Since its discovery, MDM?2 is known to interact with WT p53 and inhibit p53-
mediated transcriptional activation [3, 28]. The p53-interaction domain of MDM?2
was needed for its ability to inhibit WT p53-mediated transcriptional activation
[28-31]. Subsequently, it was discovered that MDM2 degrades WT p53 due to its
ubiquitin ligase function, and thus controls its accumulation in cell [32-34]. In the
current literature, the pS3 degrading function of MDM?2 is considered to be the pri-
mary biological function of MDM?2 both in normal and cancer cells. Interaction of
MDM?2 with WT p53 has been studied extensively. Earlier studies implicated 100
amino acid residues at the N-terminus of MDM?2 in interacting with p53 [35, 36].
Later reports suggest that binding of p53 with MDM2 induces a conformational
change in WT p53 leading to secondary binding of the central acidic domain of
MDM?2 to the DNA-binding domain of p53 [37—40]. Consistent with these reports,
the central acidic domain of MDM?2 has been reported to interact with central
domain of tumor-derived mutants of p53 [41]. This observation argues for the pos-
sibility that conformation change due to mutation in the DNA-binding domain of
p53 facilitates its interaction with MDM2. These studies signify that functions of
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MDM?2 that regulate WT or mutant p53-mediated transcription are context depen-
dent, and respond to the need of the moment. Thus, phosphorylation and/or acetyla-
tion of p53 [40, 42-44] or MDM2 [39, 45-49] at various sites induced by UV or
ionizing radiation, DNA intercalating agents, or nucleotide analogues would protect
their mutual interaction, accumulating both proteins for respective functions.
Several excellent reviews are available that discuss the E3 ubiquitin ligase functions
of MDM2 [50-52].

Interaction with Other Growth Regulators

MDM?2 interacts with several growth or cell cycle regulators, such as retinoblas-
toma susceptibility gene product RB [53], E2F1/DP1 transcription factor [54], DNA
replication proteins (DNA polymerase € and 1) [55-57] and transcription factors
such as spl [58, 59], p65RelA [60] or RE-1 silencing transcription factor [26]. As
reviewed recently [27], MDM2 is also known to interact with the cyclin kinase
inhibitor p21, the catalytic subunit TERT of telomerase, Runt related transcription
factor 3, RUNX3 and with histones H2A and H2B, resulting in their ubiquitination
or degradation, while its interaction with other factors such as the growth suppressor
pl14/p19, and ribosomal proteins (L5, L11, L23, L26) regulates MDM?2-mediated
ubiquitination.

Interaction with Retinoblastoma Susceptibility Gene Product RB
and Transcription Factor E2F

Since RB and E2F1 are crucial S phase regulatory factors, their interaction with
MDM?2 may have implications for cell cycle regulation. Experiments in cultured
cells suggest several consequences of these interactions. Binding of MDM?2 with
RB interferes with the anti-apoptotic function of MDM2 [61], whereas overexpres-
sion of RB in cultured cells unmasks pS3-mediated apoptosis even in the presence
of elevated MDM2 levels. This study also reported that RB does not interfere with
the ability of MDM?2 to inhibit transactivation by p53. Instead, it prevents MDM2-
mediated p53 degradation, and rescues the trans-repression function of p53. MDM2
also induces proteasome-mediated ubiquitin independent degradation of RB [62].
Overexpression studies in human cancer cell lines have revealed that MDM?2
stimulates the transactivation function of E2F/DP1 complex through direct interac-
tion [54]. Several mechanisms have been proposed for MDM2-mediated activation
of E2F1. MDM2-mediated degradation of RB has been proposed to cause release of
E2F1, thereby activating its transcriptional function (reviewed in [63]). It has been
reported that in cancer cells containing WT p53, MDM?2 inhibits WT p53 transacti-
vation, reducing p21 expression, which in turn activates cyclin dependent kinases to
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induce RB phosphorylation and release E2F1 to become transcriptionally active
[64]. It is likely that a combination of these mechanisms contribute to MDM2-
mediated upregulation of E2F1/DP1 activity. However, studies in mouse models
demonstrate that targeted expression of MDM2 in mouse mammary gland leads to
accumulation of epithelial cells in S phase, and absence or increase in E2F1 expres-
sion does not alter this phenotype [65, 66], suggesting that MDM?2-mediated upreg-
ulation of E2F1 activity is not involved in the observed alterations in cell cycle.

Regulating the Cell Cycle

Given the oncogenic properties of MDM2, overexpression of MDM?2 would be
expected to impart a growth advantage to host cells. Instead, transient MDM?2 over-
expression from its cDNA establishes sharp Gl-arrest in non-transformed cells
[67]. Transformed cells derived from human tumors show partial resistance to
MDM?2-mediated G1-arrest, showing a slower rate of cell cycle transition [67].
Consistently, non-transformed cells do not show stable overexpression of MDM?2
from its cDNA suggesting that cells overexpressing MDM2 do not multiply. This
study identified the domains of MDM?2 required for Gl-arrest, deletion of which
abrogates MDM2-mediated G1-arrest, allows stable expression of MDM?2 in non-
transformed cells, and unmasks its tumorigenic property.

The G1-arrest function of MDM?2 does not explain why MDM2 is overexpressed
in cancer cells. The quest for the presence of an oncogenic form of MDM2 revealed
several splice variants with deletion or alteration in the growth suppressor domains
[68]. However, in most cases, predominant expression of unmutated full-length
MDM?2 was found [69]. Full-length MDM?2 cDNA isolated from human cancer
cells such as OsACL (osteosarcoma) or MCF-7 (breast cancer) cells efficiently
establishes G1-arrest in human diploid cells such as WI38 or MRCS5 [69]. This sug-
gests that cancer cells that overexpress MDM?2 escape the MDM?2-induced G1-arrest
function due to abnormalities in downstream cellular genes needed to establish
MDM?2-mediated G1-arrest. Thus, these mutations allow the cells to escape MDM2-
mediated Gl-arrest, while retaining or unmasking its tumorigenic functions.
Consistently, it is possible to stably express MDM?2 in many (but not all) cell lines
derived from human tumors [67].

Yet, several laboratories have generated transgenic mice or drosophila with
general or targeted expression of MDM?2. The observed phenotype of MDM?2 trans-
gene expression varies widely. Transgenic mice expressing MDM2 from the mdm?2
gene under the control of its own promoter showed an increase in spontaneous
tumor formation at a rate slower than in pS3—/— mice, with tumor formation of 50 %
heterozygous transgenic mice in 84 weeks and homozygous transgenic mice in
81 weeks, as opposed to 20 weeks by p53-null mice [16]. Furthermore, the MDM?2
transgenic mice showed increased sarcoma formation. These observations suggest
tumorigenic consequences of MDM2 overexpression, and implicate both p53-
dependent and independent tumor forming abilities of MDM?2.
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Targeted overexpression of MDM2 in mouse mammary gland from a bovine 8
lactoglobulin promoter induced during gestation and lactation [65] resulted in inhi-
bition of mammary gland development, but did not show signs of apoptosis. This
property was found to be p53-independent. In spite of inhibition of mammary gland
development and fewer numbers of epithelial cells present in transgenic mammary
glands, the epithelial cells were active in incorporating the nucleotide analogue
BrdU, suggesting accumulation of cells in S phase. Consistently, the cells showed a
lack of cell division. However, this study also reports increase in tumor formation in
the retired breeders of MDM2 transgenic mice. Although the mechanism of tumor
formation in these mice is not clear, the observation suggests a possibility that even
in the absence of induction, basal MDM?2 expression from beta lactoglobulin pro-
moter may induce tumor formation. Alternatively, aberrant DNA replication during
MDM?2 expression may cause gene abnormality, and some of this abnormal cells
may acquire selective growth advantage later in life. However this alternative pos-
sibility would argue for a “hit and run” mechanism not observed in the case other
oncogenes.

Expression of MDM?2 from its cDNA in wing imaginal discs of Drosophila
resulted in either gnarled or blistered wings along with a dramatic increase in apop-
totic cells. In the same study, MDM2 overexpression in the eye imaginal disc
showed either a small or rough eye phenotype with no signs of apoptosis.
Furthermore, no increase in cell proliferation was observed in either case [70].

In a separate study [71], transgenic mice overexpressing MDM2 from pCMV
promoter showed skin abnormality (desquamation and hyperkeratosis) in new born
mice, thickening of epidermis and altered expression of differentiation markers,
increased numbers of cells synthesizing DNA and undergoing apoptosis in adult
mice, but no significant increase in tumorigenesis. A more detailed study by this
group [72] reported that targeted MDM?2 overexpression in the granular layer of
epidermis using a human K14 promoter generates similar changes as described
above, but with an increased incidence of chemical carcinogen-induced tumor
formation.

The variation in the phenotypes in the transgenic models as discussed above not
only suggests a cell-type specific and context specific consequence of MDM?2 expres-
sion, but also involvement of MDM?2 in multiple crucial cellular pathways. For exam-
ple, expression of MDM?2 in mouse skin [71] or wing of Drosophila [70] induced
apoptosis, but not in mammary epithelial cells [65]. Frequency of tumor formation
was higher in MDM2 transgenic mice generated by Jones et al. compared to targeted
expression in mammary gland [65] or the granular layer of the epidermis [72].

One obvious difference in the studies described above is the promoter that drove
MDM2 expression, and the second difference is the MDM?2 coding templates. Jones
et al. [16] used the normal MDM?2 promoter and genomic sequence. Given that
MDM2 expression is induced by stress or ionizing radiation by WT p53, one would
expect that this construct would maintain the normal cellular regulatory events and
MDM2 transcripts, except that in these mice the levels of MDM2 would be higher
than that in non-transgenic mice. Although cells isolated from these transgenic mice
show MDM2-mediated checkpoint arrest [25], this mechanism is utilized by the
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cells to maintain timely DNA replication. The frequency and latency period of
tumor formation observed in these mice argues for the possibility that a prolonged
increase in MDM2 expression limits the availability of WT p53 and therefore, over
time, selects for cells containing mutations. It would be interesting to determine if
splice variants of MDM?2 lacking the G1-arrest domains are also overexpressed in
this system, thus facilitating tumor formation.

Targeted overexpression of MDM2 in mouse mammary epithelial cells was
achieved by using a promoter that was induced by hormones during pregnancy
and lactation. As in the case of the transgenic mice developed by Jones et al.,
MDM2 overexpression would be predicted to lower WT p53 levels in mouse
mammary epithelial cells. However, inhibition of mammary gland development
and the presence of fewer epithelial cells suggest that a surge of MDM?2 expres-
sion prevented proliferation of mouse mammary epithelial cells, causing their
accumulation in the S phase. This observation is consistent with the report that
elevated levels of MDM2 induce intra-S phase checkpoint arrest [25]. Similarly,
expression of MDM2 from pCMV or GAL4 responsive HSP70 TATA promoters
(UAS-T) did not show oncogenic effects of MDM2. Thus, the results of these
studies show both oncogenic and growth suppression properties of MDM?2 [65,
70], perhaps by different mechanism.

Although presumably MDM?2 is overexpressed from its own promoter in human
tumors, the expression of MDM2 is often deregulated by various mechanisms.
Therefore, overexpression of MDM?2 may select for cells with additional mutations
to overcome MDM2-mediated growth arrest and checkpoint regulation. These
mechanisms are discussed in the following sections.

Controlling Expression of Cyclins
Expression of Cyclin A

The mechanistic basis of the dichotomy in the consequence of MDM2 expression
on cell growth and cell cycle regulation is not clear. The cell cycle regulatory function
of MDM2 is consistent with the fact that MDM2 interacts with several proteins,
such as RB or the transcription factor E2F, that are crucial for cell cycle regulation.
Consistent with its ability to induce Gl-arrest in apparently normal diploid cells
[67], MDM2 inhibits expression of cyclin A, which is required for cellular DNA
replication [24]. The inhibition is at the level of transcription, and requires factors
(WT p53, the cyclin kinase inhibitor p16 and the transcription factor BRG1) that are
needed for timely expression of cyclin A. Silencing of any one of these proteins
disables the ability of MDM2 to inhibit cyclin A expression [24]. These observa-
tions suggest that MDM?2 controls the timely expression of cyclin A during the G1
to S phase transition. If this pathway is deregulated due to genetic defects, MDM2
loses its control over cyclin A expression.
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Fig. 12.1 Proposed mechanism by which MDM2 restricts timely cyclin A expression [24]

Analysis of the sequence requirement revealed that MDM?2 requires amino acid
residues 58 to 109 for inhibition of cyclin A [24]. Although this domain overlaps
with the p53-interaction domain, the first 58 amino acid residues of MDM2 are
required for MDM2-p53 interaction but dispensable for inhibition of cyclin A [24,
29, 31]. Thus, a stable MDM2-p53 interaction is not a requirement for cyclin A
down-regulation. MDM2 harbors a SWIB (SWI/SNF complex B) domain, homolo-
gous to a conserved domain of chromosome remodeling factor BRG1-associated
factor, structurally capable of binding p53 at the MDM2-binding site [73]. BRG1
complexed with associated factors represses cyclin A expression. WT p53 recruits
this BRG1 complex to up-regulate p21 expression [74, 75]. MDM?2 overexpression
releases this complex from WT p53, thereby making it available to inhibit cyclin A
expression. The transcriptional repression of cyclin A expression by BRGI is
released by cyclin E, which ensures timely expression of cyclin A. In the absence of
the cdk4 inhibitor pl16, activated cyclin D-cdk4 complex releases cyclin E-cdk2
activity to phosphorylate RB and BRG1, thus releasing repression of cyclin A [76, 77].
Consistent with this model, Giono and Manfredi [78] have reported that silencing of
MDM?2 expression leads to an increase in the levels of WT p53 and its target cyclin
kinase inhibitor p21, and interaction of p21 with cyclin E-cdk2 complex, but it does
not lead to Gl-arrest. Since pS3-BRG1 interaction would not be challenged in the
absence of MDM2, p53 would recruit BRG1 to p21 promoter, and therefore BRG1
would not be available to repress cyclin A expression (Fig. 12.1).

As expected, therefore, the cyclin A inhibitory domain of MDM2 is capable of
inducing G1-arrest in apparently normal diploid cells such as WI38 or MRCS5, but not
in cancer cells such as H1299 or NIH 3 T3 that lack WTp53, BRG1 or pl16 [24].
Overexpression of cyclin A in apparently normal human diploid cells rescues G1-arrest
mediated by the cyclin A inhibitory domain of MDM2 [69]. Since inactivation of p53,
BRGI1 or p16 are frequent events in human cancer [79-81], MDM2-mediated inhibi-
tion of cyclin A expression and G1-arrest are desensitized in cancer cells. Consistently,
overexpression of cyclin A is a frequent event in cancer cells [69, 82, §83].

Transient transfection and promoter analysis in cultured cells have revealed
that MDM?2 is capable of up-regulating cyclin A promoter activity, implicating
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that a resulting increase in cyclin A expression would hasten DNA replication
and, consequently, cell proliferation [84]. Later studies have shown that the ability
of MDM2 to upregulate cyclin A is unmasked in cells with genetic defects that
deregulate cyclin A expression [24, 25]. Although an increase in cyclin A expres-
sion alone does not unleash DNA replication, it may contribute to the oncogenic
properties of MDM?2.

Expression of Cyclin D

Consistent with its ability to upregulate cyclin A expression in the absence of p53,
studies in lung cells isolated from p53-null MDM?2 transgenic mice or human
cancer cells expressing MDM?2 from an inducible promoter show that induction of
MDM?2 expression increases expression of both cyclin D2 transcript and protein
[25]. Conversely, knockdown of MDM2 reduces cyclin D2 expression in lung cells
derived from p53-null MDM2 transgenic mice.

How MDM2 activates cyclin D2 expression is yet to be determined. MDM?2
harbors the structural features of transcriptional regulators, including an acidic acti-
vation domain, Zn-finger motifs and a basic region. MDM?2 interacts with the
TATA-binding protein (TBP) [85] and TATA-associated factor TAFII250 [84, 86]
and controls expression of several genes [12, 58, 87, 88]. Therefore, MDM?2 may
control cyclin D2 expression due to its ability to regulate transcription by interact-
ing directly with transcription factors on the cyclin D2 promoter.

Cyclin D2 is a member of the family of D-type cyclins. D-type cyclins, (cyclin
D1, D2 and D3) are expressed in a cell-type specific manner and are functionally
redundant. After mitosis, cells make a decision in the early G1 phase whether to
enter or exit from the cell cycle to multiply or differentiate, respectively. D-type
cyclins are thus synthesized early in the G1 phase and commit the cells to a round
of cell cycle. Synthesis of cyclin D is thus growth factor dependent. Following
expression of D-type cyclins, after a point in the G1 phase (the restriction point)
cell cycle progression becomes growth factor independent [89]. Accordingly,
cyclin D2 is expressed in response to mitogenic signals such as growth factors
[90]. Therefore, MDM2 may activate cyclin D2 expression through its ability to
activate mitogenic signaling [26].

Controlling the Akt Signaling Pathway

The growth factor dependent activation of D-type cyclins requires the PI3-Kinase/
Akt signaling pathway [91-93]. The Akt signaling pathway transmits signals from
membrane bound receptors to regulate cell proliferation, survival and motility [94].
Mutation in genes that encode regulators of the Akt signaling pathway has been
found in many cancers, and these mutations have been correlated with poor



224 S.P. Deb et al.

prognosis [95-97]. MDM2 interacts with several components of the PI3-kinase/Akt
signaling pathway. Activation of PI3-kinase or Akt phosphorylation leads to
phosphorylation of MDM?2 at serine 166 and 186. Furthermore, MDM?2 interacts
with Akt [98]. Phosphorylation of MDM2 promotes its nuclear entry [99]. According
to the current model, nuclear localization of MDM?2 leads to p53-binding and deg-
radation. MDM2 also physically interacts with Akt2 and the translation elongation
factor EF1a, which is known to activate the PI4-kinase [100].

Interestingly, MDM2 activates the Akt signaling pathway [26]. Studies in lung
cells isolated from MDM?2 transgenic mice with a WT or p53-null background, and
human cancer cell lines with WT or mutant p53, show that upregulation of MDM2
expression activates, while its knock-down diminishes, Akt phosphorylation.
Primary mouse embryo fibroblast (MEF) cells from normal mice show higher effi-
ciency of phosphorylation of an AKT reporter plasmid compared to
p53—/—MDM?2—-/— MEF cells. Re-introduction of MDM2 in p53—/—:-MDM2-/—
MEEF rescues the Akt phosphorylating activity. MDM?2 also induces phosphoryla-
tion of a downstream target of Akt signaling, glycogen synthase kinase GSK3p, at
Ser 9 and activates PI3-kinase activity by repressing the expression of the regulatory
subunit p85 of PI3-kinase.

MDM2-mediated upregulation of cyclin D2, therefore, could be a consequence
of enhanced PI3K/Akt signaling. PI3-kinase is a central regulator of cyclin D2
expression. It may activate cyclin D2 by cooperating with the transcription factor
MYC [101, 102], by inactivating the transcription factor Foxo3a [103], or inactivat-
ing GSK3p by phosphorylation at Ser 9 [93]. Consistently, inhibition of PI3-kinase
activity inhibits increase in cyclin D2 expression mediated by MDM?2 [25]. It is yet
to be determined whether inhibition of PI3-kinase activity inhibits MDM2-mediated
cyclin D2 expression by inhibiting phosphorylation of MDM2 at Ser 166 and Ser
186, preventing its nuclear localization.

Controlling DNA Replication and Checkpoint Response

As mentioned earlier, transient overexpression of MDM?2 inhibits cyclin A expres-
sion in apparently normal diploid cells. Since cyclin A is required for initiation of
DNA replication, inhibition of cyclin A expression in these cells leads to inhibition
of DNA replication and consequently G1 arrest [24]. However, MDM?2 does not
inhibit cyclin A expression in cells that are defective in timely expression of cyclin
A, yet reduces the frequency of actively replicating cells, suggesting that MDM2
inhibits DNA replication in these cells [69]. Studies in cultured lung cells from p53-
null MDM?2 transgenic mice show that elevated levels of MDM?2 increase cyclin A
expression in the absence of p53 and leads to early S phase entry. However in spite
of early S phase entry, the lung cells from p53-null MDM2 transgenic mice show
fewer DNA replication origin firing events compared to lung cells from p53-null
mice at the onset of S phase [25]. Fiber analysis of replicating DNA from H1299
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cells expressing MDM2 from an inducible promoter showed similar inhibition of
origin firing [25].

The inhibition of DNA replication origin firing by MDM?2 at the onset of S phase
can be rescued by treatment with caffeine, an inhibitor of ATM and ATR kinases.
Consistently, MDM2 induces chkl phosphorylation at the onset of S phase [25].
Checkpoint kinases are known to restrict origin firing during normal unperturbed S
phase progression in response to single stranded DNA exposed at replication forks
[104—108]. A time course analysis of origin firing and induction of chk1 phosphory-
lation in synchronized cells revealed that MDM?2 specifically inhibits origin firing
and induces chk1 phosphorylation at the onset of S phase, considerably delaying S
phase progression. p53-null cells displays induction of chk1 phosphorylation and
restricted origin firing at a later time point [25].

Induction of the intra-S phase checkpoint response is known to inhibit origin fir-
ing by checkpoint-dependent phosphorylation and accumulation of mixed lineage
lymphoma (MLL) histone methyl transferase, which induces trimethylation of his-
tone H3 at lysine 4 (H3K4), thereby preventing CDC45 loading and delaying DNA
replication [109]. Accordingly, elevated levels of MDM2 cause accumulation of
MLL histone methyl transferase and checkpoint dependent trimethylation of H3K4,
implying that induction of chk1 phosphorylation by MDM2 inhibits firing of DNA
replication origins at the onset of S phase through accumulation of MLL and conse-
quent H3K4 methylation [25].

In metazoan cells, cyclin dependent kinases and cdc7 kinases phosphorylate the
minichromosome maintenance (MCM) proteins to activate MCM helicases, thus
inducing melting of double stranded DNA at DNA replication origins [106, 110].
Inhibition of this activity abrogates the checkpoint response induced by MDM?2.
Thus, MDM2 upregulates expression of cyclin D2 and, consequently, cyclin A
enhancing activation of origins (origin melting) and hastening S phase entry.
However, this activity generates an early chk1 phosphorylation in response to single
stranded DNA exposed at the replication fork, and inhibits further origin firing.

The current literature reports that several oncogenes overexpressed in various
cancers have growth restricting properties in non-transformed cells [111, 112].
Oncogenic Ras and Myc induce DNA damage and checkpoint responses [113-115],
and Raf-1 induces cell cycle arrest and senescence [116]. Signs of oncogene induced
senescence have been detected in pre-malignant lesions of human and animal
tumors [117]. Oncogene mediated growth suppression is considered to be a safety
mechanism to prevent untimely cell proliferation. Inhibition of origin firing and
chkl phosphorylation induced by MDM?2 is a novel cellular defense mechanism
that prevents unscheduled origin firing and DNA replication.

These observations signify that a compromised checkpoint response would
induce untimely origin firing by MDM2. ATR and Chk1 kinases are required for
cell survival [118], and inactivation of these kinases is not a frequent event in onco-
genesis. However, mutations in the downstream checkpoint pathways, such as
translocation of N-terminal MLL histone methyl transferase, are common in leuke-
mia, lung and other cancers [109, 119]. These MLL fusion proteins act as domi-
nant negative mutants of the WT protein, inactivating their functions and
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compromising the S phase checkpoint [109]. Overexpression or amplification of
MDM2 is also a frequent event in leukemia and lung cancer [5, 120]. Co-occurrence
of MLL translocation and MDM2 overexpression would lead to unscheduled origin
firing, which is known to induce gene abnormalities [107, 121, 122].

Controlling DNA Polymerases

MDM?2 is known to interact with more than one DNA polymerase. Using a yeast
two-hybrid system, Vlakovic et al. detected that MDM?2 interacts with the C-terminus
of the catalytic subunit of DNA polymerase € [57]. Using purified proteins, this
group also found that MDM2 stimulates the catalytic activity of this enzyme in vitro
[55]. DNA polymerase € functions as the primary leading strand replicase during
replication of the eukaryotic genome [123]. This enzyme is also known to translo-
cate the CMG (CDC45, MCM2-7 and GINS or Go-Ichi-Nii-San) complex for
progression of the CMG helicases [124]. Hence, stimulation of this enzyme by
MDM2 in eukaryotic cells may accelerate leading strand synthesis.

MDM2 has been shown to interact with DNA polymerase n known to be
involved in translesion DNA synthesis [56]. Using transient transfection of human
lung cancer cell lines, Jung et al. have shown that MDM?2 interacts with DNA
polymerase n and promotes its polyubiquitination independent of the presence of
WT p53. Knockdown of MDM2 increases expression of DNA polymerase n and
its localization on DNA. Transient knockdown of MDM2 also reduces sensitivity
of UV induced cell death. This study, therefore, implies that degradation of DNA
polymerase n by MDM2 would reduce DNA repair after DNA damage causing
cell death (Fig. 12.2).

Genome Abnormalities

In eukaryotic cells, during the G1/S transition and at different times during S phase,
a fraction of licensed replication origins are fired in a temporally regulated manner
[105, 125]. Firing of replication origins is regulated by checkpoint kinases during
normal unperturbed S phase. As mentioned above, unscheduled origin firing is
known to induce gene abnormalities [107, 121, 122]. Consistent with the observation
that MDM2 induces unscheduled origin firing [25], MDM2 has been implicated in
the generation of gene abnormalities [126]. Metaphase chromosome analysis of
splenocytes from aging mice by Lushnikova et al. [127] showed increased chromo-
some abnormalities (chromosome and chromatid break, fusion and aneuploidy)
with age. Similar analysis of splenocytes from littermate MDM?2 transgenic mice
reveals increases in chromosome fusion, aneuploidy and polyploidy, but not chro-
mosome breakage. This study also reports that MDM?2 overexpression leads to gain
in one or more chromosome with age, rather than loss. It is interesting to note that
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Fig. 12.2 Proposed pathway of MDM2-mediated oncogenesis

chromosome fusion, inter- or intra- chromosomal aberrations, and chromosome
gain are generated from perturbations in DNA replication [128, 129].

Bouska et al. have reported that introduction of a retroviral expression vector
increases chromosome and chromatid breaks in cultured cells lacking p53, presum-
ably due to viral integration, while increased MDM?2 expression using a retroviral
expression vector led to an increase in chromosome and chromatid breaks and
delayed DNA double strand break repair [130]. This effect has been related to
interaction between Nijmegen breakage syndrome protein, Nbs1. Nbsl is a compo-
nent of Mrell/Rad50/Nbsl DNA double strand break repair complex. The gene
encoding this protein is mutated in patients exhibiting Nijmegen breakage syndrome
due to compromised ability to repair DNA breaks. The study reports that MDM2
increased the number of DNA breaks introduced by retroviruses or gamma
radiation.
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Although the pattern of genome abnormalities introduced by MDM2 in the two
studies varied, the common theme in the two reports is that these abnormalities
require an additional gene defect, either acquired through aging or by chromosome
breaks introduced as a result of retroviral integration. These reports are consistent
with the observation by Ganguli et al. [72] that MDM?2 increases tumor formation
by chemical carcinogens, implying that introduction of gene damage by chemical
carcinogens is essential for oncogenic functions of MDM?2.

In summary, involvement of MDM?2 in a multitude of crucial cell growth regulatory
processes implies that functional deregulation of this protein could be a challenge
for timely progression of DNA replication, DNA repair and maintenance of genomic
integrity. Consistently, there are multiple levels of cellular defense mechanisms that
can be invoked to resist the cell proliferative consequences of MDM?2 overexpres-
sion, but which are violated by cancer cells. However, these observations also indi-
cate the crucial involvement of MDM2 during normal cell growth. Since MDM?2 is
induced in response to genetic challenges, the protein perhaps participates in initiat-
ing timely DNA replication during normal cell cycle or when induced.
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Chapter 13
p53-Independent Effects of Mdm2

Stephen Bohlman and James J. Manfredi

Abstract Mdm?2 is best known as the primary negative regulator of p53, but a
growing body of evidence suggests that Mdm?2 also has a number of functions inde-
pendent of its role in regulating p53. Although these functions are not yet well-
characterized, they have been implicated in regulating of a number of cellular
processes, including cell-cycle control, apoptosis, differentiation, genome stability,
and transcription, among others. It appears that Mdm2 exerts these functions
through a surprisingly wide variety of mechanisms. For example, it has been
shown that Mdm?2 can ubiquitinate alternative targets, can stimulate the activity of
transcription factors, and can directly bind to mRNA to regulate its stability.
Dysregulation of p53-independent functions could be responsible for the oncogenic
properties of Mdm?2 seen even in the absence of p53, and may explain why approxi-
mately 10 % of human tumors overexpress Mdm?2 instead of inactivating p53
through other mechanisms. As the p53-independent functions of Mdm?2 present
novel targets for potential therapeutic interventions, fully characterizing these cel-
lular and pathogenic roles of Mdm?2 will be important in the study of tumor biology
and the treatment of cancer.

Keywords Mdm?2 ¢ p53 » Oncogenesis * Ubiquitination

Mdm?2 (murine double minute 2 homolog) is best known for its role as a negative
regulator of the tumor-suppressor p53. Due to the ability of p53 to induce cell-cycle
arrest and apoptosis, tight regulation of this protein is necessary for normal cellular
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growth and development. The primary way this regulation is accomplished is
through interaction with Mdm?2 [26]. Mdm2 is a E3 ubiquitin ligase that ubiquitinates
p53 and targets it for proteasomal degradation [15, 17, 49]. Mdm?2 is also able to
directly bind the N-terminus of p53, inhibiting its activity as a transcription factor
for anti-proliferative genes [39]. Mdm?2 itself is a transcriptional target of p53, as the
Mdm?2 gene possesses a sequence-specific recognition site for p53 within an internal
promoter [23, 51]. In this manner, a negative-feedback loop is established, whereby
p53 transactivates its own inhibitor. In support of such a regulatory loop, studies of
p53 kinetics have shown that elevated levels of p53 following DNA damage decrease
in a series of dampened oscillations [29].

In response to various stress signals, the Mdm2-p53 interaction is disrupted.
Genotoxic stress causes p53 to undergo phosphorylation and acetylation at a
number of residues [1, 54]. However, studies have shown that these modifica-
tions are not inherently critical to p53 transactivation function, and are only
necessary to counter Mdm?2 regulation [13, 58, 61]. This suggests that the pri-
mary function of these post-translational modifications are the disruption of the
Mdm?2-p53 interaction. A number of other mechanisms for regulating this have
been characterized. Of note is the inhibition of Mdm2 by either pl142RF in
response to oncogenic signaling [53] or several ribosomal proteins in response
to ribosomal stress [72].

The importance of the Mdm2-p53 relationship to normal cellular development
was dramatically illustrated by the homozygous deletion of Mdm2 in mice, which
results in lethality at the blastocyst stage due to aberrant apoptosis. Strikingly, this
phenotype can be completely rescued by the concomitant deletion of p53 [20, 41].
Recently, it has been demonstrated that although p53 transactivation of Mdm?2 is
necessary for a normal DNA damage response, p5S3-independent basal expression
levels of Mdm?2 are sufficient for regulation of p53 in most tissues under homeostatic
conditions. This was demonstrated by the use of a transgenic mouse model in which
basal levels of Mdm?2 are expressed from its p53-independent promoter, but has lost
pS53-inducible Mdm?2 expression [38, 47].

Disruption of the p53 pathway is critical for the development of cancer, as dem-
onstrated by the fact that over 50 % of human tumors contain p53 mutations [16].
Therefore, it is unsurprising that Mdm2 overexpression has been also been impli-
cated in tumorigenesis as an alternative method of inactivating p53 [30]. In one such
study, Mdm?2 was found to be overexpressed in 7 % of 3,889 human tumor samples
[40]. The highest frequencies of Mdm?2 overexpression were found in soft-tissue
sarcomas (20 %) and osteosarcomas (16 %), while other tumor types, such as leu-
kemias, lymphomas, and pancreatic carcinomas, showed little Mdm2 overexpres-
sion. Importantly, there is a negative association between amplification of Mdm?2
and mutation of p53 [45]. This association holds potential clinical implications in
the possibility of developing therapeutics that restore p53 function through the inhi-
bition of Mdm?2. Indeed, this is the rationale that underlies the investigation of
Nutlin-3, a small-molecule inhibitor of the Mdm2/p53 interaction, as a potential
therapy in cancers that retain functional p53 [27, 52].
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Consistent with its expected role in p53 regulation, ubiquitous overexpression of
Mdm?2 in transgenic mice predisposes them to spontaneous tumor formation.
Surprisingly, however, when Mdm?2 is overexpressed in mice in a pS3-null background,
an increased incidence of sarcomas is observed relative to p53-null mice alone [21].
This suggests that Mdm?2 overexpression can also promote tumorigenesis through
p53-independent mechanisms. This finding corroborated earlier reports that Mdm2
is able to transform cells in vitro, independent of p53 [3]. The increased rate of
sarcomas in these mice also parallels the high rate of Mdm?2 amplification in human
sarcomas. Targeted overexpression of Mdm2 to mammary gland tissue led to the
production of polyploid mammary epithelial cells in both p53+/+ and p53—/— back-
grounds, suggesting a p53-independent role for Mdm?2 in the regulation of DNA
synthesis and cell-cycle progression [34].

In addition to mutations and changes in expression levels, gene activity can
also be regulated through alternative splicing of mRNA. Studies of Mdm2 mRNA
splicing showed multiple different-sized transcripts and protein isoforms that vary
in their ability to bind to p53 [3, 14]. Analysis of Mdm2 mRNA in human ovarian
and bladder cancer samples showed the presence of alternative and aberrant splice
variants not found in normal tissue. Interestingly, four out of the five identified alternative
transcripts contained partial deletions of the p53-binding domain, and expression of
these isoforms in vitro confirmed their inability to interact with p53. However, all of
the alternative transcripts were able to transform NIH 3 T3 cells, indicating an
oncogenic property for these transcripts independent of pS3 [55]. Similar transcripts
have also been identified in glioblastomas, breast carcinomas, pediatric rhabdo-
myosarcomas, and oral squamous cell carcinomas [2, 37, 33, 50]. In total, over 40
different alternative splice variants have been identified in human tumors, most of
which lack the p53-binding domain. Although the exact function of these splice
variants is unknown, the fact that multiple splice variants are associated with
specific tumor types, and that most of these splice variants do not interact with p53,
suggest that these aberrant isoforms may play a pS3-independent role in promoting
tumorigenesis.

Although initial studies suggested that overexpression of Mdm?2 and mutation of
p53 were mutually exclusive in human tumor samples, this was later found to not be
the case in certain tumor types. Although the majority of soft-tissue sarcomas
contain one or the other, a significant proportion of tumor samples exhibit both an
overexpression of Mdm2 and mutation of p53. Interestingly, it was found that there
is a significant correlation between tumors containing changes in both proteins and
poor patient prognosis [7]. Another confirmatory study showed that the effect on
patient survival of Mdm2/p53 cooverexpression was greater than the additive effects
of each independently [67]. Additionally, high levels of Mdm2 mRNA expression
are correlated with an earlier age of onset of soft-tissue sarcomas [60]. Altogether,
these findings point to Mdm?2 having p53-independent effects in the process of
tumorigenesis.



238 S. Bohlman and J.J. Manfredi
p53-Independent Effects of Mdm2

How might such p53-independent effects occur? Although the regulation of p53
degradation is by far the most extensively characterized function of Mdm2, a
number of other functions have been described.

Since Mdm?2 is an E3 ubiquitin ligase, a straightforward hypothesis would be that
Mdm?2 ubiquitinates other proteins in addition to p53, targeting them for proteasomal
degradation as well. Indeed, Mdm?2 has been shown to target a number of other
proteins involved in cell-cycle regulation and apoptosis.

The Ras/Raf/MEK/ERK pathway couples cell-surface receptor signals to transcrip-
tion factors that regulate proliferation and differentiation, and mutations or alterations
in this pathway are found in many human cancers [10]. When this pathway is
activated, ERK phosphorylates Foxo3A, a transcription factor for cell-cycle regulatory
proteins. In this phosphorylated form, Foxo3A becomes a target for ubiquitination
by MDM2, promoting its degradation. As Foxo3 acts as a tumor suppressor, Mdm?2-
mediated down-regulation of Foxo3 could play a role in tumorigenesis in response
to oncogenic growth factor signaling [70].

Additionally, Mdm?2 has been shown to ubiquitinate the cell-adhesion protein
E-cadherin and target it for degradation via the 26S proteasome [69]. E-cadherin has
an extensively characterized role in the epithelial-to-mesenchymal transition that
occurs when tumors initiate metastasis. Downregulation of E-cadherin causes a loss
of cell polarity and cell-cell adhesion, and promotes cell motility and invasiveness;
these in turn lead to invasion of the blood stream and metastasis. Interestingly,
Mdm?2 overexpression occurs more frequently in metastatic and recurrent tumors
than it does in primary tumors [9, 28]. Overexpression of Mdm?2 is also associated
with a poor patient prognosis in a number of cancers [19, 24]. Thus, Mdm?2 overex-
pression could potentially promote tumor invasion and metastasis through the
downregulation of E-cadherin. However, whether or not this interaction is important
in tumor progression has yet to be confirmed.

Paradoxically, Mdm?2 has also been shown to target the transcription factor Slug
for degradation. Slug (also known as SNAI), is a member of the Snail family of
transcriptional repressors. It is a key promoter of the epithelial-to-mesenchymal
transition, which it stimulates by repressing the transcription of E-cadherin. This
was shown to occur through a p53-Mdm2-Slug complex; interestingly, mutant
and transcriptionally-inactive p53 inactivates the Mdm2-mediated degradation of
Slug [64]. Although Mdm?2 is normally thought of as an oncogene, its degradation
of an invasion-promoting protein suggests that under certain circumstances, Mdm2
can also act as a tumor suppressor.

Mdm?2 has also been shown to interact with the retinoblastoma protein (pRb), a
tumor suppressor gene that, like p53, has a major role in cell-cycle inhibition and
apoptosis. Unlike the Mdm2-p53 interaction, however, the Mdm?2-pRb interaction
is not mediated by ubiquitin ligation and degradation. In cells, Mdm?2 forms a complex
with pRb and disrupts the G1/S checkpoint by preventing pRb from binding to and
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inactivating certain members of the family of E2F transcription factors [68].
Interestingly, it has also been demonstrated that Mdm?2 forms a trimeric pRb-
Mdm?2-p53 complex, with Mdm?2 acting as a linker between these two transcription
factors. Binding of pRb to Mdm?2 does not inhibit pS3 binding; this stands in contrast
to other known regulators of the Mdm2-p53 interaction, such as p144RF, which act
by binding to Mdm?2 and inhibiting p53 binding. The pRb-Mdm?2 interaction is able
to inhibit Mdm2-mediated p53 degradation, but does not remove the ability of
Mdm?2 to inhibit p53 transactivation of its target genes [18]. The finding that pRb
impacts the apoptotic ability, but not the transcriptional activity of p53 suggests that
the apoptotic effects of p53 may be independent of transactivation [71]. The discov-
ery of cross-talk between the p53 and pRb pathways is particularly exciting, as these
are arguably the two most important pathways in the prevention of tumorigenesis.

Mdm?2 also impacts the pRb pathway through its interaction with E2F1 and DP1,
transcription factors that heterodimerize and activate genes involved in the G1/S-phase
transition. E2F1 contains a series of amino acids that are homologous to the
activation domain of p53. In contrast to its negative regulation of p53, Mdm?2
stimulates the transcriptional activity of E2F1/DP1, promoting progression into S
phase [36]. In addition, Mdm?2 increases degradation of the E2F1/DP1 complex,
and can prevent p53-null cells from entering E2F-mediated apoptosis [32]. Thus,
the Mdm2-E2F interaction both promotes cell growth through increased gene
transcription and prevents cell death by inhibiting apoptosis, two activities that are
hallmarks of tumorigenesis. However, whether or not the effect of Mdm2 on E2F1
is completely pS3-independent is unclear. One study has suggested that this effect is
mediated through inhibition of p53-dependent transcription of p21, the resultant
increase in cyclin-dependent kinase activity causing phosphorylation/inactivation
of pRb, which in turn stimulates E2F1 activity [12, 66]. These effects are not neces-
sarily mutually exclusive; it is possible that this occurs through both p53-dependent
and -independent mechanisms. The nature of the Mdm2-E2F]1 relationship and its
effect on cellular growth and tumorigenesis warrants further investigation.

The RING finger domain of Mdm?2, which is responsible for its E3 ubiquitin
ligase activity, also serves as a binding site for the closely related protein MdmX
[59]. Mice lacking MdmX have similarity to Mdm2-knockout mice, in that both
have an embryonic-lethal phenotype, although MdmX-null lethality occurs at a later
stage of development and is associated with cell cycle arrest. Both phenotypes can
be rescued by the loss of p53 [35, 48]. MdmX, despite possessing homology to the
RING finger domain of Mdm?2, does not possess E3-ubiquitin ligase activity. MdmX
also represses p53, but does not do so through p53 degradation [25]. It has been
suggested that Mdm?2 homo-oligomers have different functions than Mdm2-MdmX
heterodimers and can modify each other’s function and regulation. The growing
evidence surrounding the Mdm2-MdmX-p53 triumvirate suggests a complex
relationship between these proteins that modifies their functions, modifications, and
stabilities [62]. The interaction between Mdm2 and MdmX, and what role it plays
in the regulation of p53depdendent and -independent effects of Mdm2, remains an
active area of investigation.
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Recently, increasing evidence has been found that suggests that Mdm?2 overexpression
can cause genome instability in a p53-independent manner. As already noted,
targeted expression of Mdm?2 to the mammary gland in transgenic mice gave the
surprising phenotype of mammary epithelial cells that were hypertrophic and
polyploid, indicating that these cells had undergone multiple rounds of S phase
without mitosis. This effect was found to be p53-independent, as the same pheno-
type was observed in both wild-type and p53-knockout backgrounds [34].

The Eischen laboratory has reported an interesting interaction between Mdm2 and
Nbsl (also called Nibrin or NBN), a member of the Mrel1/Rad50/Nbs1 complex
(more commonly referred to as MRN) that functions in initiating DNA double-strand
break repair and activating cell-cycle checkpoints. Nbs1 is thought to localize the com-
plex to double-stranded DNA breaks and play a role in activation of ATM signaling.
Mdm?2 overexpression in p53-null cells induced chromosome breakage and delayed
DNA double-stranded break repair, but not in cells with a mutated form of Nbsl.
Through mutational analysis of their respective binding domains, it was demonstrated
that Mdm?2 directly interacts with Nbs1 and inhibits its function, leading to a delayed
DNA-damage response, possibly through reduction in ATM signaling. When this
Mdm?2-Nbs| interaction is disrupted, the rate of DNA damage repair is restored [4].

Genomic instability is a common characteristic of many cancers [43]. Previous
studies of Mdm2 overexpression had revealed that elevated Mdm?2 levels led to
increased chromosome/chromatid breaks, centrosome hyperamplification, and
aneuploidy [6, 63]. At that time, however, it was assumed these effects were
mediated by Mdm?2 repression of p53, as loss of p53 can also promote genome
instability [8, 11, 31]. However, recent evidence, such as the demonstration of
Mdm?2 inhibition of Nbsl, argues that Mdm?2 increases genetic instability directly
and in a manner independent from the instability caused through inhibition of p53.
This novel function of Mdm2 could have implications for cancer treatment, as it
presents a new target interaction for chemotherapeutic drugs, as well as the
appropriate clinical use of Mdm?2 inhibitors such as Nutlin [4].

Mdm?2, Transcription, and Translation

Although its primary role is involved the degradation of proteins, one unexpected
function of Mdm? that has been described is Mdm2-dependent regulation of trans-
lation. Mdm? is known to regulate the translation of p53 via two different mecha-
nisms. First, Mdm?2 has been shown to directly interact with p53-encoding mRNA
and impact its translation. Binding of p53-mRNA to the RING finger domain of
Mdm?2 stimulates translation of p53, while simultaneously inhibiting the E3 ligase
ability of Mdm?2 [42]. Fascinatingly, this suggests that while Mdm?2 negatively regu-
lates p53 on the protein level, it is a positive regulator of p53 on the mRNA level.
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In agreement with this, it has also been found that “silent” mutations of p53 — that
is, nucleotide changes of the gene encoding p53 that do not change its amino acid
sequence — have an impact on levels of p53 activity. Presumably, a silent mutation
could alter the secondary structure of mRNA, thus altering its regulation by mRNA-
binding proteins. This suggests that Mdm2-mRNA binding is an alternative method
through which Mdm?2 regulates p53 activity [5].

Secondly, Mdm?2 has been shown to ubiquitinate and target the ribosomal protein
RPL26 for degradation. RPL26 plays a critical role in the translation of p53-
encoding mRNA following DNA damage [57]. Under normal conditions, Mdm2
targets RPL26 for degradation, secondarily prohibiting translation of p53. In
response to DNA damage, the Mdm?2 inhibition of RPL26 is attenuated, causing a
rise in p53 translation [44].

Both of these mechanisms have been described as alternative methods by which
Mdm?2 regulates the activity of p53. In addition, they suggest additional mecha-
nisms through which Mdm?2 could regulate other cellular processes as well. Indeed,
it has been recently been shown that Mdm?2 binds to and stabilizes the mRNA
encoding Slug. In p53-null cells, Mdm?2 stabilization of Slug mRNA caused an
increase in the amount of Slug protein and induced Slug-dependent effects, such as
repression of E-cadherin and increased invasiveness [22]. The direct binding of
Mdm?2 to mRNA and altering its transcription is a novel mechanism by which
Mdm?2 could have tumorigenic effects independent of p53.

Future Directions

In conclusion, Mdm?2 has been shown to have a number of different functions
independent of its role as a regulator of p53. Through the demonstration of alternate
ubiquitination targets, its effects on genome stability, and interactions with mRNA
and ribosomal proteins, it is becoming increasingly clear that Mdm?2 regulates
cellular processes on a number of different levels. Although these p53-independent
functions are not fully understood, they may contribute to the role of Mdm?2 in
oncogenesis. As Mdm?2 is implicated in a significant portion of human tumors, these
functions present novel targets for potential clinical therapies. In order to provide a
clinical benefit, however, the exact nature of these p53-independent functions will
need to be further characterized.

Based on current knowledge, several avenues of research need to be pursued. For
one, over 40 different splice variants of the Mdm2 mRNA have been isolated from
normal and tumor cells [3]. Studying the potentially distinct biological roles of
these isoforms is likely to reveal more about the various functions of Mdm?2. The
finding that some human tumors express Mdm?2 splice variants that lack the
p53-binding domain suggests that these splice variants may contribute to oncogenesis
through p53-independent effects [55]. One interesting area of further study would
be to identify the effects of expressing these distinct splice variants in targeted tissues
to determine what role they have in tumor development.
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Additionally, given the variety of splice variants of Mdm?2, a more rigorous
analysis of Mdm?2 overexpression in human cancers is warranted. Simple mea-
surement of gene amplification or mRNA expression levels may not be truly
reflective of the actual protein levels of Mdm?2 and its variant forms in human
tumors. A more detailed analysis that takes into account the existence of distinct
isoforms will need to be performed in order to determine what isoforms are
expressed in specific tumor types. Mdm2 overexpression seems to be associated
with better prognosis in some tissue types, and worse prognosis in others [46].
However, these analyses have, for the most part, used methods that do not distin-
guish between splice variants. Comparing the expression of distinct isoforms in
tumor samples with clinical outcome data could reveal whether or not Mdm2
isoforms have an effect on patient prognosis and potentially explain this para-
doxical finding.

Nutlin-3 has been investigated for use as an agent that disrupts the Mdm?2-p53
interaction. However, as a small-molecule inhibitor of Mdm?2, it also has the poten-
tial to inhibit or alter p53-independent effects of Mdm2 as well. It has been shown
that Nutlin-3 can increase cell toxicity following DNA damage in p53-null prostate
cancer cells, where it acts as a radiosensitizer [S6]. Recently, Nutlin-3 has also been
shown to inhibit the epithelial-to-mesenchymal transition in p53-null cells by inter-
fering with the TGF-p1-SmadSnail/Slug axis [65]. The exact mechanisms by which
Nutlin-3 exerts pS53-independent effects remain unclear. Such findings have
important clinical relevance: traditional thinking would indicate that drugs such as
Nutlin would only be clinically useful in cancers that retain wild-type p53. However,
if Mdm?2 inhibitors are found to interfere with the tumor-promoting, p53-indepen-
dent effects of Mdm?2, they could potentially be useful as chemotherapeutic agents
in a much wider spectrum of tumors.

Given the central role of p53 in tumor suppression, it is unsurprising that most
research on Mdm?2 has been focused on its regulation of p53. Nevertheless, a growing
body of evidence suggests that Mdm2 has a number of other p53-independent
functions, both in normal cellular biology and tumorigenesis. The exact mechanism
of these functions, under which conditions they occur, and their significance to
oncogenesis have yet to be determined. As Mdm?2 emerges as an important player
in tumor development in its own right, fully characterizing its p53-independent
functions will certainly be important in the study of tumor biology and the development
of new therapies for the treatment of cancer.
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Chapter 14
Splice Variants of MDM2 in Oncogenesis

Melissa Rosso, Danielle E. Okoro, and Jill Bargonetti

Abstract Many types of human cancers overexpress MDM2 protein. A common
characteristic among these cancers is an associated increase in mdm?2 splice variants.
Provided here is a comprehensive list, based on a literature review, of over 70 mdm?2
variants. These variants are grouped according to in-frame versus out-of-frame status
and their potential (or ability) to be translated into isoform proteins. We describe the
putative functions for these mdm?2 splice variant mRNAs, as well as the mechanistic
drivers associated with increased mdm?2 transcription and splicing. The paradoxical
signal transduction functions of the most commonly studied variants mdm2-a,-b and
-c are addressed for their outcomes in the presence and absence of wild-type p53.
These outcomes vary from tumor promotion to growth arrest. Finally, we present
issues in the detection of endogenous MDM?2 protein and how many of the antibodies
commonly used to detect MDM?2 do not present a full picture of the cellular repre-
sentation of the isoform proteins. This review provides a focusing lens for individuals
interested in learning about the complexities of mdm2 mRNAs and their protein
isoforms as well as the roles MDM?2 isoforms may play in cancer progression.

Keywords MDM?2 e Splicing

Introduction

Many human cancers over-express MDM?2 and the mdm?2 gene locus produces a
diverse array of mdm?2 splice variants [1, 2]. Alternative splicing is predominantly
co-transcriptional [3] with approximately 6.3 alternatively spliced transcripts
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occurring per human gene [4]. The coordination of splicing with transcription
highlights the importance of alternative splicing in signal transduction. Unlike the
average human gene locus, the mdm?2 gene gives rise to more than the average 6.3
alternative spliced transcripts. Increased transcription and splicing of mdm?2 is asso-
ciated with increased tumorigenesis [1]. However, it is unclear exactly what biologi-
cal functions the alternative spliced mdm?2 transcripts contribute to tumorigenesis.
We reviewed the literature describing mdm?2 splice variants associated with onco-
genesis and found that at least 72 have been described. It has not been determined
how many of these splice variants express protein in cancer cells.

The association of high MDM?2 expression with tumorigenic potential was iden-
tified in 1991 in the Donna George laboratory [5]. In 1996, the Lunec group detected
increased expression of mdm2 splice variants in multiple tumor types [6]. The alter-
native spliced transcripts were named mdm2-a, mdm2-b, mdm2-c, mdm2-d and
mdm?2-e in order to contrast them with the full-length version called mdm2-fl [6].
Since 1996 the list of mdm?2 alternative spliced variants related to oncogenesis has
vastly increased (see Table 14.1). We will focus on the three most commonly found,
and best studied, exon skipped transcripts that can be translated into protein [23].

Table 14.1 Known MDM2 splice variant transcripts

Amino Predicted Apparent

Transcript acid protein protein

Group Mdm?2 variant size In frame number size (kDa) size (kDa) Reference

A Hdm365 365 Nuclear [7]
MYO-2 262 No [8]
MYO-3 269 No [8]
MYO-5 302 No [8]
MYO-6 313 No [8]
MYO-7 337 No [8]
MYO-10 371 No [8]
MYO-13 440 No [8]
MYO-14 485 No [8]
MYO-16 490 No [8]
MYO-17 514 No [8]
MYO-19 544 No [8]
MYO-21 575 No [8]
MYO-22 578 No [8]
MYO-27 724 No [8]
MYO-28 736 No [8]
MYO-29 763 No [8]
MYO-30 791 No [8]
MYO-31 893 No [8]
MYO-33 1,385 No [8]
Hdm2-1007 1,007 No [9]
Mdm?2-FB26 No [10]
Mdm2-FB28 No [10]

(continued)
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Table 14.1 (continued)
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Amino Predicted Apparent
Transcript acid protein

Group Mdm?2 variant  size In frame number size (kDa) size (kDa) Reference
Mdm2-FB30 No [10]
Mdm2-FB55 No [10]
Mdm2-Varl No [10, 11]
Mdm?2-219 219 No [12, 13]
Mdm?2-254 254 No [12]
Mdm2-H 386 No [14]
Mdm?2-LN229a 259 No [15]
Mdm2-LN229b 195 No [15]
Mdm2-LN18 234 No [15]
Mdm2-G116 201 No [15]
Mdm2-G150 211 No [15]

B MYO-1 252 Yes 84 9.6 [8]
MYO-4 285 Yes 95 10.9 [8]
MYO-8 351 Yes 117 13.4 [8]
MYO-9 360 Yes 120 13.8 [8]
MYO-11 405 Yes 135 15.5 [8]
MYO-12 405 Yes 135 15.5 [8]
MYO-18 486 Yes 162 55.8 [8]
MYO-20 546 Yes 182 20.9 [8]
MYO-23 621 Yes 207 23.7 [8]
MYO-24 654 Yes 218 25 [8]
MYO-25 660 Yes 220 25.2 [8]
MYO-26 717 Yes 239 274 [8]
MYO-32 1,095 Yes 365 41.9 [8]
Hdm?2-1338 1,338 Yes 446 50.7 [9]
Hdm2-1200 1,200 Yes 400 45.5 [9]
P2-Mdm2-10 1,338 Yes 446 50.7 [16]
P2-Mdm2-Cl1 906 Yes 302 34.6 [16]
Mdm2-N1_40 522 Yes 174 20 [17]
Mdm?2-KB2 732 Yes 243 27.9 [17]
Mdm?2-KB3 219 Yes 73 8.4 [17]
Mdm2-JN1 207 Yes 69 7.9 [17]
Mdm?2-DS2 364 Yes [17]
Mdm2-DS3 294 Yes 98 11.2 [17]
Mdm2-IS1 456 Yes 152 17.4 [17]
Mdm2-PM2 393 Yes 131 15 [17]
Mdm2-EU2 297 Yes 99 114 [17]
Mdm2-281 281 Yes 94 10.8 [12]
Mdm2-DelE 327 Yes 109 12.5 [13]
Mdm?2-DelF 303 Yes 101 11.6 [13]
Mdm2-FB29 1,074 Yes 358 41.1 [10]
Mdm2-FB25 750 Yes 250 28.7 [10]
Mdm2-Var2 Yes [11]

(continued)
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Table 14.1 (continued)

Amino Predicted Apparent

Transcript acid protein protein
Group Mdm?2 variant  size In frame number size (kDa) size (kDa) Reference
C Mdm2-A (Alt2) 941 Yes 295 33.8 75 [6, 18-20]
Mdm2-Al 798 Yes 270 22.6 55 [19, 21]
Mdm2-B (Altl) 707 Yes 217 24.9 48 [6, 12, 14,
17-20,
22]
Mdm2-C (Alt3) 1,016 Yes 321 36.6 85 [6, 14,
18-20]
Mdm2-D 449 Yes 132 15.1 30 [6, 19, 20]
Mdm2-E 303 Yes 102 11.7 16 [6, 19, 20]
Mdm2-F 1,391 Yes 468 53.7 85 [2, 14, 19]
Mdm2-G 1,361 Yes 444 50.9 85 [2, 14, 21]
Mdm?2-FL 1,526 Yes 491 55 90 [6]
Table 14.2 Common MDM2 transcripts associated with cancers
MDM2-A/ALT2 MDM2-B/ALT1 MDM2-C/ALT3
Cancer type (Exons 4-9) (Exons 4-11) (Exons 5-9) Reference
Colorectal No Yes No [9]
Ovarian Yes Yes Yes [6]
Bladder Yes Yes Yes [6]
Leukemia Yes Yes Yes [6]
Breast carcinoma Yes Yes Yes [12, 13, 22,
24, 25]
Soft tissue sarcoma Yes Yes Yes [1, 10, 17]
Hodgkin’s lymphoma Yes Yes Yes [22, 26]
Glioblastoma Yes Yes Yes [1, 15, 20]
Liposarcoma Yes Yes Yes [1]
Lung carcinoma Yes Yes Yes [1,27]
Oral squamous carcinoma No Yes Yes [8]
Burkitt’s lymphoma Not tested Not tested Yes [16]
Osteosarcoma Not tested Not tested Yes [16]
Pediatric rhabdomyosarcoma ~ Yes Yes Yes [10]

The most commonly detected isoforms are mdm2-a, mdm?2-b and mdm2-c. These
three mdm2 splice variants are found in human leukemia, soft tissue sarcoma,
Hodgkin’s lymphoma, glioblastoma, rhabdomyosarcoma, liposarcoma, and many
different carcinomas including ovarian, breast, bladder, lung and oral squamous cell
carcinoma (see Table 14.2). It is highly likely that the protein products MDM2-A,
MDM2-B and MDM2-C contribute to the diversity of the human cancer proteome
[23]. In addition to mdm?2 spliced variants potentiating cancer proteome diversity,
alternative spliced mdm?2 products have also been associated with a small nuclear
RNA processed form called hdm365 [7]. This suggests that some human mdm?2
transcripts may possess RNA-based functions.
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Transcripts of Human mdm?2 in Cancer

Two different promoters, P1 and P2, control transcription of the mdm?2 gene, giving
rise to two different mRNA messages that encode MDM2-FL [28]. The mdm?2 gene
has 12 exons and the P1 promoter drives transcription from upstream of exon 1 and
coordinates the splicing out of exon 2. The P1 promoter is responsible for basal
mdm?2 transcription and is controlled in part by NF-xB binding sites [29]. The P2
promoter drives transcription from upstream of exon 2 and is controlled by numer-
ous transcription factors. Directly adjacent to the P2 dependent promoter are two
binding sites for the transcription factor p53 and in response to stress p53 activates
mdm?2 transcription [28, 30]. Other transcription factor binding sites adjacent to the
P2 promoter include the Ets/Ap-1, E-box, RXR and Smad binding sites and GC
boxes (reviewed in [31]). The Ras signaling pathway can stimulate mdm?2 transcrip-
tion via the Ap-1/Ets sites [32]. TGF-f signaling stimulates transcription via Smad
2/3 transcription factors binding to the Smad binding sites and MYCN in neuroblas-
toma cells binds to the E-box near the P2 promoter [33, 34]. The GC boxes are the
regions that bind the Sp1 transcription factor. A single nucleotide polymorphism in
the GC box region, at position 309, that changes a T to G increases the affinity for
Sp1 binding to drive mdm?2 transcription [35]. Patients who are homozygous G/G
SNP 309 in the mdm?2 gene have increased susceptibility to multiple cancers [35,
36]. In addition, the tissue-specific RXRYy transcription factor and binding region in
retinoblastoma cells can activate P2 dependent mdm?2 expression [37]. High levels
of estrogen also activate mdm2 by activating P2 promoter transcription [38, 39].
While promoter usage has not been shown to be a factor in the alternative splicing
of mdm?2 transcripts, the robust signaling of oncogenes present in cancers often
drives P2 mdm?2 oncogene mediated transcription [40, 41]. We hypothesize that this
increased transcription from the P2 promoter changes the mdm?2 splice variant
isoform ratio.

In 2002, Bartel, Taubert and Harris summarized the existence of over 40 different
human tumor associated mdm?2 splice variants [2]. At that time the list of distinctive
mdm2 mRNAs was as follows: mdm2-fl, mdm2-a, mdm2-b, mdm2-c, mdm?2-d,
mdm2-e, mdm2-al, mdm2-kb2, mdm2-kb3, mdm2-jnl, mdm2-ds2, mdm2-ds3,
mdm2-isl, mdm2-gkl, mdm2-pm2, mdm2-eu2, mdm2-bl, mdm2-n, mdm2-fb25,
mdm2-fb26, mdm2-fb28, mdm2-f29, mdm2-tb30, mdm2-tb55, mdm2-281 bp,
mdm?2-219 bp, mdm2-254 bp, mdm2-f, mdm2-g, mdm2-h, mdm2-1n229a, mdm?2-
In229b, mdm2-In18, mdm2-gl16, mdm2-g150, mdm2-var2, mdm?2-varl, mdm?2-
delF, mdm2-delE, and mdm2-fb60 (see Table 14.1). These transcripts are found in
human cancers, but until recently, no corresponding endogenous protein products
had been detected. Many of the mdm2 splice variant transcripts produced by exon
skipping lack the coding region for the p53 interacting domain [2]. The most
common variants associated with many different types of human cancers (and miss-
ing the p53 interacting domain) are: mdm?2-a (lacking exons 4-9), mdm2-b (lacking
exons 4-11), and mdm2-c (lacking exons 5-9) (see Table 14.2). All three of these
have the potential to endogenously encode oncogenic proteins (see Table 14.3)
(reviewed in [23]).
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Table 14.3 Biological activity of MDM2-A, MDM2-B, and MDM2-C

Biological/
biochemical activity MDM2-A MDM2-B MDM2-C  References
Increases tumor formation Yes Yes Not Tested [42, 43]
in mice
Alters tumor spectrum Yes Yes Not Tested [42, 44]
in transgenic mice
Overexpression is Yes Yes Not Tested [42, 43]

incompatible with normal
mouse development,
or viability after birth,
in a wt p53 background

Transformation Yes Yes Yes [6]
of NIH 3 T3 cells

Overexpression inhibits Yes Yes No [26, 43, 45]
proliferation of cells
with wt p53

Increases proliferation No Yes Yes [26, 42, 45]
of some cell lines
with wt p53

Overexpression increases Yes Yes Yes [42, 44, 45]
proliferation of cells
lacking wt p53

Upregulates p21, Cyclin DI~ Yes Yes Not Tested  [26, 43]
and Cyclin E

Inhibits apoptotic signaling Not Tested Yes Not Tested  [42]
by upregulating p65 RelA

Binds Mdm2-FL Yes Yes Yes [24, 43, 45, 46]

Alternatively spliced mdm?2 transcripts in human cancer continue to be detected.
The list has increased in number beyond the previously identified 40 (see Table 14.1).
The most recent additions to the list of mdm?2 splice variants come from a study of
oral squamous cell carcinoma (OSCC). This study shows that mdm?2 splice variants
associate with increased likelihood to form OSCC [8] as mdm?2 splice variants are
detected in 89 % of oral squamous cell carcinoma [40]. Four splice variants in
OSCC are the previously identified mdm?2-b, mdm2-c, mdm2-pm2 and mdm2-eu2
(with mdm2-b found most often). Interestingly, 26 mdm2 OSCC variants are novel
isoforms. Those found to be in-frame range in size from 252 bp to 1,095 bp, and
were named: MYO-1, MYO-4, MYO-8, MYO-9, MYO-11, MYO-12, MYO-18,
MYO-20, MYO-23, MYO-24, MYO-25 and MYO-32. What is consistent for the
in-frame oral cancer variants is that they retain the MDM?2 ring-finger binding
domain. A significant number of OSCC mdm?2 transcripts are out-of-frame. These
range in size from 262 bp to 1,385 bp and were named: MYO-2, MYO-3, MYO-5,
MYO-6, MYO-7, MYO-10, MYO-13, MYO-14, MYO-17, MYO-19, MYO-21,
MYO-27, MYO-28, MYO-29, MYO-30, MYO-31 and MYO-33.

At least 72 mdm?2 alternative spliced transcripts have been identified in human
cancers. This number of 72 includes those 40 compiled in 2002 [2], the OSCC
transcripts [8], two novel transcripts that we documented that are driven from the
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P2 promoter (P2mdm?2-10 and P2mdm2-C1 [16]) and the RNA-based functional
form, hdm365 [7]. It is likely that the tally of 72 variable mdm?2 transcripts is an
underestimate because they continue to be identified. Moreover, while many
mdm?2 alternatively spliced transcripts have been detected, the identification of
endogenous MDM?2 splice variant polypeptides is still lacking. This is partially
due to a lack of specific antibodies to detect them. However, the fact that many of
the alternative and aberrantly spliced mdm2 messages are not competent to encode
protein suggests that some mdm?2 splice variants might function as regulatory
RNA molecules.

The ENCODE project consortium guidelines for functional elements of the
genome demonstrates that only a small percentage of the genome (2.9 %) covers
areas of protein-coding exons. Furthermore, 62 % of the genome represents
RNA molecules with only 5.5 % accounted for in protein-annotated regions [4].
Therefore, the majority of the functional RNA molecules encoded by the human
genome represent non-coding regions and for mdm?2 transcripts may indicate a
major RNA-based function.

Out-of-Frame Versus In-Frame mdm2 Transcripts

There are over 70 known splice variant transcripts and they represent alternatively
and aberrantly spliced mRNAs (see Table 14.1). Alternatively spliced mdm?2 tran-
scripts are those that result due to exon-exon splicing and give rise, more often than
not, to in-frame transcripts with the potential to produce protein [2]. Aberrantly
spliced transcripts represent those that result due to the use of cryptic internal splice
sites within the mdm2 exon or intron sequences [2]. Aberrant mdm?2 splicing pro-
duces transcripts that are mainly out-of-frame and these do not have the potential to
generate protein.

Of the known mdm?2 transcripts, approximately 46 % do not encode protein and
all but one of these is spliced out-of-frame to the full-length mdm2 transcript
(Table 14.1, group A). Group A represents this subset of numerous mdm?2 transcripts
generated in human cells. One major product in this group is the hdm365 transcript
(in Table 14.1) that potentially has an RNA-based function [7]. This transcript is
initiated from the P2 promoter of mdm?2 and retains exons 2, 3, 4 and 5 [7]. The
hdm365 transcript resides in the nucleus and is located at sites of mdm?2 transcrip-
tion [7]. This localization suggests a role for this mdm?2 transcript in splicing or
regulation of the mdm2 mRNA message.

The mdm?2 transcripts that are assumed, but not proven, to encode protein make
up approximately 41.7 % of the identified mdm?2 transcripts (Table 14.1, group B).
Group B represents both alternatively and aberrantly spliced mdm?2 transcripts. It is
not clear if these transcripts form protein in the cell, as the tools to properly identify
each potential MDM?2 protein isoform need to be developed.

The final category of mdm?2 transcripts accounts for 12.5 % of the known mdm?2
transcripts. They have been confirmed by in vitro translation assays to encode
MDM?2 protein isoforms (Table 14.1, group C). Interestingly, only MDM?2-FL,
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MDM2-A, MDM2-B, MDM2-C, MDM2-D and MDM2-E have been shown to
have a biological function in vitro or in vivo [6, 18, 24, 26, 42-44]. Furthermore,
none of these MDM2 protein isoforms except for the full-length MDM?2 (MDM?2-FL)
have been detected as expressed endogenously in cancer cells. Although there are
high levels of mdm?2 transcripts found in cancers, the level of transcripts do not cor-
relate with high MDM?2 protein levels [12, 17]. The reason for this may be due to
the absence of proper antibody epitope recognition since antibodies detect some,
but not all, MDM2 isoforms within the background of MDM?2-FL.

Full-length MDM?2, translated from exons 3—12, possesses both oncogenic and
tumor suppressive properties [31]. Translation of the MDM?2 protein begins in exon
3 and P2-derived transcripts are more efficiently translated than P1-derived tran-
scripts [30]. Some oncogenic properties of MDM?2 come from the ability of the
protein to interact with the tumor suppressor p53 and target it for proteasome-
mediated degradation [47]. However, MDM2 also interacts with the p53 mRNA and
increases the translation of p53 protein [48]. This apparent paradox for MDM2
function is increased in complexity by the fact that some mdm?2 splice variants have
the capacity to encode polypeptides that lack portions of the pS3 interacting domain
[2, 31]. Therefore, some of this paradoxical behavior may be explained by deter-
mining the functions of specific MDM?2 splice variant isoforms.

Mechanisms That Drive Alternative Splicing of mdm?2
Transcripts in Cancer

It is common to find a loss of splicing fidelity in cancer cells [49]. The mechanisms
responsible for changes in splicing in cancer continue to emerge. Evidence attri-
butes some of these changes to variations in cis-regulatory elements, sequences
within the RNA which effect splice-site usage and recognition [50]. Many Serine/
Arginine rich (SR) and heterogeneous ribonucleoprotein (hnRNP) splicing factor
proteins are up-regulated in cancers and these trans- acting splicing factors can
increase splicing events [49, 51, 52]. The oncogene c-MYC drives upregulation of
specific splicing factors including polypyrimidine-tract binding protein (PTB) and
hnRNP A1l and A2 (reviewed in [51-53]). With oncogenes driving alternative splic-
ing, it is not surprising that alternatively spliced transcripts of mdm2 are found in
many different cancers (see Tables 14.1 and 14.2). The mdm2 splice variants mdm?2-
a, mdm2-b and mdm?2-c result from exon skipping. This exon skipping occurs
because some mdm?2 introns have a defective polypyrimidine tract, a cis-regulatory
element important for splicing factor binding and 3’ splice site recognition [21]. The
splice variants mdm2-d and mdmZ2—e on the other hand result from an aberrant splic-
ing mechanism that does not use the normal exon-intron boundaries [21].
Interestingly, some known aberrantly spliced mdm?2 transcripts have a common
splicing pattern due to sequences of high homology in the mdm2 transcript that
serve as cryptic splice donor and acceptor sites for splicing factor binding [2].
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Alternative splicing of mdm?2 transcripts and transcription from the P2 pro-
moter are also driven by genotoxic stress conditions such as cisplatin or ultraviolet
radiation [22, 25]. Some splice variants produced under genotoxic stress condi-
tions, like mdm2-b, are seen at high frequency in cancers [40]. A conserved cis-
regulatory element in intron 11 of the mdm?2 gene promotes this stress-induced
regulation of mdm?2 splicing [40]. Stress-induced splicing, in particular that seen
with cisplatin treatment, induces co-transcriptional mdm2 exon skipping through
disruption of the EWS-YBI interaction [41]. EWS is a protein that interacts with
the RBP7 subunit of RNA pol II and YB1 interacts with the spliceosome [54, 55].
The stress-induced cotranscriptional exon skipping of mdm2 produces mdm?2 vari-
ants missing the p53 interaction domains. Therefore, exon skipping may help to
promote a more robust p53 response by inhibiting the production of MDM?2 that
interacts with p53 [41].

The Biological Functions of Ectopically Expressed
MDM2-A, MDM2-B, and MDM2-C

The biological outcomes of ectopically expressed MDM2-A, MDM2-B, and
MDM2-C range from growth activation to growth inhibition under different circum-
stances (see Table 14.3). The variable outcomes are associated with the presence or
absence of wild-type p53 protein. For example, if wild-type p53 is expressed then
MDM2-A transgenic homozygous mouse pups die of unknown causes shortly after
birth [43]. The only mice that survive with MDM?2-A are hemizygous [43]. However,
in a p53-null background homozygous mice survive and the expression of MDM2-A
alters the tumor spectrum of transgenic p53-null mice toward increased T-cell lym-
phomagenesis [44]. Additionally, p53 heterozygous mice crossed with MDM2-A
expressing transgenic mice develop aggressive mammary tumors [44]. Furthermore,
the expression of MDM2-A in p53-null mouse embryo fibroblasts (MEFs) pro-
motes cell transformation [44]. The exogenous expression of MDM2-A in wild-
type MEFs inhibits cell growth. This inhibition of cell growth correlates with an
increase in p53 transcriptional activity and high p21 protein levels [43]. Similarly,
in the immortalized primary BJ fibroblast cell line ectopic expression of MDM2-A
up-regulates p21 along with Cyclin D1 and Cyclin E [26]. Exogenously expressed
MDM2-A interacts with endogenous MDM?2-FL and activates wild-type p53 activ-
ity thus explaining some of the differences seen in a p53-null background [43].
Similar to MDM2-A, exogenous expression of MDM2-B also has differential
outcomes in the presence or absence of wild-type p53. The exogenous expression of
MDM2-B in transgenic mice is not compatible with normal development [42]. Only
when MDM2-B is expressed under a promoter with limited tissue expression are
mice able to survive. The transfection of the mdm2-b into NIH/3T3 cells increases
cell proliferation and transformation capabilities [42]. Interestingly, the expression
of MDM2-B in NIH/3T3 cells interferes with the induction of apoptosis without
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affecting p53 stability or activity and is linked to an increase of p65 RelA protein
levels [42]. Surviving MDM2-B transgenic mice with tissue specific expression
have increased tumorigenesis that correlates with this increase in p65 protein levels
[42]. MDM2-B expression also increases cell proliferation in p53-null, ARF-null
and Rb-null MEFs, therefore indicating a p53-independent mechanism of action
[42]. However, other studies show exogenously expressed MDM2-B interacts with
MDM2-FL protein localizing MDM2-FL to the cytoplasm in numerous cell lines to
allow wild-type p53 protein to be activated [24, 46]. Ectopic expression of MDM2-B
also up-regulates p21 expression in immortalized BJ fibroblasts correlating with an
inhibition of cell proliferation [26].

Our laboratory works on the MDM2-C splice variant. Unpublished studies from
our laboratory were presented at the 2011 MDM?2 Workshop in New York City
and were recently published [45]. We have designed a specific antibody toward
MDM2-C to detect the endogenous MDM2-C protein isoform and we have explored
the biological functions of MDM2-C. Exogenous expression of MDM2-C in the
presence or absence of p53 in H1299 lung carcinoma cells showed increased colony
formation as compared to MDM2-FL or vector control [45]. Therefore, like
MDM2-A and MDM2-B, MDM2-C shows a p53-independent transformation func-
tion. Furthermore, the transfection of mdm?2-c in the presence or absence of p53 into
H1299 cells increased colony formation, indicated by transforming ability. The co-
transfection of mdm2-c and p53 into H1299 cells did not significantly decrease p53
transcriptional activity or change p53 protein levels and MDM2-C was also able to
interact with MDM2-FL [45]. Therefore, unlike MDM2-A and MDM2-B, MDM?2-C
does not increase the activity of wild-type p53. An in vivo mouse model has yet to be
carried out for MDM2-C. Until this is done, we will not know the full biological func-
tions of MDM2-C.

Detection of Endogenous MDM?2

There are a number of MDM?2 specific antibodies that detect the endogenous MDM?2
protein in cancer cells and cancer tissues (reviewed in [23]). These MDM2 antibod-
ies recognize epitopes of multiple MDM?2 domains including the amino terminus,
the central region, and carboxyl terminus of the protein. However, the MDM?2 anti-
bodies utilized to determine MDM2 protein levels in cancers are often to the central
region. Therefore, they are not appropriate to detect the majority of MDM?2 splice
variant isoforms. This is especially true since the main antibody used in immunohis-
tochemistry of cancer tissues for MDM?2 protein expression is IF2 (Ab-1). The epi-
tope of recognition for the IF2 antibody lies within amino acids 26—169, which
represents the p53-binding domain of the MDM?2 protein and spans exons 4 and 5
[19, 56]. Therefore, using the IF2 antibody (or any other antibody to a region deleted
by a splicing event) will not show a true representation of the levels of MDM?2
protein present in the cancer tissue.
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Work to examine the expression of endogenous MDM?2 splice variant protein
isoforms is being carried out in our laboratory. We generated a rabbit polyclonal
antibody to the MDM2-C isoform. The MDM2-C rabbit polyclonal antibody spe-
cifically detects MDM2-C, and not MDM2-FL, expressed by an in vitro translation
system [45]. This MDM2-C specific antibody also detects endogenously expressed
MDM2-C in cancer cell lines and cancer tissues. To our knowledge, we are the first
group to generate an antibody specific for an MDM?2 spliced variant protein iso-
form. The mdm2-c transcript is the third most common mdm?2 transcript found in
cancer cells and tissues [1]. Therefore, detection of the MDM?2-C protein isoform
may provide a new cancer biomarker. MDM?2 endogenous expression undoubtedly
results from a mixture of mdm?2 transcripts such as mdm?2-a, mdm2-b, and mdm2-c.
The proteins expressed from these transcripts are all potential cancer biomarkers. It
is important that these biomarkers be detected with the proper MDM?2 antibodies
that are specific for various isoforms. The use of antibodies to MDM?2 in the clinic
have led to the conclusion that cancers with high levels of spliced variant tran-
scripts have less MDM?2 protein [57]. In actuality, not detecting MDM?2 protein in
breast cancers with mdm?2 splice variant transcripts is a false negative [57]. Future
research needs to make use of MDM2 splice-variant specific antibodies, or anti-
bodies to either the extreme amino or carboxyl terminus of MDM2, in order to
evaluate the true nature of MDM2 protein expression in cancer.

Summary

The diverse array of mdm2 splice variants in human cancers suggests they have
functional significance and can serve as cancer biomarkers. To date, MDM?2 protein
biomarker studies have been carried out with antibodies that give false negative
results for the accumulation of MDM?2 isoforms lacking central regions of the poly-
peptide. Future MDM?2 biomarker studies must be carried out with consideration
given to detecting multiple isoforms. In order to detect multiple MDM?2 isoforms,
antibody reagents must recognize either the amino or carboxyl terminus of MDM?2
because as shown in Table 14.1 most mdm2 splice variants retain these regions.
Alternatively, future MDM?2 biomarker studies could make use of mixtures of anti-
bodies with specificity to the MDM2 amino and carboxyl termini as well as the
specific amino acid splice junction residues for focused splice variants.
Recommendations for future MDM?2 biomarker studies should combine new meth-
ods for the detection of mdm?2 splice variant RNA messages along with the detection
of multiple MDM?2 isoform proteins. This is because the MDM2 polypeptides and
RNA sequences may cooperate in the transformation process. The oncogenic
MDM?2 pathway is a central node in cancer progression that may make use of many
isoforms of the MDM?2 protein and mdm2 RNA and future research should center
on this exciting oncogenic hub.
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Chapter 15
Mdm2 and MdmX Involvement in Human
Cancer

Steven J. Berberich

Abstract Discovered in 1987 and 1997 respectively, Mdm?2 and MdmX represent
two critical cellular regulators of the p53 tumor suppressor. This chapter reviews
each from initial discovery to our current understanding of their deregulation in
human cancer with a focus on how each regulator impacts p53 function. While p53
independent activities of Mdm?2 and MdmX are noted the reader is directed to other
reviews on this topic. The chapter concludes with an examination of the various
mechanisms of Mdm-deregulation and an assessment of the current therapeutic
approaches to target Mdm?2 and MdmX overexpression.

Keywords Mdm2 ¢ MdmX ¢ p53 « E3 ligase * Gene amplification * Alternative
splicing

Introduction

The p53 tumor suppressor gene is the most frequently inactivated gene in human
cancers. The p53 protein is post-transcriptionally induced in response to a variety of
stresses internal and external to the cell and functions predominately as a transcrip-
tion factor. p53 activates genes and miRNAs that lead to cell cycle arrest, metabo-
lism, cellular senescence and apoptosis [53]. However early on p53 inactivation in
human tumors was viewed almost exclusively in terms of gene mutations. Based on
numerous studies it has been determined that 50 % of human cancers harbor p53
mutations, predominately missense mutations in its DNA binding domain [39].
These mutations inhibit p53 function leading to the inability to block the transmis-
sion of DNA damage to future progeny thus leading to enhanced tumorigenesis.
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So what about the other 50 % of human tumors that do not harbor mutant p53
genes? Is inactivation of the p53 signaling pathway in these tumors unnecessary?
One formative step towards answering these questions was discovering that the
p53 protein associated with a cellular protein of 90 kDa named the murine double
minute 2 (Mdm?2) protein [71].

Mdm?2 Discovery

Interested in understanding the origin and function of amplified DNA sequences
found on extra-chromosomal elements known as double-minute (DM) chromo-
somes, Dr. Donna George’s laboratory is credited with first discovering the mdm-2
gene as one of several genes cloned from DM chromosomes in a spontaneously
transformed line of mouse 3T3 cells [13]. Using a differential hybridization
approach a cDNA library cloned into lambda was separately screened (11,000
recombinant plaques) with radiolabeled probes constructed from 3T3-DM and A31
mRNA. Forty-eight plaques showed stronger signals from the 3T3-DM probes of
which 7 clones were determined to be true amplified sequences based on Southern
blot analysis of 3T3-DM DNA. Subcloning of the cDNAs from these seven clones
and a series of cross-hybridization experiments confirmed that they fell into two
classes, named mdm-1 and mdm-2.

Consistent with DNA amplification, Northern blot analysis confirmed that
both mdm-1 and mdm?2 genes were overexpressed in 3T3-DM cells relative to
other mouse fibroblast cell lines. The group went on to demonstrate that these
two genes were enriched in double minute chromosomes, were localized to chro-
mosome 10 (region C1-C3) and were conserved in other species. Later studies
focusing on the mdm-1 gene uncovered alternative spliced mRNAs encoding
potentially three distinct protein products with unknown function [91]. A third
DM-linked amplified gene mdm-3 was uncovered using field inversion electro-
phoresis and chromosome walking. To test whether any of these genes possessed
transforming capacity the George laboratory created expression vectors of gene
genomic clone (mdm-1, mdm-2 and mdm-3) and transfected them into immortal-
ized NIH3T3 or Rat2 fibroblasts and derived clones based on selection for anti-
biotic resistance genes present on the transfected cosmids. These cell lines were
subsequently shown to overexpress their respective mdm-gene. However when
these cells were injected into athymic (nude) mice, only the cells overexpressing
mdm-2 produced tumors [26]. This was the first evidence that the mdm-2 gene
was oncogenic when overexpressed. An analysis of the amino acid sequence of
the Mdm?2 protein led the authors to suggest that this nuclear protein may func-
tion as a DNA binding transcription factor. While they were correct in identify-
ing that the metal binding and acidic amino acid domains were important and
that Mdm2 possessed a nuclear localization sequence, they were unaware that
Mdm?2 was actually a modulator of one of the most critical DNA binding tran-
scription factors in human cancer, p53.
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Mdm2 Functions

Mdm2 moved to the epicenter of cancer research when Dr. Arnold Levine’s
laboratory discovered that a novel 90 kDa cellular protein associating with p53
was in fact Mdm?2. Levine’s group demonstrated that Mdm?2’s association with
pS3 inhibited p53 transactivation [71]. The Vogelstein laboratory cloned the
human mdm-2 gene and reported that human Mdm?2 associated with p53 in vitro
and that the human mdm-2 gene was amplification (hdm-2) in a third of 47 human
sarcomas [75]. As will be discussed later, this Hdm-2 overexpression correlates
with tumors possessing wild-type p53, a result first reported in MethA tumor cells
[76], thus providing a method by which human tumors inactive p53 cell signaling.
These publications placed Mdm2/Hdm? as the first identified cellular regulator of
the p53 tumor suppressor.

Shortly after the Mdm2:p53 association was discovered three groups reported
that p53 directly transactivates the mdm-2 gene. Moshe Oren’s group was the first
to discover increases in Mdm?2 binding to p53 when a cell line harboring a tem-
perature sensitive p53 allele was shifted to a temperature that converted p53 to its
wild-type conformation [2]. They went on to show this increase in complex for-
mation resulted from increased mdm-2 mRNA levels and based on kinetic studies
suggested that wild-type p53 transactivated the mdm-2 gene. A few months later
the Oren laboratory provided unequivocal evidence that p53 directly transacti-
vated the mdm-2 promoter from a p53 DNA binding site located downstream
from mdm-2 exon 1 [45]. The Levine laboratory was the first to demonstrate that
in cell harboring wild-type p53 DNA damage could trigger p53 to upregulate the
mdm-2 gene creating what is now well known as the p53-Mdm?2 autoregulatory
feedback loop [80].

Crystal structures using the first 109 amino acids of Mdm?2 and 15 amino acids
of p53 show that the Mdm?2 creates a deep hydrophobic cleft in which the p53
amino terminal alpha-helix binds thereby masking the p53 transactivation domain
[50]. However the interaction of Mdm?2 with p53 goes beyond simple inhibition of
transactivation. Oren and Vousden laboratories were the first to report that Mdm?2
triggered a reduction in the steady state levels of pS3 [37, 49]. p53 destabilization
was dependent on the ability of Mdm2 to directly associate with p53 but also
required a region of the Mdm?2 carboxyl-terminal region. Finally, Mdm?2 was capa-
ble of lowering mutant p53 levels but had no impact on p53 transactivation. Less
than 6 months later using recombinant forms of p53 and Mdm2, Honda et al. per-
formed in vitro assays to demonstrate that Mdm?2 functioned as an E3 ubiquitin
ligase for p53. They went on to show that Mdm2 C464 was essential for Mdm2’s E3
ligase activity towards p53.

Taken together these three publications provided an explanation for how the
p53-Mdm?2 negative feedback loop might function in normal cells to maintain p53
levels low, especially following a genotoxic or cell stress. While this pathway is
central to Mdm?2’s role in tumorigenesis, recent data suggests that other functions
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of Mdm?2, independent of its regulation of p53, may play equally important roles
in tumorigenesis. The p53-independent activities of Mdm?2 are not discussed in this
review but can be found in the following recent reviews [57, 68, 88].

Mdm2 Overexpression in Cell Culture

The discovery of an amplified mdm-2 gene in double minute chromosomes of a
spontaneously transformed mouse fibroblast cell line and subsequent demonstration
that immortalized fibroblasts overexpressing Mdm2 could form tumors in immuno-
compromised mice suggested that the mdm-2 gene was a proto-oncogene. However
those studies and more classic cell transformation assays by Cathy Findlay using
primary rat embryo fibroblasts demonstrating mdm?2 could cooperate with an acti-
vated ras gene to transform cells employed expression vectors containing the mdm-2
genomic clone [28]. As predicted, the expression of wild-type p53 blocked the
transformation of mdm-2 and ras. Surprisingly, other groups have had varied results
with Mdm?2 overexpression in cell culture when employing mdm-2 cDNA expres-
sion vectors. Interestingly attempts to overexpress a full-length mdm-2 cDNA in
primary or immortalized cells failed to lead stably overexpressing Mdm?2 cells [12].
These findings appeared to correlate with an inhibition of G1 to S phase transition
and deletion mutants of Mdm?2 implicated two domains in the central region of the
protein. Growth inhibitory effects were also reported with mdm-2 splice variants
expressing only the C-terminal region of Mdm?2 [18]. The lack of a transforming
capability with full-length Mdm2 cDNAs suggest that either a particular mdm-2
splice variant possesses the transforming activity or a specific genetic background is
required for cells in culture to elicit the transforming effects of Mdm?2 overexpression
(Table 15.1).

Table 15.1 Mouse models of Mdm?2 or MdmX overexpression

Gene Findings Citation

mdm2 cDNA Targeted to the mammary gland [61]
Inhibited mammary development
Increased mammary tumors

Amplified mdm2 Increased spontaneous tumors [43]
genomic Increase in sarcomas relative to tumors in p53 null mice
Sarcoma increase was independent of p53
mdmx transgene Accelerated tumorigenesis in p53 null background with [103]

different tumor spectrum
Increase in spontaneous sarcomas compared to p53 null
HA-tagged mdmX No increase in spontaneous tumors [20]
No increase in Myc-induced tumors
Homozygous mice demonstrated embryonic lethality
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Mouse Models of Mdm2 Loss

While cell culture studies set the foundation of the p53: Mdm?2 negative feedback
loop it was mouse knockout studies of Mdm?2 that established Mdm?2’s critical role
in regulating p53, at least during mouse embryogenesis. The laboratories of Gigi
Lozano and Allen Bradley both attempted to create mdm-2 knockout mice [44, 73].
Both groups employed targeting vectors aimed at the exons encoding the carboxyl-
terminal region of the Mdm?2 although both reported the inability to detect RNA
[44] or small Mdm?2 proteins [73] consistent with the knockouts effectively elimi-
nating Mdm?2 protein production. From over 250 progeny screened from mdm-2
heterozygote crosses in both laboratories no mdm-2 —/— mice were observed sug-
gesting that loss of Mdm?2 resulted in embryonic lethality. Using PCR analysis of
genomic DNA isolated from yolk sacks of mdm?2 —/— embryos, the Bradley labora-
tory concluded that mdm2 —/—embryos die before gestational day 7.5. Coincidentally,
this is the time during embryogenesis where Mdm2 and p53 are ubiquitously
expressed. The Lozano laboratory explored embryos during various days of gesta-
tion and reported 22 % showed empty deciduae concluding that Mdm?2 loss trig-
gered embryonic lethality around gestational day 5.5. To test whether the embryonic
lethality was due to the loss of Mdm?2’s ability to regulate pS3 or some other p53
independent function of Mdm?2 both groups crossed mdm-2 +/— mice with p53 —/—
mice, mated the compound heterozygotes and then analyzed the progeny. mdm-2 —/—;
pS53 —/— mice were observed at frequencies leading both groups to conclude that
the absence of p53 could completely rescue the embryonic lethality seen in Mdm2
deficient mice.

The unchecked p53 activity in these early Mdm2 null embryos suggested that
p53 signaling was resulting in either complete G1 arrest or potentially pS3 depen-
dent apoptosis. Given that p53 activation of the cyclin dependent kinase inhibitor
p21 is the most likely p53-effector of cell cycle arrest [24] the Lozano laboratory
tested whether loss of mdm-2 could be rescued by crossing the mice to p21 —/—
mice. In 46 mice born from mdm-2 heterozygotes crossed to p21 null mice, none
were double null [72]. Later, they would test this question using mouse embryo
fibroblasts from p53 null and p53/mdm-2 double null embryos. By transducing
these cells with a temperature sensitive p53 allele they were able to show that shift-
ing the cells to induce wild-type p53 in the double null cells led to apoptosis [23].
These early studies supported the model where Mdm2 was required for constitutive
degradation of p53 during embryogenesis.

To explore the role of Mdm?2 loss in specific tissues various groups created
mdm-2 conditional knockout alleles using different Cre-recombinase systems. To
examine the role of Mdm?2 in cardiomyocyte development, Lozano’s laboratory cre-
ated a conditional allele and after demonstrating with CMV-Cre that its knockout
produced an embryonic lethality crossed their mdm-2 conditional mice with mice
expressing Cre under the control of the alpha myosin heavy chain promoter [34].
While all mice were phenotypically normal at gestational day 9, the mice lacking
Mdm?2 died at E13.5 and showed no evidence of a heart. As anticipated, this effect
was dependent upon p53 as mice lacking p53 and the loss of the mdm-2 conditional
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allele did not demonstrate this lethality. Using a neuronal specific Cre recombinase
under the control of a Nestin enhancer the Lozano group explored how the loss of
Mdm?2 impacted neuronal cell development. Mice lacking Mdm?2 specifically in the
central nervous system resulted in hydranecephaly at E12.5 resulting in neonatal
lethality that was rescueable by elimination of p53 [104]. Taking the approach of
using a p53 knock-in allele, the Marine laboratory was able to target re-expression
of endogenous p53 in p53/mdm?2 double null mice [29]. The re-expression of p53
using the nestin-Cre mice in p53/Mdm?2 null cells confirmed that loss of Mdm?2 was
critical to maintain neuronal progenitors [29]. Overall, it is clear that Mdm?2 plays
an essential role in p53 regulation in vivo.

Mdm2 Has a Brother, MdmX

Using a radioactive p53 protein to screen a mouse embryo fibroblast expression library,
Aart Jochemsen’s laboratory reported a novel p53-binding protein with homology to
Mdm?2 [90]. They originally named this novel gene MdmX, but mouse knockout studies
renamed the gene Mdm4. While both gene names are used in the literature it is impor-
tant to note that the mdmX gene has nothing to do with murine double minute genes and
was named based on its homology to Mdm2. MdmX possesses significant structural
homology with Mdm?2 in the amino terminal p5S3 DNA binding domain, central acidic
and zinc finger domains and the carboxyl terminal Ring finger domain (Fig. 15.1, shaded
areas) [100]. Mdm2 possesses nuclear localization and nuclear export sequences that
impart the ability of the protein to shuttle in and out of the nucleus. Interestingly the
cytoplasmic localization of Mdm?2 provides a regulatory mechanism to control Mdm?2’s
ability to regulate p53. In response to mitogen signaling AKT phosphorylation of Mdm2
triggers nuclear localization [67]. In contrast, MdmX lacks detectable NLS or NES

NLS NES (NoLS)
i D EERRHE //%k Mdm2
18 101 178192 237 288 289 331 436 466 473 482
19 102 215 255 290 332 437 465 469 483
R | 2 N Reee3L 0 Mamx
N
p53 binding domain & Zinc Finger domain

L/
@ Acidic domain E;] Ring Finger domains

Fig. 15.1 Comparison of the Mdm2 and MdmX proteins. Patterned boxes represent protein
domains with homology between the two proteins. NLS nuclear localization sequence, NES nuclear
export sequence, NoLS nucleolar localization sequence
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Fig. 15.2 Overview of the Mdm2-MdmX-p53 signaling pathway

motifs and appears to reside cytoplasmic. Both proteins have been shown to form
homodimers through associations in their Ring Finger domains. The human homology
of MdmX, HdmX also associates with pS3 and inhibits its transactivation [89]. It is
located on chromosome 12.14 a chromosomal region showing gene amplification in
several human tumors (see below, MdmX gene amplification).

While MdmX can form homodimers like Mdm2, MdmX lacks detectable E3
ligase activity in its Ring finger domains and thus MdmX alone cannot degrade p53
[42, 93]. Interestingly using a yeast two hybrid assay Mdm2 and MdmX were
shown to heterodimerize [94]. Heterodimerization required the Ring Finger domains
of both proteins. Finally while MdmX is a very stable protein (half- life over 24 h),
Mdm? is a rapidly degraded protein (half-life 30 min).

The ability of MdmX and Mdm?2 to heterodimerize can decrease or increase
Mdm?2’s E3 activity towards pS3 depending onits abundance [59]. Heterodimerization
also triggers ubiquitin-mediated degradation of HdmX and MdmX [21, 46, 77]. It
appears that following DNA damage, MdmX becomes downregulated through its
association with and subsequent ubiquitination by Mdm2. An Mdm2 dependent
proteasome degradation of MdmX was also seen upon ARF induction. The findings
in total demonstrate that pS3 activation can occur through loss of MdmX levels
resulting from Mdm?2 being retargeting its E3 ligase activity towards MdmX.

While MdmX alone does not impact p53 stability [92] it is able to bind to p53
with affinities comparable to Mdm?2 [11] and thus inhibit pS3 transactivation [42].
Thus the current model of MdmX function shows it possesses distinct impacts on
p53 and Mdm?2 (Fig. 15.2). Several excellent reviews provide more details into the
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unique interactions, cellular localization and post-translational regulations of Mdm?2,
MdmX and p53 as well as details of the growing number of p53-independent activities
ascribed to MdmX and Mdm?2 [57, 63, 88, 99].

Unlike mdm?2 gene regulation, mdmX gene expression appears to be constitu-
tively expressed throughout the cell cycle [41], with promoter activity through the
ERK mitogenic signaling [32] or under certain conditions by p53 [81]. Until
recently, evidence suggested that p53 did not activate the mdmX gene directly [32, 41].
However Jochemsen’s laboratory has provided evidence suggesting that hdmX
possesses a pS3 binding site downstream of exon 1 and thus can be induced by wild-
type pS3 [81]. In contrast, several studies have shown that mdmX mRNA levels are
down regulated under DNA damage conditions through miR34a regulation [62, 64].
Given that miR34a is a p53 activated gene [7, 16, 38] these two groups appear to be
observing alternative affects of p53 in relation to mdmX gene regulation. Clearly
more studies will be required to unravel this aspect of p53 gene regulation.

MdmX Overexpression in Cell Culture

Unlike the differing results seen with mdm2 overexpression (genomic vs. cDNA
clone) forced overexpression of the full-length mdmX cDNA via retroviral trans-
duction led to immortalization of mouse embryo fibroblasts and coinfection with
activated Ras led to increased colony formation and growth in soft agar, two cell-
based indicators of transformation [19]. In fact, the injection of these MdmX + Ras"!2
cells into immunocompromised mice resulted in tumor formation. Similar transfor-
mation results were observed using HdmX and activated Ras in hTERT transduced
human fibroblasts [55].

One unique aspect of endogenous MdmX appears to be its ability to suppress
multipolar mitosis and transformation in hyperploid p53 deficient cells. MdmX
loss in p53 deficient cells and mice appears to enhance cell transformation by
inducing multipolar mitosis and subsequent chromosomal loss [65, 66]. This sug-
gests that MdmX suppresses tumorigenesis in contrast to studies below that impli-
cate its overexpression as playing a causative role in human tumorigenesis. Since
this unique activity is observed in the absence of p53 it points to a p53-independent
activity of MdmX.

Mouse Models of MdmX Loss

With the discovery of MdmX as a negative regulator of p53 in cell culture the next
logical question was to ascertain how loss of MdmX impacted mouse embryogen-
esis. Using a classical knockout approach Lozano’s laboratory removed mdmX
exons 3-5 encompassing amino acids 27-96 and observed mdmX null embryos die
at gestational day 7.5-8.5 [78]. The abnormal embryos from MdmX null mice
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appeared to show loss of cell proliferation with no detectable apoptosis, in stark
contrast to the findings with Mdm?2 null embryos. Consistent with loss of mdm-2,
MdmX null mice were developmentally normal when crossed with mice lacking
p53. Although the timing of embryonic lethality was slightly later (gestational days
10-12), similar results were observed in two other laboratories using gene-trap ES
cells to knockout mdmX [27, 69].

Targeted knockouts of MdmX uncovered results that suggested synergistic
effects with Mdm?2 and others that suggest MdmX possesses distinct regulatory
activities in certain cellular contexts. In the CNS, the loss of MdmX targeted a
lethality that was later than that seen with similar Mdm2 knockouts [ 104]. However the
loss of both Mdms resulted in an earlier more severe CNS phenotype suggesting
that both proteins function in regulating p53 function in the CNS. Marine’s labo-
ratory [29] observed a similar synergistic effect in neuronal cells and suggested that
the two proteins both function to regulate p53 activity in proliferating and postmi-
totic neuronal cells in non-redundant ways, consistent with the observation that loss
of either Mdm?2 or MdmX is embryonic lethal suggesting that the remaining mem-
ber is unable to compensate for the loss of the other. In contrast to the embryonic
lethality observed when Mdm?2 was knocked out of embryonic cardiomyocytes or
adult smooth muscle, loss of MdmX led to modest or no detectable cellular defects,
respectively [6, 34]. Similarly using a Villin-Cre transgene, mice lacking MdmX in
their intestinal epithelium display normal morphology with increased p53-apoptosis
in the proliferative compartment of the epithelium [96].

In a completely different approach, loss of MdmX was studied by crossing
mdmX heterozygotes with a pS3ER™M knockin mouse where p53 can be activated
in specific tissues through treatment with 4-hydroxyl-tamoxifen [30]. Interestingly
when p53 is activated by tamoxifen treatment the adult mice lacking MdmX survive
the transient p53 induction with all observed abnormal pathologies reversed upon
loss of p53. These findings suggest that approaches to eliminate MdmX overexpres-
sion in human cancers may have less detrimental effects on normal tissue compared
to targeting Mdm?2.

Mdm Mouse Models of Overexpression

Towards addressing the tumorigenic properties of Mdm?2 and MdmX various labo-
ratories created mouse models of Mdm overexpression. The Finlay and Lozano
laboratories targeted Mdm2 overexpression to the mammary gland using a mdm?2
cDNA cloned into the ovine milk protein promoter beta-lactoglobulin (BLG) vector
[61]. Targeted overexpression of Mdm?2 during pregnancy and lactation resulted in
defective mammary gland development. The defect appeared to result from multiple
rounds of DNA replication without completed mitosis. Mammary tumors developed
between 14 and 18 months in two different transgenic Mdm2 mouse strains. In
another study Mdm2 was globally using a cosmid containing the mdm?2 genomic
clone under the control of its own promoter. This construct was electroporated into
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mouse ES cells. ES cells overexpressing Mdm?2 due to genomic amplification were
identified and then used to create an Mdm2 transgenic mice [43]. These Mdm2
overexpressing mice were susceptible to spontaneous tumorigenesis albeit at a
lower level than p53 null mice. Tumors were detected in 100 % of the mice with a
spectrum of tumors that showed a higher proportion of sarcomas than seen with p53
null mice. The change in tumor phenotype may suggest that Mdm2 overexpression
plays a p53-independent role in tumor initiation. Taken together these studies con-
firm the Mdm?2 overexpression impacts tumorigenesis in vivo.

In contrast to Mdm?2, transgenic mdmX overexpressing mice have given conflict-
ing results. Using a construct where the mdmX cDNA was placed under the control
of a chicken Actin promoter containing a CMV enhancer three mdmX transgenic
mouse strains with varying expression were established [103]. The mice demon-
strated accelerated tumorigenesis and like mdm?2 transgenic mice, displayed a tumor
spectrum with a high percentage of sarcomas, distinct from the tumor spectrum seen
with p53 null mice. When mdmX was overexpressed in mice heterozygous for p53
an accelerated tumorigenesis was observed with tumors maintaining the wild-type
p53 allele. Taken together these findings suggested that mdmX was a bona fide
oncogene. In contrast, De Clercq et al. [20] used an HA-tagged mdmX vector to
create conditional transgenic mdmX mice. While the mice show MdmX overex-
pression they failed to demonstrate an expected increase in spontaneous, radiation-
induced or Myc-induced tumors. In fact, crosses failed to produce homozygous
MdmX transgenic mice. The embryos appear to demonstrate vascular defects
beginning at gestational day 12.5. It is unclear the basis for the difference in findings
between these two studies but they suggest that the context under which MdmX
overexpression occurs may prove critical for its oncogenic activity.

Mdm2 and MdmX Expression in Human Tumors

Consistent with large body of in vitro and in vivo evidence showing that Mdm?2 and
MdmX play non-overlapping roles regulating pS3 activity and the 50 % of human
tumors harboring wild-type p53, numerous groups set out to test whether Mdm2
and MdmX overexpression was detected in human tumors. Pubmed lists well over
1,000 publications examining Mdm?2 deregulation in human cancer. Below is an
overview of the various methods of Mdm?2 deregulation.

Mdm2 Gene Amplification

In 1998 Momand et al. undertook a review of the literature to explore spectrum of
Mdm?2 abnormalities in human tumors taking specific note of the distribution of
Mdm?2 amplification and p53 mutation. Examining 28 human tumors they reported
that Mdm?2 gene amplification was observed in approximately 20 % soft tissue
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tumors (e.g. lipomas, Ewing sarcomas), brain tumors (2—8 %), carcinomas (0—13 %)
and sarcomas (13-30 %) [70]. The simultaneous screening for p53 mutations in
several of they reported that mdm?2 amplification and p53 mutations were mutually
exclusive in human tumors. A report by Cordon-Cardo et al. [17] suggesting that
Mdm?2 overexpression was not always seen in tumors harboring mdm-2 gene ampli-
fication led Patterson et al., to examine 129 soft tissue tumors for both mdm?2 gene
amplification and overexpression of Mdm?2 protein. They observed that in every
tumor harboring mdm-2 gene amplification, Mdm?2 protein levels were also ele-
vated [79]. Interestingly they observed ten tumors with elevated Mdm?2 protein
without any detectable mdm2 gene amplification. Findings like this led to the exam-
ination of human tumors for other mechanisms to overexpress Mdm2 protein in
human cancer.

Mdm?2 Increased Transcription/Alternative Splicing

The mdm?2 gene possesses two promoters and it has been reported that more than 40
mRNA variants have been identified [3, 74]. Some variants result from alternative
splicing while others arise from aberrant splicing. One of the better-studied and
most frequently detected Mdm?2 isoform is Mdm?2-B or Altl. Mdm2-B is unable to
bind to p53 but is capable of binding full length Mdm2, triggering cytoplasmic
sequestration of the protein. Evans et al. reported that the binding of Mdm2-B to
Mdm?2 increased wild-type p53 activity [25]. Several of these Mdm2 isoforms
appear to have tumor promoting capabilities independent of p53. Since levels of
these various isoforms may affect function, more work is required to decipher the
complexity of mdm?2 gene splicing and tumorigenesis.

One significant discovery in the area of mdm?2 gene transcription was a T to G
single-nucleotide polymorphism (SNP309) located within the mdm2 P2 promoter.
This SNP creates an additional SP1 transcription factor binding site leading to a
higher affinity of the SP1 transcription factor for this binding site, resulting in higher
levels of mdm2 mRNA and an attenuation of the p53 pathway. This modest increase
in mdm2 mRNA and protein is correlated with a gender-specific increase in acceler-
ated tumor formation [8—10]. Consistent with these findings a SNP309 knock-in
mouse model demonstrated increased Mdm?2 expression and accelerated spontane-
ous tumorigenesis [82].

Mdm?2 Enhanced Translation

Choriocarcinoma cell lines were the first reported to express elevated Mdm?2 protein
levels through an enhanced translation mechanism [52]. Subsequent studies from
the George laboratory uncovered that the enhanced translation resulted from mdm?2
transcripts possessing a distinct 5" UTR [51]. Later, Mdm2 enhanced translation
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Table 15.2 MdmX overexpression in human cancers

S.J. Berberich

Tumor type Detection % # Citation
Glioblastomas Gene amplification 7 [14]
Hepatoblastomas Gene amplification 7 4 of 56 [1]
Malignant gliomas Gene amplification 4 5 of 125 [85]
[36]
Retinoblastomas Gene Amplification 47 30f7 [54]
+mRNA +IHC 65 36 of 56
Soft tissue sarcoma Gene amplification 17 11 of 66 [5]
Urothelial cell carcinoma Gene amplification 17 16 of 98 [98]
Papillary thyroid carcinomas HdmX-S mRNA 21 12 of 57 [83]
Soft tissue sarcoma HdmX-S mRNA 14 8 of 57 [4]
[5]
Retinoblastomas MdmX SNP [22]
Breast cancer mRNA 19 41 of 218 [19]
Colon cancer mRNA 19 5of 27 [19]
49 [32]
Lung cancer mRNA 18 16 of 88 [19]
Retinoblastoma mRNA and Protein 20 20of 10 [35]
Mantle cell lymphomas Nuclear HdmX 95 18 of 19 [58]
HdmX-S protein
Acute lymphocytic leukemias Protein 80 39 of 49 [36]
Cutaneous melanomas Protein 65 35 of 54 [31]
Head/Neck squamous carcinomas Protein 50 [95]

was reported in Burkitt’s lymphoma cells [15] and several B-cell leukemias and
lymphomas [102]. It have been noted by others in the field that the overall percentage
of human tumors harboring increased Mdm?2 protein expression is likely significantly
underestimated due in part to poor antibodies and early studies that did not consider
two to four fold increases as significant [68]. Understanding the mechanism for this
enhanced translation may lead to new therapeutic approaches.

MdmX Gene Amplification

Similar to Mdm?2, initial studies of MdmX deregulation in human tumors focused
on gene amplification studies. While many tumor types that possess mdm?2 gene
amplification also show mdmX gene amplification (e.g. glioblastomas, soft tissue
sarcomas), some MdmX specific deregulations in human tumors have been reported
(Table 15.2). Laurie et al. uncovered one such MdmX specific deregulation when
they discovered that retinoblastomas, human tumors of the retinoblasts that are initi-
ated by mutations in the retinoblastoma (Rb) gene, harbor inactivation of the p53
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signaling pathway through MdmX overexpression (Table 15.2, [54]). Owing to
different pathways to MdmX overexpression the percentage of mdmX gene ampli-
fication (47 %) did not capture all of the cases of MdmX overexpression at the
mRNA and protein level were considered (65 %, Table 15.2). Melanomas are
another human tumor where MdmX deregulation is observed at a high frequency
(65 %). Interestingly p53 mutations are a rare occurrence in melanomas suggesting
that MdmX elevation is playing a critical role in overcoming p53 tumor suppres-
sion. Consistent with MdmX playing a role in blocking p53 Marine’s laboratory
showed that inhibiting the MdmX:p53 interaction in melanoma cells made them
highly sensitive to cytotoxic chemotherapy and inhibitors of BRAF, an effective
target in melanomas harboring oncogenic mutant BRAF(V600E) protein [31]. As
better reagents become available a better picture of MdmX deregulation in human
tumors will develop.

MdmX Transcription/Alternative Splicing

Less is known about the transcriptional upregulation of mdmX in human tumors.
Human colon tumors harboring elevated phosphorylated ELK demonstrated a two-
fold increase in mdmX transcripts suggesting a role for ELK signaling in tumor
development (Table 15.2, [32]). Additionally several mdmX splice variants have
been reported. The first mdmX splice variant discovered (MdmX-S or HdmX-S)
encodes a truncated protein (114 amino acids) that retains p53 binding activity and
is overexpressed in several sarcomas and carcinomas [4, 5, 83]. These findings sug-
gest that HImX-S may represent a novel biomarker in human cancer [56]. Studies
examining the existence of SNPs near the mdmX gene that correlate with cancer has
not been as fruitful as mdm2 SNP309 however a recent study of retinoblastomas
suggest that MDM4 rs116197192G was significantly higher in RB patients imply-
ing it may increase the risk of acquiring retinoblastomas (Table 15.2, [22]). More
studies will be required to confirm these findings.

MdmX Protein Expression

Thus far it does not appear that enhanced translation is a mechanism leading to
MdmX overexpression in human tumors. However clinical analysis of MdmX pro-
tein levels has proven useful in identifying MdmX deregulation in acute lympho-
cytic leukemias, melanomas and squamous carcinomas (Table 15.2). The results in
melanomas have particular clinical relevance since MdmX overexpression appears
to be a key factor in aggressive melanomas where p53 mutations are extremely
rare [31]. As mentioned above these findings suggest that targeting MdmX in
melanoma tumors will be provide a therapeutic benefit to apply to current anti-
melanoma therapies.
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Targeting Mdm2 and MdmX in Human Cancers

Several excellent reviews have been written on the targeting of Mdm2 and MdmX
in human cancers [57, 63, 99]. The approaches currently being tested can be classi-
fied into four areas. The first and most active area of research is to target the
Mdm:p53 interaction. Foremost in this category of compounds is a class of drugs
known as Nutlins [97]. These small molecules antagonize the Mdm2:p53 interac-
tion activating p53 in a non-genotoxic manner. One Nutlin derivative RG7112 is
currently in Phase I clinical trials. While Nutlins have proven effective against
Mdm?2:p53 interactions they surprisingly do not antagonize MdmX:p53 interactions
[40, 48, 101]. The second approach would be to target MdmX. To date the work has
been limited to compounds like SJ-172550 [84] and RO-5963 [33] that target
MdmX:p53 complexes. Clearly, this is an area worthy of additional study.

The third approach has been to target Mdm?2 E3 ligase activity however the first
round of compounds appear at higher concentrations or with increased potency to
exhibit p53-independent activity such as inhibiting other E3 ligases suggesting their
suitability in clinical trails maybe limited [87, 105]. Finally the fourth approach has
to been to target downstream of the Mdm2 overexpression stage and target the
Mdm?2:p53 association with the proteasome. Again, early indications suggest that
targeting this point in the pathway will lead to p53-independent activities [47].

Concluding Remarks

The discovery and subsequent characterization of Mdm?2 and MdmX deregulation
in human cancers has broadened the importance of studying p53 signaling and con-
tinuing to translate what is found at the research bench to the cancer patient. Human
cancers possessing overexpressed Mdm2 or MdmX and wild-type p53 represent
prime targets for small molecules the impinge upon the Mdm:p53 pathway. What
research has also uncovered is that MdmX and Mdm?2 overexpression likely have a
broader impact than targeting p53 thus care must be taken with biomarker screening
as these compounds reach clinical trials. What is certain is the 30 plus years of p53
research have taught us more about a cellular protein associated with large T antigen
than anyone could have expected [60]. The next 30 years offer the potential for real
improvements as we move to a more personalized cancer treatment regiment where
Mdm?2 and MdmX will most certainly be critical targets.
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Chapter 16
Targeting pS3-MDM2-MDMX Loop

for Cancer Therapy

Qi Zhang, Shelya X. Zeng, and Hua Lu

Abstract The tumor suppressor p53 plays a central role in anti-tumorigenesis
and cancer therapy. It has been described as “the guardian of the genome”,
because it is essential for conserving genomic stability by preventing mutation,
and its mutation and inactivation are highly related to all human cancers. Two
important p53 regulators, MDM?2 and MDMX, inactivate p53 by directly inhibit-
ing its transcriptional activity and mediating its ubiquitination in a feedback
fashion, as their genes are also the transcriptional targets of p53. On account of
the importance of the p53-MDM2-MDMX loop in the initiation and develop-
ment of wild type pS3-containing tumors, intensive studies over the past decade
have been aiming to identify small molecules or peptides that could specifically
target individual protein molecules of this pathway for developing better anti-
cancer therapeutics. In this chapter, we review the approaches for screening and
discovering efficient and selective MDM2 inhibitors with emphasis on the most
advanced synthetic small molecules that interfere with the p53-MDM?2 interac-
tion and are currently on Phase I clinical trials. Other therapeutically useful strat-
egies targeting this loop, which potentially improve the prospects of cancer
therapy and prevention, will also be discussed briefly.
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Introduction

The p53-MDM2-MDMX-Loop

The tumor suppressor p53 is inarguably the most recognized and studied protein
involving human cancers. Its vital importance in preventing human cancer development
and progression is simply reflected by the fact that mutations of its gene TP53 are
detected in approximately 50 % of all types of human cancers, and the functions and
stability of the p53 protein are often abrogated via posttranslational mechanisms in
the rest of human cancers that harbor wild type TP53 [1-3]. Cancers often deactivate
p53, because it can trigger cell growth arrest, apoptosis, autophagy, and/or
senescence, which are detrimental to cancer cells [4, 5], and impede cell migration,
metabolism, and/or angiogenesis, which are favorable to cancer cell progression
and metastasis [5]. These physiological functions of p53 are executed primarily
through its transcription-dependent and independent activities [5]. However,
because these functions are also deleterious to normally growing stem cells and
developing tissues [6], pS3 is tightly monitored by two closely related proteins
called MDM2 (sometime called HDM2 for its human analog) [7-9] and MDMX
(also known as MDM4) [10] in higher eukaryotes [11].

MDM?2 and MDMX execute their oncogenic activity mainly by negatively regu-
lating the stability and activity of the p53 protein in a feedback fashion (Fig. 16.1).
They work together to block the transcriptional activity of p53 [5, 8, 9, 12] and to
mediate p53 rapid degradation via ubiquitin-dependent proteolysis [13, 14], as
MDM2 possesses an E3 ubiquitin ligase activity [15], and p53 stimulates MDM2
and MDMX mRNA expression [7, 9, 16—18]. This dual action of MDM2 and
MDMX on p53 leads to the barely detectable level and activity of p53 in most
normal mammalian cells or tissues. MDM?2 and MDMX can also inhibit p53 inde-
pendently of each other. Often, MDMX negates p53 transcriptional activity, while
MDM2 can inhibit both of the p53 protein stability and activity [19]. Hence, in
order to activate p53, eukaryotic cells have developed mechanisms to block this
negative feedback regulation in response to a variety of cellular, genotoxic, or non-
genotoxic stresses [20-22]. These mechanisms include posttranslational modifica-
tions of either p53 or MDM2/MDMX, such as acetylation [23], phosphorylation
[24-27], and protein-protein interactions, such as ribosomal proteins-MDM?2
interaction, or Arf-MDM2 interaction [20, 28], ultimately leading to p53 activation
that prevents cells from undergoing transformation and neoplasia. Interestingly, two
different modifications, acetylation and ubiquitylation, often occur at a similar set
of lysine residues within p53, and thus are mutually exclusive. For example,
acetylation of p53 by p300/CBP prevents its degradation by MDM?2 and activates
its activity whereas MDM?2 inhibits p53 acetylation by p300/CBP [29-31].
Conversely, deacetylation of p53 by an NAD-dependent deacetylase, SIRT1 [32—
34], or a class I histone deacetylase, HDAC1 [35], favors MDM2-mediated p53
degradation, leading to p53 inactivation. Remarkably, cancers often take advantages
of this feedback loop to promote their own growth, as human breast cancers,
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Fig. 16.1 The p53-MDM2-MDMX feedback loop. Two p53 suppressors, MDM2 and MDMX,
which are highly expressed in tumors, often work together as one complex to inactivate p53 by
mediating its ubiquitination and degradation as well as to directly inhibit p53 transcriptional
activity in a feedback fashion. This feedback regulation is however untied through various
mechanisms in response to a variety of stress signals, including DNA damage, hypoxia, onco-
gene activation and ribosomal stress, leading to p53 activation and consequently cellular
responses, such as DNA repair, cell-cycle arrest, senescence, apoptosis and metabolic altera-
tions. On mechanism is through p53 acetylation by p300/CBP and deacetylation by SIRT1 or
HDACI. Deacetylation of p53 by SIRT1 facilitates MDM2/MDMX-mediated p53 degradation,
while p53 acetylation by p300/CBP prevents p53 ubiquitination by MDM2/MDMX, thus stabilizing
P53 in response to these stress signals

osteosarcomas, lymphomas, leukemia or melanoma express high levels of MDM2
or MDMX through distinct mechanisms without p53 mutation [17, 36]. Also, the
high level of deacetylases is often detected in cancers [37—40]. Therefore, it is likely
that deacetylases might play a role in maintaining p53 in a deacetylated status in
cancer cells, consequently facilitating MDM2/MDMX-mediated degradation.

The physiological relevance of the MDM2/MDMX-p53 regulation has been also
demonstrated in mouse genetic studies [22, 41, 42]. For example, embryonic lethality
of either MDM2 or MDMX-null mice can be completely rescued by the simultane-
ous deletion of the TP53 gene. In addition, compared to wild-type adult mice,
genetically engineered mice expressing reduced levels of MDM2 and MDMX are
small in size, have reduced organ weight, and are radiosensitive [43]. The p53
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dependence of these phenotypes has been shown by reversing the phenotypes when
crossed with p53-null mice. Tissue-specific deletion of either the MDM2 gene or
the MDMX gene showed differences between cell types for their dependency on
MDM?2 or MDMX to keep p53 in check. Together, these genetic studies demon-
strate that MDM?2 and MDMX are critical for the regulation of p53 functions during
embryonic development as well as in adult mice, and the changes of MDM?2 and
MDMX levels can dictate abnormality and tumorigenesis.

Targeting the p53-MDM?2-MDMX Loop for Cancer Therapy

The highly cancer-pertinent and well-defined p53-MDM2-MDMX pathway offers
multiple molecular targets for screening small molecules as potential therapies for
wild type p53-harboring cancers. Over the past decade, a number of new small mol-
ecules in addition to the previously reported Nutlin-3 [44] have been identified to
target either MDM2 or MDMX or both in this pathway, some of which as listed in
Table 16.1 have been further advanced to the stage of clinical trials.

For example, a small molecule named JNJ-26854165 was shown to bind the
RING domain of MDM2 and prevent the interaction of the MDM2-p53 complex
with the proteasome and has been put on phase I clinical trial for advanced or refrac-
tory tumor [45, 46]. Also, the other three small compounds, called HLI98, MPD
and MEL, respectively, were discovered to inhibit the E3 ubiquitin ligase activity
of HDM2, preventing p53 degradation [47-49]. Furthermore, NSC279287,
NSC66811 and terphenyl compounds are small molecules that can also disrupt the
MDM2-p53 interaction [50-52]. Additional small molecule inhibitors of the
MDM2-p53 interaction have been revealed later on, such as TDP521252,
TDP665759, PXN727, PXN822 and isoindolinones, which are currently under
pre-clinical development [53-57]. By contrast, the two molecules SJ172550 and
XI-006 were recently identified to restore WT p53 activity by targeting
MDMX. SJ172550 interferes with the MDMX-p53 interaction [58, 59], while
XI-006 inhibits MDMX transcription [60]. Interestingly, the indolyl hydantoin
class of compounds, RO-2443 and RO-5963, demonstrated as dual inhibitors of the
MDM2/MDMX-p53 binding display the potential for further chemical optimiza-
tion to achieve more desirable pharmacological characteristics with improved
potency [61]. More interestingly, naturally-derived molecules have been found to
inhibit the p53-MDM2 interaction. Some of them have been shown to decrease
MDM2 expression and activity in vitro and in vivo. These newly identified natural
MDM?2 inhibitors include a plethora of diverse chemical frameworks, ranging
from flavonoids, steroids, and sesquiterpenes to alkaloids. Their complex and
unique molecular architectures could stimulate further development of synthetic
analogs in the near future (see review for more information in [62]). Remarkably,
although several advanced synthetic small molecule inhibitors, such as RG7112,
MI-773, CGMO097, and MK-8242, which interfere with p53-MDM2 interactions
based on imidazoline Nutlin, spirooxindole MI-219 and undisclosed scaffolds,
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have entered Phase I clinical trials, the game of drug screening for small molecules
that target this pathway will not be ending, as more patents and patent applications
related to MDM2 and/or MDMX inhibitors and more deals among biotech/
pharmco companies/universities and institutions have been either submitted or
undergoing over the past several years (see review articles in [63—-65] for more
information). In addition to the aforementioned direct inhibitors, indirectly inter-
rupting the MDM?2-p53 negative feedback loop by enhancing p53 acetylation,
which prevents MDM2-mediated degradation of p53 [66, 67], has also been
explored for the development of anti-cancer molecule-target therapy. For instance,
several studies demonstrated that attaining p53 acetylation through inhibition of its
deacetylase SIRT1 [68-70] or activation of the acetyltransferase p300 [71] by
small molecules leads to the inhibition of tumor growth.

These exciting studies not only consolidate the p53-MDM2-MDMX pathway as
a valid target, but also provide multiple candidates for their future development into
clinically applicable anti-cancer drugs. Here, we review the strategies that have
been employed to identify and discover MDM2/MDMX-targeted inhibitors, includ-
ing high-throughput screening (HTS) using biochemical, physicochemical and/or
cell-based assays, combinatorial chemistry, and computational aided drug design.
We will also provide the status of small molecules that are currently in clinical tri-
als. Finally, we will discuss other potential and therapeutically useful approaches
targeting the p53-MDM2-MDMX loop.

Discovery of Inhibitors Targeting
the pS3-MDM2-MDMX Loop

As briefly described above, numerous small molecules, such as synthetic small-
molecules, small peptides, peptidomimetics, or natural products, have been
revealed to target the p53-MDM2-MDMX pathway. These molecules are identi-
fied via a variety of drug discovery strategies that have been undertaken to block
p53-MDM2/MDMX interactions, or modulate MDM?2’s E3 ubiquitin ligase
activity, and/or inhibit MDM?2-mediated ubiquitination of p53 (Table 16.1).
However, the main strategies are high-throughput screening (HTS) using bio-
chemical, physicochemical and/or cell-based assays, combinatorial chemistry
and computational aided drug design including structure-based rational drug
design and virtual screening. Because of the complexity of the p53 pathway as
a drug target, combining different drug screening or design approaches, such as
crystal structure-guided molecular design, biochemical assays and cell-based
phenotypic approaches, would be more successful in developing more effective
and selective drugs targeting this pathway. In this section, we provide a detailed
description of several frequently used strategies as follows (Fig. 16.2).
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Fig. 16.2 Drug discovery strategies for identification of antagonists of MDM2 and
MDMX. Some representative strategies for Drug discovery by searching MDM2 and/or
MDMX antagonists are shown here. For details, see the description in sections “High-

throughput Screening”, “a-Helix Mimetic Based Chemistry or Combinational Chemistry”, and
“Computational Aided Drug Design”

High-Throughput Screening

A number of screening strategies are based on the available 3D structures of either
the MDM?2-p53 or MDMX-p53 complex, as the X-ray crystal structure of human
MDM2 (aa, 17-125) bound by a 15-residue p53 peptide (aa, 15-29) (PDB: 1YCR)
and the structure of human MDMX (aa, 1-140) with p53 peptide (PDB: 275X,
275T) revealed crucial binding information in these complexes [72]. Although
designing non-peptidic small-molecule inhibitors disrupting the binding of p53-
MDM2/MDMX has been challenging, the structures provide a good starting point
for developing affinity-based assays for high throughput screenings in order to iden-
tify lead compounds. Such screening approaches include surface plasmon reso-
nance, fluorescence polarization, and fluorescence resonance energy transfer as well
as fluorescence-correlation spectroscopy experiments. A secondary NMR-based
and isothermal calorimetric approach is often used to further confirm the identified
molecules and to determine the (apparent) dissociation constant (Kp) between p53
and MDM2 or MDMX in the presence of the molecules or the affinity between the
proteins and the molecules. Following these steps, identified compounds are rou-
tinely tested for their ability to inhibit proliferation of wild type p53-, but not mutant
p53- or null, containing cells in order to determine if their cellular effects are due to
their specific inhibition of MDM?2 or MDMX. Now let us walk you through each of
these comprehensive approaches below.

Surface Plasmon Resonance

The first potent small molecule inhibitor of MDM?2 capable of activating p53 in
cells and in vivo was cis-imidazoline or Nutlin as reported by the Hoffman Roche
team led by Vassilev, L. T. in 2004, 8 years after the first published p53-MDM?2
crystal structure [44, 72]. It was discovered by screening a diverse library of
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synthetic compounds using surface plasmon resonance (SPR). The SPR assays
were performed on a Biacore Series S Sensor chip CMS5 derived from immobiliza-
tion of a Penta-His antibody for capture of the His-tagged p53 protein (aa, 1-312).
The assays were conducted with MDM?2 fragments (aa, 25-108). Nutlins were
one class of lead structures identified and optimized for potency and selectivity.
These compounds displaced the recombinant p53 protein from its complex with
MDM?2 at inhibitory concentration (ICsy) values in the 100-300 nM range.
Nutlin-1 and Nutlin-2 are racemic mixtures, and Nutlin-3a is an active enantiomer
isolated from racemic Nutlin-3. The ICs, of Nutlin-3a is 90 nM, which is 150
times more potent than the enantiomer-b of Nutlin-3. X-ray crystal structure of
the MDM2-Nutlin-2 complex showed that Nutlin binds to the p53 binding site in
MDM?2 [PDB: 1RV1]. Nutlin-2 mimics the interaction between the p53 peptide
and MDM2 with a bromophenyl moiety sitting deeply in the Trp23 pocket and the
other bromophenyl group occupying the Leu26 pocket. The ethyl ether side chain
is directed towards the Phel9 pocket. Computational modeling of Nutlin-3 with
MDMX suggested that Nutlin-3 might also block the MDMX-p53 interaction.
However, Nutlin does not bind to MDMX as efficiently as to MDM?2 due to struc-
tural differences in the p53-binding pockets of the MDM?2 and MDMX proteins
[73]. Consistent with these observations, Nutlin-3a binds MDMX with at least a
40-fold weaker equilibrium binding constant (Ky) than that for MDM2 [61].
Recent model simulations also indicate that the inherent plasticity of MDM?2
is higher than that of MDMX, enabling it to bind both p53 and Nutlin. The less
flexible MDMX interacts with the more mobile p53, because the peptide can
adapt different conformations to dock to MDMX, albeit with a reduced affinity.
Nutlin, however, is rigid and hence can only interact with MDMX with low affin-
ity [74]. This series of studies sets up the first successful example of targeting the
MDM2-p53 interaction for anti-cancer drug discovery.

Fluorescence Polarization

However, MDMX inhibitors were not reported until more than half a decade later
when a high throughput screen campaign of a library consisting of around 300,000
chemicals resulted in the identification of SJ-172550 by using a fluorescence polar-
ization (FP) assay [59]. The FP assay was carried out using FITC labeled p53
peptide (a.a.15-29) and MDM2-GST (a.a. 1-188) or MDMX-GST (a.a. 1-185).
The specificity of this FP assay was confirmed by the competitive displacement of
unlabeled p53 peptides and Nutlin. Over 1,150 active compounds from the FP
assay were further subjected to a cytotoxicity cell-based assay using retinoblas-
toma cells with MDMX amplification. Further studies of SJ-172550 using p53-deficient
(SJmRbI-8) cells and the BJ cells, a human foreskin fibroblast cell line, as an addi-
tional control to estimate general cytotoxicity of the compounds, indicated its
p53-dependent cytotoxicity [59]. It was through this series of screening that this
compound was finally selected as the most potent compound. Interestingly, it
contains a substituted imidazoline group similar to that in Nutlins. Although this
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compound could effectively kill retinoblastoma cells, a series of biochemical and
structural modeling studies suggested that SJ-172550 alkylated Cys76 of MDMX
protein and could lock MDMX into a conformation to block p53 binding.
Disappointingly, this covalent binding hinders the further development of
SJ-172550 [58]. Regardless of this obstacle, the same research group reported two
novel small molecules, SJ000558295 (ICs;: MDM2=9.1 pM; MDMX=9.0 pM)
and SJ000558304 (ICsp: MDM2=14.4 pM; MDMX=9.0 puM), as MDM2 and
MDMX inhibitors, as shown in a recent international PCT application
(W02012045018). Among the two, SJ000558304 was with a reportedly improved
binding affinity for MDMX over MDM2 in contrast to Nutlin-3. The affinity of
these compounds to MDMX was further confirmed by nuclear magnetic resonance
(NMR), monitoring the compound-induced NMR chemical shift perturbations.
These compounds displayed desired pharmacokinetic properties and may be even-
tually developed into a therapy for pediatric cancers and various adult tumors that
overexpress MDMX or have similar genetic lesions, though more studies are nec-
essary to achieve this clinical goal.

Time Resolved-Fluorescence Resonance Energy Transfer

Because MDM2 inhibitors do not inhibit the p53-MDMX interaction, and their
effectiveness can be compromised in tumors overexpressing MDMX, developing
dual MDM2/MDMX antagonists is necessary to restore p53 apoptotic activity in
the presence of high levels of MDMX and may offer a more effective therapeutic
modality for MDMX-overexpressing cancers. To reach this goal, Hoffmann-La
Roche identified indolyl hydantoins as dual MDM2/MDMX antagonists from a
diverse small-molecule library using a Time Resolved-Fluorescence Resonance
Energy Transfer assay (TR-FRET) [61]. The TR-FRET assay was performed using
GST-tagged MDM?2 or GST-MDMX and biotinylated p53 peptide, europium (Eu)-
conjugated streptavidin and allophycocyanin (APC)-conjugated anti-GST antibody.
Binding signals were monitored by reading excitation at 340 nm and emission fluo-
rescence at 615 nm and 665 nm. A series of indolyl hydantoin compounds emerged
as potent, dual MDM2/MDMX antagonists. The binding potency and binding mode
were further measured and verified by Trp fluorescence quenching, ITC, NMR and
X-ray crystallography (PDB: 3U15, 3VBG). For example, RO-2443 showed a
remarkably similar inhibitory activity against both MDM2 (ICsy=33 nM) and
MDMX (IC5y=41 nM) binding to p53. For its size, RO-2443 appeared highly potent
and likely to fit into, at most, two of the three sub-pockets on the surface of MDMX
or MDM2. These pockets were defined by the original structure of a p53 peptide
bound to MDM2, which showed three key residues of the p53 peptide, Phel9,
Trp23, and Leu26, important for MDM?2 binding. Crystal structures of MDMX
bound to RO-2443 revealed that the inhibitor blocks the interaction of p53 by induc-
ing the formation of dimeric complexes of MDMX. Further modifications of
RO-2443 in part to improve its physicochemical properties resulted in RO-5963. As
expected, RO-5963 restored p53 transcriptional activity and overcame the apoptotic
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resistance of MDMX-overexpressing cell line, SISA-X, to Nutlin-3. Therefore, this
type of MDM2/MDMX dual inhibitors could be potentially developed into more
potent anti-cancer drugs, though more studies are apparently necessary to translate
them into clinical therapy.

Fluorescence Correlation Spectroscopy-Based Assay

The researchers from the University of Tokyo identified new MDMX inhibitors after
screening almost 40,000 commercially available compounds by employing a fluores-
cence correlation spectroscopy (FCS)-based high-throughput screening (HTS) assay
[75]. In this assay, an MDMX fragment (aa 26—106) was fused to a green fluorescent
protein (GFP), and a p53 peptide was labeled with a fluorescence quencher. The
MDMX-p53 interaction was evaluated by detecting the quenching of the fluores-
cence of GFP; the inhibition of the interaction was detected by the recovery of GFP
fluorescence. Two hundred and fifty five compounds were selected after the first
screening, and six of these compounds were further confirmed by SPR binding assay
to have ICs, values less than 5 pM. The hit compound 1 increased p53 and p21 levels
and triggered apoptosis in wild type pS53-containing MV4-11 leukemia cells and
more selectively killed MV4-11 compared to H1299 p53-null and WI38 normal
cells. This study presents another new compound that can inhibit MDMX-p53 bind-
ing and activate p53 as a promising anti-cancer drug candidate.

ThermoFluor Microcalorimetry

3DP (3-Dimensional Pharmaceuticals) (Yardley, PA, USA), which was later
merged with Johnson & Johnson, reported a MDM2 complex containing a benzo-
diazepinedione (BDP) based inhibitor (PDB: 1T4E) [76, 77]. The scaffold was
found by HTS with the temperature-dependent protein-unfolding assay using the
ThermoFluor microcalorimetry technology. In this technology, fluorescent dyes
were used to monitor protein unfolding as a function of temperature for the identi-
fication of compounds that bind to MDM?2. Detection of compound binding to
MDM2 was measured by the resultant increase in thermal stability. Thermal stabil-
ity was quantified as a change in midpoint transition temperature in the presence of
the compound at a single concentration. The sensitivity of this assay was verified
by the shift in T,, on addition of peptides known to bind to MDM2, with higher-
affinity peptides generating larger shifts. From the initial screening, 1,216 com-
pounds out of 338,000 compounds from combinatorial libraries were selected,
which included 116 compounds belonging to a benzodiazepinedione library. The
affinity of the selected compounds was determined using an FP-based assay to
monitor the binding of p53 peptide to MDM?2. TDP222669 with a benzodiazepin-
edione scaffold and a carboxylic acid group was proved to be the most potent
inhibitor with a binding affinity of 80 nM. The crystal structure of its complex with
an MDM2 fragment demonstrated that it occupies the same pocket as the peptide
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side chains Phel9, Trp23, and Leu26 of p53 in the MDM2 binding cleft. The
MDM?2 interactions with the inhibitor are largely nonspecific van der Waals con-
tacts and, similar to the p53 peptide; the bound conformation of the inhibitor is
amphipathic. Unfortunately, despite the initial tremendous effort, this series of
compounds series seems to have been abandoned, most likely because of their
insufficient drug-like properties.

Screening of Phage Display Library

Although most of the screening against the MDM2/MDMX-p53 interaction have
been based on biochemical and biophysical assays as discussed above, a high-
affinity peptide inhibitor of p53 interaction with MDM?2 and MDMX was also iden-
tified by screening a duodecimal peptide library displayed on M13 phage using
site-specific biotinylated p53-binding domains of human MDM2 and MDMX [78].
The peptide inhibitor (TSFAEYWNLLSP), termed PMI, bound to MDM2 and
MDMX with low nanomolar affinities-approximately 2 orders of magnitude stronger
than the wild-type p53 peptide of the same length (K : 3.6 nM for MDM2; 4.15 nM
for MDMX). The crystal structure of MDM?2 or MDMX in complex with PMI was
solved at 1.6 A resolution (PDB: 3EQS, 3EQY). An extensive, tightened intramo-
lecular H-bonding network in the PMI-bound complex was identified by compara-
tive structural analysis. The H-bonding network contributed to the conformational
stability of this complex, thus enhancing binding to MDM?2 and MDMX proteins.
Importantly, the C-terminal residue Pro of PMI induced the formation of a hydro-
phobic cleft in MDMX previously unseen in the structures of p53-bound MDM2 or
MDMX [78].

Small peptides are often capable of efficiently blocking protein interactions
with high affinity and supreme specificity. However, their poor in vivo stability
and membrane permeability impede the thriving of peptide-based therapeutics.
To overcome their instability in vivo, aided by native chemical ligation and mir-
ror image phage display, several proteolysis-resistant D-peptide inhibitors
termed D-PMI-a, B, y were identified to bind MDM2 with K; values of
50-200 nM [79]. Mirror image phage display is a straightforward technique to
identify proteolysis-resistant D-peptide ligands of a native protein through phage
library screening against the D enantiomer of the L target. The screening of the
duodecimal peptide phage library was carried out against N79K-biotin-d->>
1YMDM?2 immobilized on streptavidin-agarose resin. Bound phage particles
were competitively eluted with 1 mM D-15?p53, and subsequently amplified in
host strain Escherichia coli ER2738. The D-peptides from the screening was
confirmed by SPR and FP assays, and structural studies coupled with mutational
analysis also verified the mode of action of the D-peptide as an MDM2-dependent
pS53 activator (PDB: 3IWY). Despite being resistant to proteolysis, both (D)
PMI-alpha and (D) PMI-gamma failed to actively traverse the cell membrane
and, when conjugated to a cationic cell-penetrating peptide, were indiscriminately



16 Targeting p53-MDM2-MDMX Loop for Cancer Therapy 295

cytotoxic independently of p53 status. This issue was solved when encapsulated
in liposomes decorated with an integrin-targeting cyclic-RGD peptide. By using
this approach, (D) PMI-alpha was found to exert potent p5S3-dependent growth
inhibitory activity against human glioblastoma in cell cultures and nude mouse
xenograft models. The findings validate D-peptide antagonists of MDM?2 as a
class of p53 activators for targeted molecular therapy of malignant neoplasms
harboring WT p53 and elevated levels of MDM?2. Remarkably, this group led by
Lu, W has continued to modify this type of D-peptides and recently reported a
superactive D-peptide antagonist of MDM?2, termed D-PMI-6 (K;=220 pM)
[80]. Their X-ray crystallographic studies (PDB: 3EQS, 3LNJ) validated
D-PMI-5 as an exceedingly potent inhibitor of the p53-MDM?2 interaction, which
could be a highly attractive anti-cancer drug candidate. The field will be excited
to see its future success as the first peptide drug for cancer therapy.

In Vitro Autoubiquitination and MDM?2-Catalyzed
p53 Ubiquitination Assay

Beside the aforementioned N-terminal p53-binding pocket of MDM2 or MDMX,
the C-terminal RING finger domain with an intrinsic E3 ubiquitin ligase activity
of the MDM2 protein has also been utilized as a target for anti-cancer drug screen-
ing. There have been at least two types of high throughput assays that are aimed
at the discovery of inhibitors that might modulate ligase activity of MDM2. One
of them measures the ubiquitination of p53 by MDM2, and the other measures the
self-ubiquitination of MDM?2. The Vousden team first identified MDM?2 ubiquitin
ligase inhibitors, 7-nitro-5-deazaflavin compounds (HLI98s), through an HTS of
small-molecule libraries of 10,000 compounds using an in vitro MDM2 autoubig-
uitination assay [47]. HLI98 compounds specifically inhibited the RING finger
domain of MDM?2, and not the regions that interact with p53. When primary
human fibroblasts were treated with HLI98 compounds, both p53 and MDM2
levels increased. Ubiquitylated p53 was not detected, which is consistent with the
ability of the compounds to inhibit ubiquitylation instead of proteasome function.
HLI98 compounds showed some selectivity for MDM2 compared with other
RING finger E3s in cell lines. The compounds did not stabilize p53 in the absence
of MDM2 in mouse embryonic fibroblasts (MEFs), indicating that they do not
inhibit other reported E3s that target p53 for degradation, such as PIRH2 and
COP1. Although the compound stabilized p53 and MDM2, and activated
pS53-dependent transcription and apoptosis, it also had p53-independent cytotox-
icity. Furthermore, as expected, the compound worked much better in cancer cells
containing wild-type p53 than in those containing mutant p53, because targeting
MDM?2 should, in theory, have little or no effect on human cancers with mutant
p53. However, in vivo antitumor activity of HLI98, using human xenograft mod-
els has not been reported. Therefore, the anti-cancer potential of this compound
remains to be further investigated.
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A novel electrochemiluminescent assay system was developed to monitor the
inhibition of MDM2’s E3 ubiquitin ligase activity for a high-throughput screening
of natural product extracts [81]. This assay was used to screen more than 144,000
natural product extracts. Interestingly, sempervirine was identified to inhibit MDM2
auto-ubiquitination and MDM2-mediated p53 degradation, and to induce p53 level
in cancer cells. Consequently, this natural product preferentially induced apoptosis
in transformed cells expressing wild-type p53, suggesting that it could be a potential
lead natural product for anticancer therapeutics. In addition to this, three new alka-
loids, isolissoclinotoxin B, diplamine B, and lissoclinidine B, have also been identi-
fied from Lissoclinum cf. badium. Lissoclinidine B was found to inhibit
ubiquitylation and degradation of p53 and selectively kill transformed cells harbor-
ing wild-type p53, suggesting this compound could also be used for the develop-
ment of new anti-cancer treatments.

Additionally, Murray MF et al. developed a TR-FRET assay for measuring the
ubiquitination of p53 by MDM2 and executed an HTS campaign with >600,000
compounds [82]. An assay for MDM?2 autoubiquitination was also developed using
the same TR-FRET format to find compounds selective for p53 ubiquitination ver-
sus MDM2 autoubiquitination. The most selective compound identified displayed
an ICs, of 8 pM in the MDM?2/p53 assay and no discernible inhibition up to 100 uM
in the autoubiquitination assay. These studies aimed at targeting the RING finger
domain of MDM2 could be promising, though much more remain to be done before
an ideal candidate with a more specific inhibitory activity toward MDM2 could be
eventually identified.

Cell-Based Auto-ubiquitination Assay

It has been believed that MDM?2 can regulate itself in cells through a so-called
auto-ubiquitination and auto-degradation mechanism. Based on this notion,
Herman, A. G. et al. developed a high-throughput cellular MDM?2 auto-ubiquitination
assay to discover a class of small-molecule MDM2-MDMX ligase inhibitors [49].
In this assay, the compounds were screened using wild-type MDM?2 or mutant
MDM2 (C464A)-luciferase cell lines. The C464A mutation disrupts a metal-binding
site in the RING domain, thereby eliminating the MDM?2 E3 ligase activity.
Compounds that specifically increase the luminescence of MDM?2 (wt)-luciferase
fusion protein rather than MDM?2 (C464A) would likely inhibit MDM?2 E3 ligase
activity or proteasomal degradation of MDM?2. Two of such compounds, MEL23
and MEL24, were identified. They were found effectively to inhibit the E3 ligase
activity of the MDM2-MDMX hetero-complex, thereby inhibiting MDM?2 and p53
ubiquitination in cells, reducing viability of cells with wild-type p53, and synergiz-
ing with DNA-damaging agents to cause cell death. Also, the activity of MEL
compounds was specific to MDM2, and independent of pS3 transcription. As
MDM2-MDMX ligase inhibitors, MEL compounds may be used as molecular tools
to validate novel targets of MDM2-MDMX and to inhibit MDM2’s E3 ligases,
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which could be beneficial in diverse applications, as it remains to be determined if
they could be druggable candidates or not.

Fluorescence-Based Biosensor High Content Screening Assay

Fluorescence-based biosensor high content screening (HCS) is a cell-based assay
that was developed recently by a research team from University of Pittsburgh.
Compared to biochemical assay-based HTS screening, an HTS application in living
cells by a biosensor assay can be used to only identify the “drug like” compounds
that are able to block the p5S3-MDM2 interaction in the nucleus of cancer cells [83].
In this novel imaging-based biosensor HCS assay, the recombinant adenovirus bio-
sensors used to express the N-terminal domains of p53 and MDM2 were fused to
green or red fluorescent proteins (GRP or RFP) and co-infected in U20S cells. By
monitoring the p53-MDM?2 interactions through changes in the subcellular localiza-
tion of the MDM?2 component of the biosensor and analyzing the multiparameter
data from images of the 3 fluorescent channels, this team was able to identify and
eliminate compounds that were cytotoxic or fluorescent artifacts [83]. They identi-
fied compounds with methylbenzo-naphthyridin-5-amine (MBNA) after screening
a collection of over 220,000 compounds using this novel biosensor HCS assay. The
MBNAs were proved to induce p53 protein levels, increase the expression of p53
target genes, cause G1 arrest during the cell cycle, induce apoptosis, and inhibit cell
proliferation with an ICsp~4pM in p53-WT HCT116 cells. However, unlike
Nutlin-3, MBNAs also increased the percentage of apoptosis in p53 null cells and
exhibited similar potencies for growth inhibition in isogenic cell lines null of p53 or
p21. Therefore, these compounds might target other cellular proteins and have
pS53-independent cytotoxicity.

Reported by the same group, compounds containing the substituted pyrazole scaf-
fold were also identified by employing this biosensor HCS assay [84]. The potency
of the best compound YH265 in the biosensor assay was determined at 1.8 pM
(W02011106650). The affinity (K;) of the selected compounds toward MDM?2
and MDMX was further demonstrated in vitro FP assays. The affinity toward MDM?2
and MDMX ranged from 0.02 to 10 uM. The ability of these compounds to dissoci-
ate MDM2-p53 or MDMX-p53 complexes was confirmed based on fluorescent
polarization analysis, AIDA NMR and HSQC NMR analysis. Selected compounds
were also tested on the NCI60 cell panel, and the results showed that the compounds
could arrest the growth of various cancer cells in culture. The crystal structure of a
compound analogous to YH265, but based on an imidazole rather than pyrazole
scaffold, bound to MDMX has been solved (PDB: MDMX: 3LBJ, MDM2: 3LBK)
and represents the only MDMX small molecule co-crystal structure so far [see a
recent review of available structural information on MDM?2/X-inhibitor interaction
for more details [77, 85, 86]]. The YH265 analogs could be hot candidates for further
development, although this set of cell-based biosensor screening might yield more
candidate compounds that target the MDM2-MDMX-p53 loop.
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HTS is not the only strategy that has been employed to identify small molecules or
peptides that might target the MDM2-MDMX-p53 loop. Other approaches, such as
rational design to imitate the structure of the N-terminal MDM2/MDMX-binding
domain of p53, have also been explored. For instance, using a chemical approach
termed “hydrocarbon stapling”, Federico Bernal et al. designed Stabilized Alpha
Helix of p53 (SAH-p53) [17, 87, 88] peptides based on the peptide sequence of the
p53 transactivation domain o-helix [87, 88]. They replaced natural amino acids at
positions S20 and P27 with synthetic olefinic residues and generated the structurally
reinforcing hydrocarbon staple by olefin metathesis. Other residues within the
MDM2/MDMX-binding domain of p53 not required for MDM2/MDMX interac-
tion were also modified to improve peptide solubility and uptake. The newly
designed SAH-p53 peptide was found to preferably bind to MDMX compared to
MDM2 (K, for MDMX: 2.3+0.2 nM; K, for MDM2: 55 + 11 nM) and subsequently
reactivate the p53 pathway and suppress tumor growth by targeting MDMX. Also
this novel MDMX-binding peptide restored the sensitivity of Nutlin in cancer cells
with high levels of MDMX expression and in JEG-3 xenograft mice with little
toxicity.

Similarly, a peptidomimetic strategy was also employed to synthesize small
molecules with a peptidomimetic 1,4-thienodiazepine-2, 5-dione scaffold as an
a-helix mimetic of the MDM2-binding peptide of p53 to disturb the p53-MDM?2
interaction [89]. This strategy takes advantage of an Ugi-deprotection-cyclization
reaction that has been exploited in combinatorial chemistry because it combines
four separate components to make one scaffold, providing an easy access to create
diversity around a single scaffold. A small library of 18 diverse thienodiazepine-2,
5-diones selected from a large virtual library was prepared in one pot by solution
phase synthesis via an Ugi-deprotection-cyclization reaction. The compounds were
found to antagonize the p53-MDM?2 interaction in an FP assay, exhibiting a dose
dependent effect to compete with a p53-like peptide. Also, in an NMR competition
assay, two compounds were found to dissociate the MDM2-p53 complex with Ky
values of 30+20 pM and 10+6 puM, respectively [89]. Further studies are needed to
show its clinical application for cancer therapy.

Recently, a library of 900 compounds based on a pyrrolopyrimidine scaffold as
an a-helix mimetic, was prepared by using solid phase parallel synthesis in hope to
discover small molecules able to disrupt the interaction between p53 and MDMX/
MDM2 [90]. The structural basis for their pyrrolopyrimidine-based molecules is
Hamilton’s terphenyls, which are among the most prominent and most-imitated
scaffolds in the field. However, this work is much more than a simple variation of
the terphenyl scaffold. It rises above many other imitators through a clever set of
features, including the use of a scaffold known by medicinal chemists to have favorable
aqueous solubility and cell permeability, a unique and simple synthesis route that is
immediately amenable to library generation, an FP screening approach for inhibitor
discovery rather than reliance on rational design. Two compounds from the library
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were identified as sub-micromolar p53-MDMX and p53-MDM2 inhibitors in the
FP binding assay, a relatively novel profile, especially for a small molecule. Their
activity was also shown in cells for dose-dependent increase of p53 and triggering
of apoptosis. Although the properties of these pyrrolopyrimidine derivatives estab-
lished them as promising lead compounds for further structural elaboration toward
p53-MDM2/MDMX inhibitors with improved drug-like attributes, much more need
to be done to verify the pharmacological activity of these small molecules and to
further develop them into a possible anti-cancer therapy. This approach might also
be useful for targeting other protein-protein interactions.

Finally, a fragment-based strategy, involving “multicomponent reaction chem-
istry” (MCR), identified imidazolines as dual MDM2/MDMX inhibitors [91].
The crystal structures of p53-MDM?2 (PDB: 1YCR) and imidazole antagonist
PB12 bound to MDM2 (PDB: 3LBK) were used as templates to identify a frag-
mentation/anchor. The anchor was imported into a database containing MCR-
accessible scaffolds to generate a virtual library of compounds, which
subsequently were docked into the binding pocket of the target protein. Results
from docking then were used to select compounds for synthesis and complemen-
tary screening by an NMR-based binding assay. Building upon the success of the
imidazole and using multicomponent reactions, compounds with imidazoline
scaffolds were identified with low micromolar activity in HCT116 cancer cells,
claiming dual inhibition of the p53-MDM?2 as well as p53-MDMX protein inter-
actions with a Ky<1 pM (US20080280769) [63]. With alternative structures to
Nutlins, which require a rather lengthy synthetic route with more than eight indi-
vidual steps, imidazolines are accessible via a straightforward multicomponent
reaction in just one or two steps.

In summary, using the p53 peptide imitating strategy, several promising mimetic
peptides or small molecules that could inhibit the interaction of MDM?2 and/or
MDMX with p53 have been discovered. Although none of them has yet been devel-
oped to the stage of preclinical studies, as more studies are necessary to demonstrate
their druggable potential, this approach provides solid evidence for the proof of
principle and would eventually offer some promising candidate molecules for anti-
cancer drug development.

Computational Aided Drug Design

Medicinal chemistry is not merely limited to the mimetic-based design of inhibitors,
but it also exploits advances in bioinformatics. Two major approaches in medicinal
chemistry developed by taking advantage of information technology (IT)-based
computational power are the straightforward in silico compound-selection (virtual
screening) and structure-based de novo design. These tools have also been applied
to the design of optimal MDM2/MDMX inhibitors. The compounds were designed
to generally mimic the interactions provided by the important amino acid side
chains, such as Phel9, Trp23 and Leu26, within the p53 peptide, to disrupt the



300 Q. Zhang et al.

p53-MDM2 and/or p5S3-MDMX bindings. In addition, it is believed that Leu2?2 is
important for the p53-MDM2/X complex, and it could assist in the development of
molecules with higher binding affinity than the p53 TAD peptide [92]. Based on
structural analysis, the p53 residues Phe19 and Trp23 interact in a similar way to
MDM?2 and MDMX, but not Leu26. The interaction contributions by the MDM2
residues Leu54, His96 and 11e99 are different from the equivalent MDMX residues
Met53, Pro95 and Leu98, which could account for the differential binding of the
pS53 peptide to MDM2/X.

Structure-Based de novo Design

Using a structure-based de novo design strategy, the Wang laboratory at the
University of Michigan discovered the spiro-oxindoles MI-63 and MI-219 that are
more potent and selective than Nutlin. In a similar fashion to the Nutlins, spiro-
oxindoles bind MDM?2 by mimicking the interactions of crucial hydrophobic resi-
dues (Phel9, Trp23 and Leu26) in the p53 peptide [93, 94]. The design started from
a search for chemical moieties that can mimic the interaction of Trp23, the most
critical for binding to MDM2. The results showed that oxindole can nicely mimic
the side chain of Trp23 for interaction with MDM?2. Further substructure search
identified the natural alkaloids such as spirotryprostatin A and alstonisine, which
both contain a spirooxindole substructure. Computational modeling studies pre-
dicted the oxindole can closely mimic the Trp23 side chain in p53 in both hydrogen-
bonding formation and hydrophobic interactions with MDM2, and the
spiropyrrolidine ring provides a rigid scaffold from which two hydrophobic groups
can be projected to mimic the side chain of Phel9 and Leu26. Initial compounds
were designed with different hydrophobic groups and different stereochemistry, and
they were docked into the MDM?2 binding cleft using the GOLD program. X-ray
structure of the MDM2-p53 complex, mutagenesis and alanine scanning of p53
peptides suggested that a fourth residue, Leu22, also appears to play an important
role in the overall interaction between p53 and MDM2. Structure-based optimiza-
tion to capture the additional interaction between Leu22 in p5S3 and MDM2 yielded
MI-63, and improvements to ensure sufficient water solubility ultimately yielded
MI-219 with desirable pharmacological properties, such as 55 % oral bioavailability
in mice. MI-219 was greater than 10,000-fold more selective for MDM2 over its
closely related homolog MDMX (MDM2: K;: 5 nM). Consistent with the high bind-
ing affinity for MDM2 and disruption of the MDM?2-p53 complex, spiro-oxindoles
induced accumulation of p53 in p53 wild-type cancer cells, and it showed anti-
tumor activity in human tumour xenograft models. Extensive modifications have
been made on spirooxindoles and MI-147 is one of the most potent of this class of
compounds, with a K; of 0.6 nM in an FP-based competitive binding assay [95].
Additional modifications yielded new compounds with high affinities to MDM?2
and improved pharmacokinetic properties. One such compound in this class,
MI-773, has completed Investigational New Drug (IND) -enabling studies and cur-
rently Sanofi-Aventis is recruiting participants for Phase I clinical trials with MI-773
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[63] (reference spirooxindole SAR405838). This series of studies sets a perfect
example for de novo drug design if the 3D structure of a protein or protein-protein
complex is available.

In another study reported by Rew, Y. et al. from Amgen, a new class of potent
MDM2-p53 inhibitors bearing a piperidinone scaffold has been successfully
designed and optimized using the structure-based de novo design strategy [96,
97]. On the basis of the analysis of known MDM?2 inhibitors, assisted by com-
puter modeling, SAR studies and crystal structure (PDB: 4ERE), the affinity of
these compounds for MDM2 was improved through conformational control of
both the piperidinone ring and the appended N-alkyl substituent. Optimization
afforded AM-8553, with a Kp of 0.4 nM, especially with excellent pharmacoki-
netic properties. AM-8553 has an oral bioavailability of 100 % in rats and 12 % in
mice. On the basis of its low human hepatocyte intrinsic clearance, AM-8553 was
projected to have a long human half-life (>12 h). It is effective in inhibition of
tumor growth in a dose-dependent manner and is capable of achieving partial
tumor regression (R=27 %) against SISA-1 xenograft tumors in mice at 200 mg/kg
once daily dosing [96].

Virtual Screening

Sulphonamide I (NSC279287) is the first example that was identified by screening
the NCBI database using a computational pharmacophore model of MDM?2 bind-
ing [50]. The HINT molecular modeling program was used to generate predictive
QSAR regression equations for p53-MDM2 inhibition based on the template of
the interaction between p53-based peptide inhibitors and MDM?2, which led to the
development of the pharmacophore model to mimic the portions of p53 necessary
to bind to MDM2. In an ELISA-based p53-MDM2 binding assay, sulphonamide I
showed an ICs, of approximately 32 pM compared to a value of 13 pM for the p53
peptide (16QETFSDLWKLLP27). The efficacy of NSC279287 to induce a p53
response was verified in a p53 reporter gene assay using MDM?2-over-expressing
osteosarcoma cells.

Another approach combined pharmacophore and structure-based screening that
used computational database screening of a subset of the NCI database of 150,000
compounds, identifying 354 potential MDM?2 inhibitors. A 3D-pharmacophore
model was derived from the X-ray crystal structure of the p53 peptide associated
with MDM2, with several known small-molecule inhibitors. The pharmacophore
model consisted of three elements that mimic the three key hydrophobic binding
residues in p53 (Phel9, Trp23, Leu26), together with three associated distance
constraints. Computational docking was performed using the GOLD program to
dock each hit to the p53-binding site in MDM2. Their binding affinities were ranked
using Chemscore and X-score. In a fluorescence-based binding assay, the quinolinole
NSC66811 was identified to inhibit MDM2 with a significantly lower K; (120 nM)
than the natural pS3 peptide [51].
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Molecular dynamics accounting for protein flexibility was applied to a pharma-
cophore model derived from the MDM?2 structure. Out of 35,000 small-molecule
compounds, computational analysis identified five non-peptidic MDM?2 inhibitors
with novel scaffolds. Based on fluorescence polarization binding assays, the most
potent of them displayed a K; of 110 nM [98]. However, besides conveying results on
biochemical experiments, there were no reports on their effect at the cellular level.

A strategy to find compounds that interact with new targets based on existing
knowledge of ligand-target interactions has been employed based on chemogenom-
ics knowledge-based methodologies, which relies on homology and conserved
residues that are involved in molecular recognition. Based on MDM?2-p53 interac-
tions as template, this approach was applied to the MDM4-p53 complex, where
combination of virtual screening strategies resulted in unique compounds with
varying degrees of selectivity for both MDM2-p53 and MDM4-p53 systems [99].

Development of Inhibitors Targeting
the pS3-MDM2-MDMX Loop

Until now several of the aforementioned MDM-p53 targeted inhibitors that directly
activate wild-type p53 in cancer cells have been successfully developed for the clinical
trials (Table 16.1), but additional clinical data is necessary to verify if these non-
genotoxic inhibitors can effectively activate p53 and improve the clinical efficacy in
patients carrying wild-type p53. Other strategies that target the p53-MDM2-MDMX
loop other than disrupting the MDM?2-p53 interactions have also been considered,
but encounter major challenges.

Clinical Candidates of MDM2-p53 Inhibitors

RG7112 and RO5503781 (Hoffmann-La Roche)

Driven by the success of Nutlin (see “Surface Plasmon Resonance”), Hoffmann-La
Roche has undertaken an extensive optimization of lead compounds that culminated
in the selection of RG7112 (RO5045337), a Nutlin-3 derivative, and RO5503781,
whose structure has not been disclosed, for clinical application. RG7112 is the first
MDM?2 inhibitor that advances to clinical trials. It is a more potent binder of MDM?2
compared to Nutlin (K;=10.7 vs 90 nM), but similarly to Nutlin, it is inactive
against MDMX [100]. The crystal structure of the RG7112-MDM?2 complex
revealed that RG7112 binds in the same fashion as Nutlin to the p53 pocket of
MDM?2 by mimicking three critical p53 amino acid residues Trp23, Leu26 and
Phe19 [PDB: 4IPF]. The compound differs from Nutlin by the introduction of 4,
5-dimethyl substitution on the imidazoline ring. The substitutions possibly add
greater structural rigidity to the imidazoline scaffold, which might block metabolic
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conversion to the inactive imidazole form. In December of 2007, Hoffmann-La
Roche initiated Phase I studies of RG7112, and until now, five clinical studies in
patients with liposarcomas (before debulking surgery), solid tumors, and soft tissue
sarcomas, advanced solid tumors (http://www.clinicaltrials.gov; NCT01677780,
NCTO01143740, NCT01164033, NCT00559533, NCT00623870) have been com-
pleted. The clinical biomarker studies in 20 patients with liposarcomas (a frequently
HDM2-amplified tumor) confirmed the ability of RG7112 to activate p53 and its
major functions, cell cycle arrest and apoptosis, in human tumors [101]. The clinical
results provided not only proof of mechanism, but also evidence for the clinical
activity of the single agent RG7112. In phase I leukemia trial of RG7112, among
116 patients treated with RG7112 for 10 days followed by 18 days of rest, 6 AML
patients with complete remission (CR), 5 of 31 (16 %) at the MTD (the maximum
tolerated dose), and additional patients showed significant decreases in blasts [102].
Notably, RG7112 caused >10 % adverse events related to hematological toxicities.
Currently, Hoffmann-La Roche is recruiting patients participating in previous can-
cer studies for extension studies of RG7112 (NCT01677780). Clinical studies of
RG7112 in combination with doxorubicin in patients with soft tissue sarcoma, or in
combination with cytarabine in patients with acute myelogenous leukemia
(NCT01605526 and NCTO01635296) are currently underway. Another compound
RO5503781 is also entering phase I studies for advanced malignancies, except leu-
kemia (NCT01462175), and in combination with cytarabine for patients with acute
myelogenous leukemia (AML) in 2013 (NCTO01773408). Although it has been
almost a decade since Nutlin was discovered to take these Nutlin-derived inhibitors
of MDM2-p53 binding to their phase I or II clinical trials, these progresses are still
quite impressive, offering a big promise for targeting the MDM?2-p53 loop as a way
to develop effective and non-genotoxic anti-cancer therapy.

SAR405838 (Sanofi-Aventis)

Another anti-MDM2-p53-binding small molecule that has also been developed into
phase I clinical trial is a derivative of Spirooxindoles, which represent one of the
most promising chemical scaffolds for MDM inhibitors (see “Structure-Based de
novo Design”) and are actively being developed by several companies, including
Hoffmann-La Roche, Sanofi-Aventis and Daiichi Sankyo. The first candidate
SAR405838 is an analog of MI-773 and currently entering the phase I trial for
patients with advanced cancer prescreening with wild-type p53 (NCT01636479)
[63, 103]. Spirooxindoles MI-series were initially designed by the Wang group at
the University of Michigan, further developed by Ascenta Therapeutics and licensed
by Sanofi-Aventis. As discussed above, initially, MI-219 was identified in 2008 as a
potent, specific, cell-permeable, and orally active MDM?2 inhibitor through struc-
ture based de novo design. However, due to its high dose required, short half-life
and quick metabolism, MI-219 is not an ideal candidate for the clinical develop-
ment. Further optimization of MI-219 led to a more potent analogue MI-319 [104].
This compound exhibited potent activity against follicular lymphoma that retains
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wild-type p53 both in vitro and in vivo. In addition, MI-319 in combination with
cisplatin induced cell growth inhibition and apoptosis in pancreatic cancer cells
irrespective of their p53 mutational status. An even more potent analogue of MI-319,
MI-773, was later claimed in 2012. This series of Spirooxindole compounds has a
more complicated stero-chemistry compared to Nutlin. Thus, the newly developed
optimal enantiomer, MI-77301, displayed 10 times higher binding affinity against
MDM2 than did MI-773 (K4=62 vs 8.2 nM). The antitumor activity of MI-77301
was more pronounced in a set of wild type p53 xenograft models than MI-773,
including SJSA-1 osteosarcoma, human prostate, melanoma, colorectal tumor,
LNCAP human prostate tumor and human acute lymphoblastic leukemia
(W02012065022), although there is a less pronounced difference between the two
compounds in vitro cell-based cytotoxicity assays. Apparently, this group of anti-
MDM2-p53-binding small molecules is also appealing in terms of their clinical
development into anti-cancer therapy.

CGMO097 (Novartis)

Novartis, another pharmaceutical giant, has also joined the race to develop anti-
cancer drugs that can specifically target the MDM2/MDMX-p53 loop. Very recently,
this company sponsored a Phase I trial of a small molecule called CGMO097 in
patients with advanced solid tumor with wild type p53 (http://clinicaltrials.gov/
show/NCT01760525). Ninety-two individuals will be orally dosed with CGM097.
Trial dates were designed from Ist March 2013 to Ist June 2016. Although the
structure of CGMO097 is not disclosed, this compound appears to have a dual inhibi-
tory activity toward both MDM2 and MDMX to different extents, as Novartis has
recently showed several small molecular scaffolds as inhibitors of MDM?2 and/or
MDMX in patents, such as 3-imidazolylindoles, substituted dihydroimidazole
derivatives, tetra-substituted heteroaryl compounds and substituted isoquinolinones
and quinazolinones [63]. The most potent compound among the 3-imidazolylindoles,
prepared by a van Leusen multicomponent reaction, has an ICs, of 15 nM for
MDM?2 in an FP binding assay and an ICsy of 1.32 pM for MDMX in a TR-FRET
binding assay. Compounds derived from dihydroimidazole demonstrated ICs,
values from 70 to 2 pM. This scaffold closely resembles Roche’s Nutlins. The
potency (ICsy) of disclosed tetra-substituted heteroaryl and isoquinolinones and
quinazolinones as obtained from TR-FRET based assay ranging in the low nanomolar
for MDM2, but in the low micromolar for MDMX. The cancer drug discovery field
will keep its eyes wide open for the birth of this MDM2/MDMX dual inhibitor as
an anti-cancer therapy.

MK-8242 (Merck)

The competition became more intensive when Merck recently claimed the US pat-
ent 7884107 on February 2011, based on a provisional application from 2006. This
patent describes a substituted piperidine as a specific MDM2 inhibitor with an ICs,
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value of 0.02 pM as determined by an FP assay. In the same year, Merck launched
two Phase I trials (NCT01451437 and NCT01463696) with MK-8242, an MDM?2
inhibitor of undisclosed structure in advanced solid tumor, alone and in combination
with cytarabine in participants with acute myelogenous leukemia. Hopefully, these
clinical trials together with those trials as described above will eventually lead to
some effective therapies for human cancers that harbor wild type p53 by targeting
the p53-MDM2-MDMX loop.

Other Therapeutically Useful Approaches Targeting
the p53-MDM2-MDMX Loop

Modulation of MDM2 and MDMX Expression

In addition to disrupting the interaction between MDM2/MDMX and p53, other
strategies have also been explored for the possibility of developing anti-cancer
therapy by negatively affecting the p53-MDM2-MDMX loop. Because MDM2
and MDMX are p53 target genes, disruption of MDM2/MDMX-p53 interaction
would lead to elevated MDM?2 or MDMX levels and thus might be less effective
in cancer cells that express high levels of MDM2 and/or MDMX. Therefore,
down-regulation of MDM?2 or MDMX protein in cancer cells is a straightforward
approach and has been proved to activate the p53 pathway and inhibit tumor
growth using small interfering RNA (siRNA), short hairpin RNA (shRNA) or
miRNA in tumor xenografts in nude mice [16, 105, 106]. Unfortunately, siRNA
therapy is hampered by the issues of delivery and cellular uptake, and thus it is
less feasible. However, interestingly, a benzofuroxan derivative (NSC207895,
XI006) that selectively inhibits MDMX expression has been identified through a
reporter-based screening [60]. This small molecule caused p53-dependent trans-
activation of pro-apoptotic genes in MCF-7 cells. NSC207895 was shown to
exhibit the additive effect with Nutlin-3a in activating p53, inducing apoptosis
and decreasing the viability of MCF-7 cells. NSC207895 seemed to repress the
MDMX promoter activity and decrease MDMX transcription, although the under-
lying molecular mechanism of this promoter-specific targeting has not yet been
deciphered. In addition, NSC207895 was highly correlated to known DNA-
damaging agents, such as methyl methanesulphonate (MMS) and camptothecin,
in a cross-species chemogenomic profiling screen. As DNA-damaging agents also
induce MDMX degradation, it is possible that the effects of NSC207895 on
MDMX protein levels and p53 activation might involve more than the repression
of MDMX transcription. Besides this small molecule, several naturally derived
compounds have also been shown to exert their anticancer activities by inhibiting
MDM?2 expression, independent of p53, such as Genistein, gambogic acid, cur-
cumin, and berberine (disruption of MDM2-DAXX-HAUSP complex). Since this
natural product field has been expanding dramatically, we refer readers to a compre-
hensive review on natural products that block MDM?2 expression in a p53-dependent
or -independent manner [62].
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Interfering with MDM2 Interactions with Other Proteins

MDM2 regulates the stability of p53 protein by not only directly interacting with it
and mediating its ubiquitylation, but also associating with different subunits of the
26S proteasome, such as S2, S4, S5a, S6a, S6b, to facilitate p53 proteasomal turn-
over. Thus targeting the interaction between MDM?2 and the 26S proteasomal sub-
units is also an attractive approach. Indeed, a novel tryptamine derivative, orally
bioavailable small molecule JNJ-26854165, was invented by Forschungszentrum
Karlsruhe and Janssen Pharmaceutical using a high-throughput screening approach
based on the characterization of MDM2-proteasome interaction (WO2008132175)
[45, 46, 107]. INJ-26854165 specifically bound to the ring domain of MDM2 and
inhibited the binding of the MDM2-p53 complex to the proteasome, consequently
blocking the degradation of p53. However, in addition to p53, degradation of other
human MDM?2 client proteins may be inhibited through disturbance of the ubiquitin-
proteasome proteolysis (UPS)-pathway. Preclinical studies of this small molecule
have revealed induction of apoptosis and anti-proliferation in p53 wild-type and
p53-mutant cancer cells and a general genotoxic effect in various tumor models
including NCI-H1373 non-small cell lung cancer xenografts, PC-3M orthotopic
prostate and p53 mutant HT-29 colon xenografts, and U87 glioblastoma xenografts,
indicating that JNJ-26854165 is not pS3-specific. To date, a phase I clinical study of
INJ-26854165 (NCT00676910) to determine safety and dosing in patients with
advanced stage or refractory solid tumors has been completed. Although JNJ-
26854165 was initially well tolerated at clinically effective doses in patients, its
cardiotoxic effects and MDM2-independent mechanism were subsequently
observed. Hence this compound is no longer in competition.

It has been shown that Arf, a tumor suppressor protein, can bind to MDM2
and enhance the degradation of MDM2 and MDMX, consequently activating p53
[108—110]. This Arf activity may represent an efficient strategy for therapeutics.
Indeed, a group at the St. Jude Children’s Research Hospital characterized the
interaction domains of Arf and MDM2 [111-114]. They further exploited the
possibility of identifying and/or designing compounds that mimic, inhibit and/or
enhance the effect of Arf on MDM?2. Although this research is still at its embry-
onic stage, it might produce surprising and promising results useful for anti-
cancer drug discovery.

Recently, several ribosomal proteins (RP), such as RPL11, RPLS5, RPL23,
RPS7, RPS14, RPL26, RPS27, RPS3, and other nucleolar proteins have been
identified as native MDM?2 and/or MDMX inhibitors in response to ribosomal
stress. This type of stress often occurs upon perturbation of ribosomal biogenesis
caused by chemicals, nutrient deprivation, DNA damaging agents, or genetic
alterations [115]. Interestingly, these ribosomal proteins upon this stress can
uncouple p53 from its key negative regulator MDM?2, consequently leading to p53
activation and protecting cells from tumor formation. Biochemical characteriza-
tion by several groups including our lab [116, 117] and particularly genetic stud-
ies by the Zhang group at University of North Carolina [117-119] have
demonstrated the specific interaction of RPL11 with the Zinc domain of MDM2,
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which is particularly important for pS3 activation in response to ribosomal stress
and whose defect would lead to cancer development. Specifically, cancer-related
zinc finger cysteine mutations of MDM2 can disrupt the binding of MDM?2 with
RPL11 and RPLS. Furthermore, our biochemical studies uncovered several non-
cysteine amino acids within the Zinc finger of MDM?2 and basic amino acids in
the MDM2 binding domain of RPL11, which are important for their specific inter-
actions [116]. These findings identify the Zinc finger domain of MDM2 as a new
and potential target site for future anticancer drug discovery.

SIRT1 Inhibitors

SIRT1, a NAD-dependent deacetylase, has attracted much attention due to its rela-
tion to cellular longevity [120, 121] and its role in negating p53 activity and stability
[33], but it is also highly expressed in cancers [122]. It would readily maintain the
tumor suppressor pS3 in a deacetylated and inactive status in cancer cells, conse-
quently favoring its MDM2/MDMX-mediated degradation [123]. The role of the
HIC-1-SIRT1-p53 loop in lung cancer development has been confirmed in animal
models [124]. These studies offer an opportunity for developing SIRT1 inhibitors as
a potential anti-cancer therapy because they would not affect p53 function in normal
cells and thus be less toxic to these cells. Indeed, there are several sirtuin inhibitors
with proven activity in preclinical cancer models. The current state of the art in
research on SIRT1 inhibitors has been extensively reviewed by other scientists
[125-127], and thus we will not further replicate the review here. Among these
SIRT1 inhibitors, Inauhzin (INZ), as a newly discovered SIRT1-specific inhibitor in
our lab, can re-activate p53 in several wild type p53-containing cancer cells without
genotoxic, and suppresses tumor growth by targeting SIRT1 and activating p53
[69]. Moreover, INZ is more potent, but much less toxic to normal cells or tissues
than Tenovin [70] and other SIRT1 inhibitors [69]. Amazingly, INZ can sensitize
the anti-cancer effect of chemotherapy and Nutlin-3 as tested in colon and lung
cancer models [128, 129]. Thus, this small molecule presents as a promising con-
tender for a molecule-targeted anti-cancer therapy that indirectly targets the
MDM2-p53 pathway. We are currently undertaking systematic optimization [130],
new target identification [131], and intensive preclinical studies of this compound,
in hoping to eventually develop it into clinical trials in the near future.

Combination Strategies

Drug resistance and toxicity have been the two major obstacles for effective chemo-
therapy against cancer. To overcome and minimize the emergence of resistance
caused by single-agent cancer therapy and to achieve maximal therapeutic response
as well as to reduce the toxicity of genotoxic chemotherapy, combinations of different
types of chemotherapeutic and molecule-targeted agents have been a common
practice in clinic. This strategy has also been applied to the clinical trials of MDM2
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or MDMX inhibitors, as combination of non-genotoxic p53 activators or MDM?2
antagonists with clinically used chemotherapeutic agents [132], such as cisplatin,
doxorubicin or cytarabine, has been shown to augment efficacy in the preclinical
studies [133-135] and are currently being tested in several Phase I clinical trials
(ClinicalTrials.gov: NCT01773408, NCT01605526 and NCT01605526). However,
the radiosensitivity of the hematopoietic system of mice to pS3 activation suggests
that such an approach would potentially exacerbate the toxicity that is associated
with MDM?2 antagonists. Thus, combining non-genotoxic specific molecule-
targeted therapeutic agents with p53 agonists could be a safer alternative. Moreover,
this approach targeting more than one highly cancer-related molecule of one or
multiple cellular signaling pathway(s) in cancers would be more important and
effective for cancer treatment. A number of laboratories have been working on
combinatorial therapy with the MDM2 antagonists, as shown in Table 16.2.
Combinatorial therapy in a systematic manner seems more effective than empiri-
cally determined combination regimens, as p53 mutations confer absolute resistance
or de novo p53-mutated multi-drug resistance emerges to MDM?2 antagonists [135,
136], and more than 50 % of human cancers carry p53 mutants [137]. Conversely,
the association of mutated Flt3 (Flt-ITD) with heightened sensitivity to MDM?2
inhibitors was found in AML patients; BRAF mutation was associated with MDM2
inhibitor Nutlin 3a sensitivity [138], suggesting that therapeutic blockage of FIt3
using FIt3 inhibitor or targeting BRAF as well as the p53 pathway could generate
additive or synergistic effects. Indeed, co-treatment of melanomas with the
p53-activating stapled peptide SAH-p53-8 and BRAF inhibitor PLX4032 signifi-
cantly enhanced cytotoxicity when compared with single-agent treatment [17].
Apparently, the development of a combinatorial anti-cancer therapy with anti-MDM?2
or anti-MDMX inhibitors holds an encouraging future in this field.

Summary and Outlook

There is a great impetus in finding new types of chemotherapeutics to combat the
drastically growing cancers with ever increasing number of cases of resistance to
existing anti-cancer drugs. Remarkable progress in the past decade has been made
in the discovery of novel chemotherapeutic drugs that selectively activate p53 to
trigger rapid elimination of tumors by targeting the p53-MDM2-MDMX loop. As
discussed above, a number of small-molecule drugs that inhibit the interaction of
MDM2-p53 and block p53 degradation have been successfully developed through
comprehensive medicinal chemistry, and some of them are currently in clinical tri-
als. Experimental therapeutics and preclinical studies have demonstrated that
MDM?2 antagonists can be used alone or in combination regimens with cytotoxic
drugs or other molecule-targeted drugs. The clinical results of MDM?2 antagonists,
such as RG7112, analogs of Nutlins, provide not only the proof of the concept, but
also the usefulness of this therapeutic strategy for the treatment of human cancers in
the near future. Combined screening of biomarkers, such as p53 status, MDM?2 or
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MDMX gene amplification or other additional markers, would effectively select
patients for clinical trials of MDM2-and MDMX-targeted single or combination
therapies, ultimately improving the prospects for cancer therapy and prevention.

Compared to the progress in the discovery of MDM2 antagonists, the develop-
ment of selective MDMX inhibitors seems slower, more complicated and challenging.
Although the first crystal structure of MDMX-small molecule inhibitor complex
was disclosed recently [86], a clinically useful MDMX inhibitor has not yet been
reported. However, it is predicated that selective MDMX antagonists or dual inhibitors
of MDM2 and MDMX will be of high interest and represent as a promising new
approach to fight certain types of cancers that highly express MDMX, such as
retinoblastoma [139] or melanoma [17]. Additionally, it has been indicated that
systemic inhibition of MDMX is not only feasible as a therapeutic strategy for
restoring p53 function in tumors that retain wild-type p53, but also significantly
safer than inhibiting MDM?2 [18, 22]. Hence, we will certainly not wait for too long
to see a promising anti-MDMX small molecule in clinical trials.

A study using an MDM?2 RING finger (C462A) mutant knockin mouse model by
the Zhang group has shown that the stability of MDM?2 is in fact not regulated by
autoubiquitination in vivo [140], nor it is capable of blocking p53 activity by binding
alone. This finding suggests that the MDM?2 RING finger E3 ubiquitin ligase function
plays an important role in suppressing p53, although this mutant is also defective in
binding to MDMX [141, 142]. It also implies that it is possible to achieve the goal
of reactivating p53 in cancers retaining wild type p53 by inhibiting MDM2 E3
ubiquitin ligase activity. However, the development of MDM?2 E3 ubiquitin ligase
inhibitors has been hampered by the biological complexity of the ubiquitination
process. Unlike kinases, which can be inhibited via their ATP binding site, it is not
known exactly how RING E3 ubiquitin ligases function, and hence it is unclear how
to target their activity. Structural information is urgently needed for better under-
standing at the atomic and molecular levels how exactly MDM?2 functions as an E3
ligase. This information would facilitate structure-based drug design to target
MDM?2 E3 ubiquitin ligase activity in the future [143].

Another challenge is that although MDM inhibitors mainly target the p53 path-
way and kill wild-type p53-containing tumors by inducing p53-dependent apoptosis
of cancer cells, more than half of human cancers lack of functional p53 largely
because they harbor mutated forms of p53, which either lose wild type function or
gain new oncogenic functions. Several approaches for drug discovery have been
explored to identify small molecules that target mutant p53, restoring wild type p53
function and/or inhibiting the negative p53 regulators, such as rational design and
high throughput screening of chemical libraries [144]. One example is the com-
pound PRIMA-1 that restores wild-type conformation by binding to the core of
mutant p53 and induces massive apoptosis in human tumor cells [145]. The
PRIMA-1 analog APR-246 is currently in a clinical trial [146—148]. Very recently,
another small molecule rescuer of mutant p53 was reported [149]. Interestingly, this
small molecule called NSC319726 can convert R175H or R175W mutant p53 into
a wild type form by chelating the Zinc ion and altering the redox environment for
the p53 protein. Amazingly this compound can inhibit xenograft tumor growth by
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inducing apoptosis in an R175 mutant-dependent manner. Although much more
needs to be investigated, this serves as a lead compound for further development of
another mutant p53-targeted cancer therapy. Therefore, systematic and successful
development of mutant pS3-reactivating anticancer drugs will have a strong impact
on the treatment of cancers, particularly those late stage and malignant ones that
harbor mutant p53.

As a Chinese saying indicates, “dripping water wears through rock”, we strongly
believe that the persistent, systematic, intensive and joint efforts from troops of
cancer researchers on drug discovery by searching small molecules or agents target-
ing the p53-MDM2-MDMX pathway will ultimately be translated into a clinically
useful anti-cancer therapy or therapies.

Acknowledgements This work was supported in part by NIH-NCI grants CA095441, CA
079721, CA129828, and CA172468, as well as the LLL fund to H.L.

References

1. Brown CJ et al (2009) Awakening guardian angels: drugging the pS3 pathway. Nat Rev
Cancer 9(12):862-873
2. Kruse JP, Gu W (2009) Modes of p53 regulation. Cell 137(4):609-622
3. Hollstein M et al (1991) p53 mutations in human cancers. Science 253(5015):49-53
4. Vogelstein B, Lane D, Levine AJ (2000) Surfing the p53 network. Nature
408(6810):307-310
5. Vousden KH, Prives C (2009) Blinded by the light: the growing complexity of p53. Cell
137(3):413-431
6. Hong H et al (2009) Suppression of induced pluripotent stem cell generation by the p53-p21
pathway. Nature 460(7259):1132-1135
7.Wu X et al (1993) The p53-mdm-2 autoregulatory feedback loop. Genes Dev
7(7A):1126-1132
8. Momand J et al (1992) The mdm-2 oncogene product forms a complex with the p53 protein
and inhibits p53-mediated transactivation. Cell 69(7):1237-1245
9. Barak Y et al (1993) mdm2 expression is induced by wild type p53 activity. EMBO J
12(2):461-468
10. Shvarts A et al (1996) MDMX: a novel p53-binding protein with some functional properties
of MDM2. EMBO J 15(19):5349-5357
11. Eischen CM, Lozano G (2009) p53 and MDM2: antagonists or partners in crime? Cancer
Cell 15(3):161-162
12. Gu J et al (2002) Mutual dependence of MDM?2 and MDMX in their functional inactivation
of p53. J Biol Chem 277(22):19251-19254
13. Haupt 'Y et al (1997) Mdm2 promotes the rapid degradation of p53. Nature
387(6630):296-299
14. Kubbutat MH, Jones SN, Vousden KH (1997) Regulation of p53 stability by Mdm?2. Nature
387(6630):299-303
15. Honda R, Tanaka H, Yasuda H (1997) Oncoprotein MDM2 is a ubiquitin ligase E3 for tumor
suppressor p53. FEBS Lett 420(1):25-27
16. Wade M, Li YC, Wahl GM (2013) MDM?2, MDMX and p53 in oncogenesis and cancer
therapy. Nat Rev Cancer 13(2):83-96
17. Gembarska A et al (2012) MDM4 is a key therapeutic target in cutaneous melanoma. Nat
Med 18(8):1239-1247



16

18.

19.

20.

2

—_

22.

23.
24.

25.

26.

27.

28.

29.

30.

—

3

32.

33.

34.

35.

36.

37

38.

39.

40.

4

—_

42.

43.

44.

Targeting p53-MDM2-MDMX Loop for Cancer Therapy 313

Biderman L et al (2012) MdmX is required for p53 interaction with and full induction of the
Mdm?2 promoter after cellular stress. Mol Cell Biol 32(7):1214-1225

Wade M, Wahl GM (2009) Targeting Mdm2 and Mdmx in cancer therapy: better living
through medicinal chemistry? Mol Cancer Res 7(1):1-11

Zhang Y, Lu H (2009) Signaling to p53: ribosomal proteins find their way. Cancer Cell
16(5):369-377

. Wade M, Wang YV, Wahl GM (2010) The p53 orchestra: Mdm2 and Mdmx set the tone.

Trends Cell Biol 20(5):299-309

Garcia D et al (2011) Validation of MdmX as a therapeutic target for reactivating p53 in
tumors. Genes Dev 25(16):1746-1757

Tang Y et al (2008) Acetylation is indispensable for p53 activation. Cell 133(4):612-626
Shieh SY et al (1997) DNA damage-induced phosphorylation of p53 alleviates inhibition by
MDM2. Cell 91(3):325-334

Banin S et al (1998) Enhanced phosphorylation of p53 by ATM in response to DNA damage.
Science 281(5383):1674-1677

Maya R et al (2001) ATM-dependent phosphorylation of Mdm?2 on serine 395: role in p53
activation by DNA damage. Genes Dev 15(9):1067-1077

Kapoor M, Lozano G (1998) Functional activation of p53 via phosphorylation following
DNA damage by UV but not gamma radiation. Proc Natl Acad Sci U S A 95(6):2834-2837
Zhang Y, Xiong Y, Yarbrough WG (1998) ARF promotes MDM2 degradation and stabilizes
p53: ARF-INK4a locus deletion impairs both the Rb and p53 tumor suppression pathways.
Cell 92(6):725-734

Kobet E et al (2000) MDM2 inhibits p300-mediated pS53 acetylation and activation by forming
a ternary complex with the two proteins. Proc Natl Acad Sci U S A 97(23):12547-12552

Li M et al (2002) Acetylation of p53 inhibits its ubiquitination by Mdm?2. J Biol Chem
277(52):50607-50611

. Ito A et al (2001) p300/CBP-mediated p53 acetylation is commonly induced by p53-

activating agents and inhibited by MDM2. EMBO J 20(6):1331-1340

Luo J et al (2001) Negative control of pS3 by Sir2alpha promotes cell survival under stress.
Cell 107(2):137-148

Vaziri H et al (2001) hSIR2(SIRT1) functions as an NAD-dependent p53 deacetylase. Cell
107(2):149-159

Cheng HL et al (2003) Developmental defects and p53 hyperacetylation in Sir2 homolog
(SIRT1)-deficient mice. Proc Natl Acad Sci U S A 100(19):10794-10799

Luo J et al (2000) Deacetylation of p53 modulates its effect on cell growth and apoptosis.
Nature 408(6810):377-381

Onel K, Cordon-Cardo C (2004) MDM2 and prognosis. Mol Cancer Res 2(1):1-8

. Nosho K et al (2009) SIRT1 histone deacetylase expression is associated with microsatellite

instability and CpG island methylator phenotype in colorectal cancer. Mod Pathol
22(7):922-932

Jung-Hynes B et al (2009) Role of sirtuin histone deacetylase SIRT1 in prostate cancer. A
target for prostate cancer management via its inhibition? J Biol Chem 284(6):3823-3832
Ozdag H et al (2006) Differential expression of selected histone modifier genes in human
solid cancers. BMC Genomics 7:90

Tseng RC et al (2009) Distinct HIC1-SIRT1-p53 loop deregulation in lung squamous carci-
noma and adenocarcinoma patients. Neoplasia 11(8):763-770

. Jones SN et al (1995) Rescue of embryonic lethality in Mdm?2-deficient mice by absence of

p53. Nature 378(6553):206-208

Montes de Oca Luna R, Wagner DS, Lozano G (1995) Rescue of early embryonic lethality in
mdm?2-deficient mice by deletion of p53. Nature 378(6553):203-206

Gannon HS, Jones SN (2012) Using mouse models to explore MDM-p53 signaling in devel-
opment, cell growth, and tumorigenesis. Genes Cancer 3(3-4):209-218

Vassilev LT et al (2004) In vivo activation of the p53 pathway by small-molecule antagonists
of MDM2. Science 303(5659):844-848



314

45

46.

47.

48.

49.

50.

S1.

52.

53

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Q. Zhang et al.

. Chargari C et al (2011) Preclinical assessment of JNJ-26854165 (Serdemetan), a novel
tryptamine compound with radiosensitizing activity in vitro and in tumor Xenografts.
Cancer Lett 312(2):209-218

Kojima K et al (2010) The novel tryptamine derivative JNJ-26854165 induces wild-type p53-
and E2F1-mediated apoptosis in acute myeloid and lymphoid leukemias. Mol Cancer Ther
9(9):2545-2557

YangY et al (2005) Small molecule inhibitors of HDM?2 ubiquitin ligase activity stabilize and
activate p53 in cells. Cancer Cell 7(6):547-559

Roxburgh P et al (2012) Small molecules that bind the Mdm2 RING stabilize and activate
p53. Carcinogenesis 33(4):791-798

Herman AG et al (2011) Discovery of Mdm2-MdmX E3 ligase inhibitors using a cell-based
ubiquitination assay. Cancer Discov 1(4):312-325

Galatin PS, Abraham DJ (2004) A nonpeptidic sulfonamide inhibits the p53-mdm?2 interac-
tion and activates p53-dependent transcription in mdm?2-overexpressing cells. J Med Chem
47(17):4163-4165

LuY et al (2006) Discovery of a nanomolar inhibitor of the human murine double minute 2
(MDM2)-p53 interaction through an integrated, virtual database screening strategy. J Med
Chem 49(13):3759-3762

Yin H et al (2005) Terphenyl-based helical mimetics that disrupt the p5S3/HDM?2 interaction.
Angew Chem Int Ed Engl 44(18):2704-2707

. Hardcastle IR et al (2006) Small-molecule inhibitors of the MDM2-p53 protein-protein inter-
action based on an isoindolinone scaffold. ] Med Chem 49(21):6209-6221

Hardcastle IR et al (2011) Isoindolinone inhibitors of the murine double minute 2
(MDM2)-p53 protein-protein interaction: structure-activity studies leading to improved
potency. ] Med Chem 54(5):1233-1243

Koblish HK et al (2006) Benzodiazepinedione inhibitors of the Hdm2:p53 complex suppress
human tumor cell proliferation in vitro and sensitize tumors to doxorubicin in vivo. Mol
Cancer Ther 5(1):160-169

Schilling D et al (2013) Radiosensitization of wildtype p53 cancer cells by the MDM2-
inhibitor PXN727 is associated with altered heat shock protein 70 (Hsp70) levels. Cell Stress
Chaperones 18(2):183-191

Cheok CF et al (2011) Translating p53 into the clinic. Nat Rev Clin Oncol 8(1):25-37

Bista M et al (2012) On the mechanism of action of SJ-172550 in inhibiting the interaction of
MDM4 and p53. PLoS One 7(6):e37518

Reed D et al (2010) Identification and characterization of the first small molecule inhibitor of
MDMX. J Biol Chem 285(14):10786-10796

Wang H et al (2011) A small-molecule inhibitor of MDMX activates p53 and induces apop-
tosis. Mol Cancer Ther 10(1):69-79

Graves B et al (2012) Activation of the p53 pathway by small-molecule-induced MDM?2 and
MDMX dimerization. Proc Natl Acad Sci U S A 109(29):11788-11793

Qin JJ et al (2012) Natural product MDM2 inhibitors: anticancer activity and mechanisms of
action. Curr Med Chem 19(33):5705-5725

Zak K et al (2013) Mdm?2 and MdmX inhibitors for the treatment of cancer: a patent review
(2011-present). Expert Opin Ther Pat 23(4):425-448

Kamal A, Mohammed AA, Shaik TB (2012) p53-Mdm?2 inhibitors: patent review (2009—
2010). Expert Opin Ther Pat 22(2):95-105

Weber L (2010) Patented inhibitors of p53-Mdm?2 interaction (2006-2008). Expert Opin Ther
Pat 20(2):179-191

Gu W, Roeder RG (1997) Activation of pS3 sequence-specific DNA binding by acetylation of
the p53 C-terminal domain. Cell 90(4):595-606

Gu W, Shi XL, Roeder RG (1997) Synergistic activation of transcription by CBP and p53.
Nature 387(6635):819-823

Li L et al (2012) Activation of p53 by SIRT1 inhibition enhances elimination of CML leuke-
mia stem cells in combination with imatinib. Cancer Cell 21(2):266-281



16

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Targeting p53-MDM2-MDMX Loop for Cancer Therapy 315

Zhang Q et al (2012) A small molecule Inauhzin inhibits SIRT1 activity and suppresses
tumour growth through activation of p53. EMBO Mol Med 4(4):298-312

Lain S et al (2008) Discovery, in vivo activity, and mechanism of action of a small-molecule
p53 activator. Cancer Cell 13(5):454-463

Kim W1J et al (2012) The WTX tumor suppressor enhances p53 acetylation by CBP/p300.
Mol Cell 45(5):587-597

Kussie PH et al (1996) Structure of the MDM2 oncoprotein bound to the p53 tumor suppres-
sor transactivation domain. Science 274(5289):948-953

Joseph TL et al (2010) Differential binding of p53 and nutlin to MDM2 and MDMX: compu-
tational studies. Cell Cycle 9(6):1167-1181

Almerico AM et al (2012) Molecular dynamics studies on Mdm?2 complexes: an analysis of
the inhibitor influence. Biochem Biophys Res Commun 424(2):341-347

Tsuganezawa K et al (2013) A fluorescent-based high-throughput screening assay for small
molecules that inhibit the interaction of MdmX with p53. J Biomol Screen 18(2):191-198
Grasberger BL et al (2005) Discovery and cocrystal structure of benzodiazepinedione HDM?2
antagonists that activate p53 in cells. ] Med Chem 48(4):909-912

Popowicz GM, Domling A, Holak TA (2011) The structure-based design of Mdm?2/
Mdmx-p53 inhibitors gets serious. Angew Chem Int Ed Engl 50(12):2680-2688

Pazgier M et al (2009) Structural basis for high-affinity peptide inhibition of p53 interactions
with MDM2 and MDMX. Proc Natl Acad Sci U S A 106(12):4665-4670

Liu M et al (2010) D-peptide inhibitors of the p53-MDM2 interaction for targeted molecular
therapy of malignant neoplasms. Proc Natl Acad Sci U S A 107(32):14321-14326

Zhan C et al (2012) An ultrahigh affinity d-peptide antagonist Of MDM2. J Med Chem
55(13):6237-6241

Sasiela CA et al (2008) Identification of inhibitors for MDM?2 ubiquitin ligase activity from
natural product extracts by a novel high-throughput electrochemiluminescent screen. J
Biomol Screen 13(3):229-237

Murray MF et al (2007) A high-throughput screen measuring ubiquitination of p53 by human
mdm?2. J Biomol Screen 12(8):1050-1058

Dudgeon DD et al (2010) Implementation of a 220,000-compound HCS campaign to identify
disruptors of the interaction between p53 and hDM2 and characterization of the confirmed
hits. J Biomol Screen 15(7):766-782

Dudgeon DD et al (2010) Characterization and optimization of a novel protein-protein inter-
action biosensor high-content screening assay to identify disruptors of the interactions
between p53 and hDM2. Assay Drug Dev Technol 8(4):437—458

Khoury K et al (2011) The p53-MDM2/MDMX axis — a chemotype perspective. Med Chem
Commun 2(4):246-260

Popowicz GM et al (2010) Structures of low molecular weight inhibitors bound to MDMX
and MDM2 reveal new approaches for p53-MDMX/MDM?2 antagonist drug discovery. Cell
Cycle 9(6):1104-1111

Bernal F et al (2007) Reactivation of the p53 tumor suppressor pathway by a stapled p53
peptide. J Am Chem Soc 129(9):2456-2457

Bernal F et al (2010) A stapled p53 helix overcomes HDMX-mediated suppression of p53.
Cancer Cell 18(5):411-422

Huang Y et al (2010) 1,4-Thienodiazepine-2,5-diones via MCR (I): synthesis, virtual space
and p53-Mdm? activity. Chem Biol Drug Des 76(2):116-129

Lee JH et al (2011) Novel pyrrolopyrimidine-based alpha-helix mimetics: cell-permeable
inhibitors of protein-protein interactions. ] Am Chem Soc 133(4):676-679

Czarna A et al (2010) Robust generation of lead compounds for protein-protein interactions
by computational and MCR chemistry: p53/Hdm2 antagonists. Angew Chem Int Ed Engl
49(31):5352-5356

Fu T et al (2012) Molecular dynamic simulation insights into the normal state and restoration
of p53 function. Int J Mol Sci 13(8):9709-9740

Ding K et al (2006) Structure-based design of spiro-oxindoles as potent, specific small-molecule
inhibitors of the MDM2-p53 interaction. ] Med Chem 49(12):3432-3435



316

94

9s.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Q. Zhang et al.

. Shangary S et al (2008) Temporal activation of p53 by a specific MDM2 inhibitor is selectively
toxic to tumors and leads to complete tumor growth inhibition. Proc Natl Acad Sci U S A
105(10):3933-3938

Yu S et al (2009) Potent and orally active small-molecule inhibitors of the MDM2-p53 inter-
action. J] Med Chem 52(24):7970-7973

Rew Y et al (2012) Structure-based design of novel inhibitors of the MDM2-p53 interaction.
J Med Chem 55(11):4936-4954

Lucas BS et al (2012) An expeditious synthesis of the MDM2-p53 inhibitor AM-8553. ] Am
Chem Soc 134(30):12855-12860

Bowman AL et al (2007) Small molecule inhibitors of the MDM2-p53 interaction discovered
by ensemble-based receptor models. J Am Chem Soc 129(42):12809-12814

Jacoby E et al (2009) Knowledge-based virtual screening: application to the MDM4/p53
protein-protein interaction. Methods Mol Biol 575:173-194

Tovar C et al (2013) MDM2 small-molecule antagonist RG7112 activates p53 signaling and
regresses human tumors in preclinical cancer models. Cancer Res 73(8):2587-2597
Ray-Coquard I et al (2012) Effect of the MDM2 antagonist RG7112 on the P53 pathway in
patients with MDM2-amplified, well-differentiated or dedifferentiated liposarcoma: an
exploratory proof-of-mechanism study. Lancet Oncol 13(11):1133-1140

Andreeft M et al (2012) Results of the phase 1 trial of RG7112, a small-molecule MDM2
antagonist, in acute leukemia. In: 54 annual meeting American Society of Hematology,
Atlanta, 8-11 Dec 2012, p 615, Abstract 675

Wang S et al (2012) Targeting the MDM2-p53 protein-protein interaction for new cancer
therapeutics. Top Med Chem 8:57-80

Mohammad RM et al (2009) An MDM2 antagonist (MI-319) restores p53 functions and
increases the life span of orally treated follicular lymphoma bearing animals. Mol Cancer
8:115

Menendez S et al (2011) MDM4 downregulates p53 transcriptional activity and response to
stress during differentiation. Cell Cycle 10(7):1100-1108

Laurie NA, Schin-Shih C, Dyer MA (2007) Targeting MDM?2 and MDMX in retinoblastoma.
Curr Cancer Drug Targets 7(7):689-695

Smith MA et al (2012) Initial testing of JNJ-26854165 (Serdemetan) by the pediatric pre-
clinical testing program. Pediatr Blood Cancer 59(2):329-332

Honda R, Yasuda H (1999) Association of pl9(ARF) with Mdm?2 inhibits ubiquitin ligase
activity of Mdm?2 for tumor suppressor p53. EMBO J 18(1):22-27

Weber JD et al (1999) Nucleolar Arf sequesters Mdm2 and activates p53. Nat Cell Biol
1(1):20-26

Kamijo T et al (1998) Functional and physical interactions of the ARF tumor suppressor with
p53 and Mdm?2. Proc Natl Acad Sci U S A 95(14):8292-8297

Bothner B et al (2001) Defining the molecular basis of Arf and Hdm?2 interactions. J Mol Biol
314(2):263-277

Sivakolundu SG et al (2008) Intrinsically unstructured domains of Arf and Hdm2 form bimo-
lecular oligomeric structures in vitro and in vivo. J Mol Biol 384(1):240-254
DiGiammarino EL et al (2001) Solution structure of the p53 regulatory domain of the p19Arf
tumor suppressor protein. Biochemistry 40(8):2379-2386

Weber JD et al (2000) Cooperative signals governing ARF-mdm?2 interaction and nucleolar
localization of the complex. Mol Cell Biol 20(7):2517-2528

Zhou X et al (2012) Scission of the p53-MDM2 loop by ribosomal proteins. Genes Cancer
3(3-4):298-310

Zhang Q et al (2011) Hydrophilic residues are crucial for ribosomal protein L11 (RPL11)
interaction with zinc finger domain of MDM2 and p53 protein activation. J Biol Chem
286(44):38264-38274

Dai MS et al (2006) Regulation of the MDM2-p53 pathway by ribosomal protein L11
involves a post-ubiquitination mechanism. J Biol Chem 281(34):24304-24313



16

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

—

13

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Targeting p53-MDM2-MDMX Loop for Cancer Therapy 317

Bhat KP et al (2004) Essential role of ribosomal protein L11 in mediating growth inhibition-
induced p53 activation. EMBO J 23(12):2402-2412

Zhang Y et al (2003) Ribosomal protein L11 negatively regulates oncoprotein MDM?2 and
mediates a p53-dependent ribosomal-stress checkpoint pathway. Mol Cell Biol 23(23):
8902-8912

Imai S (2007) Is Sirtl a miracle bullet for longevity? Aging Cell 6(6):735-737

Chen D et al (2005) Increase in activity during calorie restriction requires Sirtl. Science
310(5754):1641

Stunkel W et al (2007) Function of the SIRT1 protein deacetylase in cancer. Biotechnol J
2(11):1360-1368

Inoue Y et al (2011) Suppression of p53 activity through the cooperative action of Ski and
histone deacetylase SIRT1. J Biol Chem 286(8):6311-6320

Chen WY et al (2005) Tumor suppressor HIC1 directly regulates SIRT1 to modulate
p53-dependent DNA-damage responses. Cell 123(3):437-448

Blum CA et al (2011) SIRT1 modulation as a novel approach to the treatment of diseases of
aging. ] Med Chem 54(2):417-432

Chakrabarty SP, Balaram H, Chandrasekaran S (2011) Sirtuins: multifaceted drug targets.
Curr Mol Med 11(9):709-718

Balcerczyk A, Pirola L (2010) Therapeutic potential of activators and inhibitors of sirtuins.
Biofactors 36(5):383-393

Zhang Y et al (2012) Inauhzin and Nutlin3 synergistically activate pS3 and suppress tumor
growth. Cancer Biol Ther 13(10):915-924

Yiwei Z, Zhang Q, Zeng SX, Qian Hao, Hua Lu (2013) Inauhzin sensitizes p53-dependent
cytotoxicity and tumor suppression of chemotherapeutic agents. Neoplasia 15(5):523-534
Zhang Q et al (2012) Structure and activity analysis of Inauhzin analogs as novel antitumor
compounds that induce p53 and inhibit cell growth. PLoS One 7(10):e46294

. Liao JM et al (2012) Global effect of inauhzin on human p53-responsive transcriptome. PLoS

One 7(12):e52172

Azmi AS et al (2011) Network perspectives on HDM2 inhibitor chemotherapy combinations.
Curr Pharm Des 17(6):640-652

Azmi AS et al (2010) MDM2 inhibitor MI-319 in combination with cisplatin is an effective
treatment for pancreatic cancer independent of p53 function. Eur J Cancer 46(6):1122-1131
Zheng T et al (2010) Nutlin-3 cooperates with doxorubicin to induce apoptosis of human
hepatocellular carcinoma cells through p53 or p73 signaling pathways. J Cancer Res Clin
Oncol 136(10):1597-1604

Koster R et al (2011) Disruption of the MDM2-p53 interaction strongly potentiates
p53-dependent apoptosis in cisplatin-resistant human testicular carcinoma cells via the Fas/
FasL pathway. Cell Death Dis 2:¢148

Michaelis M et al (2011) Adaptation of cancer cells from different entities to the MDM2
inhibitor nutlin-3 results in the emergence of p53-mutated multi-drug-resistant cancer cells.
Cell Death Dis 2:e243

Muller PA, Vousden KH (2013) p53 mutations in cancer. Nat Cell Biol 15(1):2-8

Long J et al (2010) Multiple distinct molecular mechanisms influence sensitivity and resis-
tance to MDM?2 inhibitors in adult acute myelogenous leukemia. Blood 116(1):71-80
Laurie NA et al (2006) Inactivation of the p53 pathway in retinoblastoma. Nature
444(7115):61-66

Clegg HV et al (2012) Mdm?2 RING mutation enhances p53 transcriptional activity and p53-
p300 interaction. PLoS One 7(5):e38212

Huang L et al (2011) The p53 inhibitors MDM2/MDMX complex is required for control of
p53 activity in vivo. Proc Natl Acad Sci U S A 108(29):12001-12006

Itahana K et al (2007) Targeted inactivation of Mdm2 RING finger E3 ubiquitin ligase activity
in the mouse reveals mechanistic insights into p53 regulation. Cancer Cell 12(4):355-366

Di J, Zhang Y, Zheng J (2011) Reactivation of p53 by inhibiting Mdm?2 E3 ligase: a novel
antitumor approach. Curr Cancer Drug Targets 11(8):987-994



318

144.

145.

146.

147.

148.

149.
150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Q. Zhang et al.

Maslon MM, Hupp TR (2010) Drug discovery and mutant p53. Trends Cell Biol
20(9):542-555

Bykov VJ et al (2002) Restoration of the tumor suppressor function to mutant p53 by a
low-molecular-weight compound. Nat Med 8(3):282-288

Mohell N et al (2010) Preclinical efficacy and toxicology studies of APR-246, a novel
anticancer compound currently in clinical trials for refractory hematological malignancies
and prostate cancer. Blood 116(21)

Lehmann S et al (2012) Targeting p53 in vivo: a first-in-human study with p53-targeting
compound APR-246 in refractory hematologic malignancies and prostate cancer. J Clin
Oncol 30(29):3633-3639

Shalom-Feuerstein R et al (2013) Impaired epithelial differentiation of induced pluripotent
stem cells from ectodermal dysplasia-related patients is rescued by the small compound
APR-246/PRIMA-1IMET. Proc Natl Acad Sci U S A 110(6):2152-2156

Yu X et al (2012) Allele-specific p53 mutant reactivation. Cancer Cell 21(5):614-625
Lawrence HR et al (2009) Identification of a disruptor of the MDM2-p53 protein-protein
interaction facilitated by high-throughput in silico docking. Bioorg Med Chem Lett
19(14):3756-3759

Parks DJ et al (2005) 1,4-Benzodiazepine-2,5-diones as small molecule antagonists of the
HDM2-p53 interaction: discovery and SAR. Bioorg Med Chem Lett 15(3):765-770

Zhuang C et al (2012) Discovery, synthesis, and biological evaluation of orally active pyr-
rolidone derivatives as novel inhibitors of p53-MDM2 protein-protein interaction. J Med
Chem 55(22):9630-9642

Krajewski M et al (2005) NMR indicates that the small molecule RITA does not block p53-
MDM2 binding in vitro. Nat Med 11(11):1135-1136; author reply 11367

Issaeva N et al (2004) Small molecule RITA binds to p53, blocks p53-HDM-2 interaction and
activates p53 function in tumors. Nat Med 10(12):1321-1328

Michel J et al (2009) In Silico Improvement of beta3-peptide inhibitors of p53 x hDM2 and
p53 x hDMX. J Am Chem Soc 131(18):6356-6357

Palani CD, Beck JF, Sonnemann J (2012) Histone deacetylase inhibitors enhance the antican-
cer activity of nutlin-3 and induce p53 hyperacetylation and downregulation of MDM2 and
MDM4 gene expression. Invest New Drugs 30(1):25-36

Zauli G et al (2012) The sorafenib plus nutlin-3 combination promotes synergistic cytotoxic-
ity in acute myeloid leukemic cells irrespectively of FLT3 and p53 status. Haematologica
97(11):1722-1730

Vatsyayan R et al (2013) Nutlin-3 enhances sorafenib efficacy in renal cell carcinoma. Mol
Carcinog 52(1):39-48

Weisberg E, Sattler M (2012) A novel combination therapy approach for the treatment of
acute myeloid leukemia: the multi-kinase inhibitor sorafenib and the HDM?2 inhibitor nutlin-
3. Haematologica 97(11):1620-1621

Vaseva AV et al (2011) Blockade of Hsp90 by 17AAG antagonizes MDMX and synergizes
with Nutlin to induce p53-mediated apoptosis in solid tumors. Cell Death Dis 2:e156

Zauli G et al (2011) Dasatinib plus Nutlin-3 shows synergistic antileukemic activity in both
p53 wild-type and p53 mutated B chronic lymphocytic leukemias by inhibiting the Akt path-
way. Clin Cancer Res 17(4):762-770

Kurosu T et al (2010) Enhancement of imatinib-induced apoptosis of BCR/ABL-expressing
cells by nutlin-3 through synergistic activation of the mitochondrial apoptotic pathway.
Apoptosis 15(5):608-620

Cheok CF et al (2010) Combination of nutlin-3 and VX-680 selectively targets p53
mutant cells with reversible effects on cells expressing wild-type p53. Cell Death Differ
17(9):1486-1500

Azmi AS et al (2011) MI-219-zinc combination: a new paradigm in MDM2 inhibitor-based
therapy. Oncogene 30(1):117-126

Carter BZ et al (2010) Simultaneous activation of p53 and inhibition of XIAP enhance the
activation of apoptosis signaling pathways in AML. Blood 115(2):306-314



16

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

18

—_

182.

183.

Targeting p53-MDM2-MDMX Loop for Cancer Therapy 319

Ooi MG et al (2009) Interactions of the Hdm2/p53 and proteasome pathways may enhance
the antitumor activity of bortezomib. Clin Cancer Res 15(23):7153-7160

Tabe Y et al (2009) MDM2 antagonist nutlin-3 displays antiproliferative and proapoptotic
activity in mantle cell lymphoma. Clin Cancer Res 15(3):933-942

Jin L et al (2010) MDM2 antagonist Nutlin-3 enhances bortezomib-mediated mitochondrial
apoptosis in TP53-mutated mantle cell lymphoma. Cancer Lett 299(2):161-170

Cross B et al (2011) Inhibition of p53 DNA binding function by the MDM2 protein acidic
domain. J Biol Chem 286(18):16018-16029

Secchiero P et al (2011) Recent advances in the therapeutic perspectives of Nutlin-3. Curr
Pharm Des 17(6):569-577

Saha MN et al (2010) MDM2 antagonist nutlin plus proteasome inhibitor velcade combina-
tion displays a synergistic anti-myeloma activity. Cancer Biol Ther 9(11):936-944
McCormack E et al (2012) Synergistic induction of p53 mediated apoptosis by valproic acid
and nutlin-3 in acute myeloid leukemia. Leukemia 26(5):910-917

Kojima K et al (2006) Concomitant inhibition of MDM2 and Bcl-2 protein function synergis-
tically induce mitochondrial apoptosis in AML. Cell Cycle 5(23):2778-2786

Kojima K et al (2008) Concomitant inhibition of Mdm2-p53 interaction and Aurora kinases
activates the p53-dependent postmitotic checkpoints and synergistically induces p53-
mediated mitochondrial apoptosis along with reduced endoreduplication in acute myeloge-
nous leukemia. Blood 112(7):2886-2895

Kojima K et al (2008) The dual PI3 kinase/mTOR inhibitor PI-103 prevents p53 induction by
Mdm?2 inhibition but enhances p53-mediated mitochondrial apoptosis in p53 wild-type
AML. Leukemia 22(9):1728-1736

Ohgami T et al (2010) Low-dose mithramycin exerts its anticancer effect via the p53 signal-
ing pathway and synergizes with nutlin-3 in gynecologic cancers. Cancer Sci
101(6):1387-1395

Endo S et al (2011) Potent in vitro and in vivo antitumor effects of MDM2 inhibitor nutlin-
3 in gastric cancer cells. Cancer Sci 102(3):605-613

Mir R et al (2013) Mdm?2 antagonists induce apoptosis and synergize with cisplatin overcom-
ing chemoresistance in TP53 wild-type ovarian cancer cells. Int J Cancer 132(7):1525-1536
D’Anneo A et al (2010) Paclitaxel and beta-lapachone synergistically induce apoptosis in
human retinoblastoma Y79 cells by downregulating the levels of phospho-Akt. J Cell Physiol
222(2):433-443

Cheok CF, Dey A, Lane DP (2007) Cyclin-dependent kinase inhibitors sensitize tumor cells
to nutlin-induced apoptosis: a potent drug combination. Mol Cancer Res 5(11):1133-1145

. Hu B et al (2006) MDMX overexpression prevents p53 activation by the MDM2 inhibitor

Nutlin. J Biol Chem 281(44):33030-33035

Nadler-Milbauer M et al (2011) Synchronized release of Doxil and Nutlin-3 by remote deg-
radation of polysaccharide matrices and its possible use in the local treatment of colorectal
cancer. J Drug Target 19(10):859-873

Jones RJ et al (2011) HDM-2 inhibition suppresses expression of ribonucleotide reductase
subunit M2, and synergistically enhances gemcitabine-induced cytotoxicity in mantle cell
lymphoma. Blood 118(15):4140-4149



Chapter 17

Involvement of p53 in the Repair of DNA
Double Strand Breaks: Multifaceted

Roles of p53 in Homologous Recombination
Repair (HRR) and Non-Homologous

End Joining (NHEJ])

Vijay Menon and Lawrence Povirk

Abstract p53is a tumor suppressor protein that prevents oncogenic transformation
and maintains genomic stability by blocking proliferation of cells harboring unre-
paired or misrepaired DNA. A wide range of genotoxic stresses such as DNA dam-
aging anti-cancer drugs and ionizing radiation promote nuclear accumulation of p53
and trigger its ability to activate or repress a number of downstream target genes
involved in various signaling pathways. This cascade leads to the activation of
multiple cell cycle checkpoints and subsequent cell cycle arrest, allowing the cells
to either repair the DNA or undergo apoptosis, depending on the intensity of DNA
damage. In addition, p53 has many transcription-independent functions, including
modulatory roles in DNA repair and recombination. This chapter will focus on the
role of p53 in regulating or influencing the repair of DNA double-strand breaks that
mainly includes homologous recombination repair (HRR) and non-homologous end
joining (NHEJ). Through this discussion, we will try to establish that p53 acts as an
important linchpin between upstream DNA damage signaling cues and downstream
cellular events that include repair, recombination, and apoptosis.

Keywords DNA damage response * ATM kinase * ATR kinase * Nonhomologous
end joining * Homologous recombination repair * Rad51

V. Menon

Goodwin Research Laboratories, Massey Cancer Center,
Virginia Commonwealth University, 401 College Street,
Room No. 380A, Richmond, VA 23298-0035, USA

L. Povirk (IX)

Goodwin Research Laboratories, Massey Cancer Center,
Virginia Commonwealth University, 401 College Street,
Room No. 380A, Richmond, VA 23298-0035, USA

Department of Pharmacology and Toxicology, Virginia Commonwealth University,
401 College Street, Goodwin Research Laboratories, Room No. 380A,

Richmond, VA 23298-0035, USA

e-mail: Ipovirk@vcu.edu

S.P. Deb and S. Deb (eds.), Mutant p53 and MDM?2 in Cancer, 321
Subcellular Biochemistry 85, DOI 10.1007/978-94-017-9211-0_17,
© Springer Science+Business Media Dordrecht 2014


mailto:lpovirk@vcu.edu

322 V. Menon and L. Povirk

Introduction

A number of mutagenic and cytotoxic agents pose a major threat to genomic integrity
and cellular homeostasis. Different cellular events that occur endogenously such as
the reaction of DNA with oxygen and water lead to the formation of a myriad of
DNA lesions, primarily involving chemical modifications of bases including oxida-
tion (e.g. 8-oxoguanine) and hydrolysis (e.g. uracil). In addition, replication errors
lead to base mismatches, while exogenous agents like ultraviolet light, industrial
chemicals, or ionizing radiation produce diverse bulky adducts, alkylated bases and
oxidized bases, all of which are potentially cytotoxic and mutagenic.

The tumor suppressor, p53, is a sequence-specific transcription factor, involved
in the activation of many signaling molecules. Mutations in the p53 gene are found
in ~50 % of tumors, providing a survival advantage to those cells. During normal
conditions, the level of wild-type p53 in cells is kept under check by the E3 ubiqui-
tin ligase, HDM2 (human homolog of the mouse double-minute 2 protein), which
blocks p53’s interaction with other co-activators. Eventually, it ubiquitinates p53
and targets it for proteasomal degradation [21]. As an alternative mechanism, loss
of wild-type p53 function has been shown to be due to the dominant-negative effect
of mutant p53 [9]. The role of p53 has been viewed as a double-edged sword
depending on the severity of damage. Early in the DNA damage response, p53
relays a wide range of pro-survival signals like cell cycle arrest allowing the cells to
repair the damage. But if damage continues to accumulate, p53 is seen to shift gears
and promote apoptosis or senescence. Over the past decade, p53 has also been
shown to positively or negatively regulate autophagy, which is deemed to be another
mode of programmed cell death.

The stabilization of p53 is caused by various cellular stresses such as irradiation,
exposure to genotoxic chemicals, oncogenic activation, hypoxia, nutrient depriva-
tion, etc. Since most of these processes damage DNA, there are various DNA repair
mechanisms to correct the damage incurred and p53 has been shown to play an
important role in several of these repair mechanisms including nucleotide excision
repair (bulky DNA adducts) [3, 49], base excision repair (base modifications) [56,
100], mismatch repair (base mismatch due to replication errors) [15, 41], homolo-
gous recombination repair and non-homologous end joining (DNA double strand
breaks). However, this chapter will focus on the role of p53 in the response to DSBs,
and its involvement in the repair of DSBs. In this context, p53 primarily plays an
“integrator-relayer” function, integrating upstream signaling events and relaying
them downstream to activate various cellular events like apoptosis, senescence, or
differentiation. Although this role is accomplished primarily by p53-mediated tran-
scriptional activation/repression, pS3 has transcription-independent functions in
many pathways, including HRR.

DSBs and interstrand crosslinks (ICLs) constitute the most toxic DNA lesions
because they involve both the DNA strands. DSBs are mainly induced by ionizing
radiation (X-rays and gamma rays) [12, 34, 63] and radiomimetic drugs (bleomycin
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and neocarzinostatin) [58]. The defective processing of DNA DSBs result in
chromosomal translocations, deletions, insertions etc., [18, 74] leading to genomic
instability and subsequently malignancy.

In order to circumvent these effects, cells have evolved two major pathways for
repairing DNA DSBs; homologous recombination repair (HRR) and non-homologous
end joining (NHEJ). In addition to these, a third mechanism, single-strand annealing
(SSA), utilizes components from both HRR and NHEJ [8]. The major difference
between HRR and NHEJ lies in the fact that HRR is an error-free pathway that plays
a pivotal role during meiosis and during S and G2 phases of the cell cycle when
sister chromatids are available. On the other hand, NHEJ is an error-prone pathway
that occurs throughout the cell cycle and is shown to be important in mitotic cells.
Also, it has been shown that in spite of HRR being an error-free pathway of DNA
DSB repair, NHEJ competes effectively for the DSBs even when HRR is available.
Moreover, it appears that the initial recruitment of repair factors is crucial in selecting
one pathway over the other.

Structure of p53

Structural studies of p53 show that it is a tetramer in its active form, containing four
identical chains. The N-terminal region of p53 is a disordered, natively unfolded
region [7] containing the acidic TAD (transactivation domain), which is a binding
site for some of the p53 interacting proteins such as the transcriptional machinery
proteins [44], and MDM2 [35]. This is followed by the proline-rich region (PRR)
that links the TAD to the DNA binding domain (DBD) in p53 [89]. The central
DNA binding domain of p53 is one of the crucial components of p53 wherein most
of the cancer-related mutations occur (shown in Fig. 17.1). Most of these mutations
are missense mutations [31] wherein not only the wild-type function is lost, but

R175, R248, R249, R273, R282,

A A
[ |
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Fig. 17.1 Domain structure of p53. The N-terminal region consists of a transactivation domain
followed by a proline-rich region, the central DNA binding domain, the tetramerization domain,
and the C-terminal region. The hotspot mutations in the DNA binding domains are indicated.
PTMs Post-translational modifications (phosphorylation, neddylation, sumoylation, acetylation,
methylation etc.)
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novel oncogenic functions are acquired along with a dominant-negative phenotype
that can inactivate the normal protein functions through heterotetramerization [51],
which is elicited via the tetramerization domain that follows the DNA binding
domain. The C-terminal domain is also a disordered domain, but undergoes structured
transitions on interaction with other proteins [66, 92]. This domain is where most of
the post-translational modifications of p53 occur, such as phosphorylation, acetylation,
sumoylation, neddylation, etc., which eventually regulate p53 levels and function.
In addition to these domains, there is a bipartite nuclear localization signal located
between the DBD and TET domain that is required for the nuclear import of p53
[39]. There is also a NES (nuclear export sequence) in the C-terminal region that
allows the nuclear export of p53 into the cytoplasm [57].

Activation of p53

In response to various cellular stresses that involve cellular DNA damage, p53 is
activated and stabilized. It has been shown to be highly sensitive to small gaps and
breaks in DNA that could ultimately lead to an early DNA damage response.
However, the primary event in the p53 activation cascade is the disruption of its
interaction with its negative regulators, MDM2 or MDM4. One of the mecha-
nisms involved in disrupting this interaction is the activation of p53 by the ataxia-
telengiectasia mutated (ATM) and ataxia-telengiectasia and Rad3-related (ATR)
protein kinases, which are the major DNA damage sensors mediating the rapid
degradation of MDM2 and MDM4 [81]. Both these kinases belong to the
phosphatidylinositol-3-kinase-like kinase family and are involved in initiating a
myriad of cellular signaling events following different forms of DNA damage.

The activation of p53 is also induced by the tumor suppressor, ARF. The INK/
ARF locus produces two proteins, p16™“* and pl194RF [73], that are mainly
involved in regulating the tumor suppressor functions of the retinoblastoma
protein and p53. It has been shown that during oncogenic stimulation or replicative
senescence, ARF binds to MDM?2 and sequesters it in the nucleolus, thus stabilizing
p53 levels [91].

A third mode of p53 activation is via its interaction with CBP (CREB binding
protein) and p300, which are important regulators of eukaryotic transcription [27].
They act as co-activators wherein they bind to sequence-specific transcription
factors and assist in the initiation of transcription from the target genes. They pro-
mote the interaction of the transcription factors with pol II holoenzyme [27] and
acetylate the neighboring histones to allow an open configuration of the chromatin
[75]. It was shown that there are two docking sites for p53 on p300/CBP; one in the
C/H3 and one in the C-terminal domain [4, 29]. Following y-irradiation, the interac-
tion of p300/CBP with p53 increases due to the phosphorylation of p53 on S15 by
the ATM kinase [37]. Furthermore, acetylation of p53 on the C-terminus by p300/
CBP and P/CAF histone acetyltransferases (HAT) results in DNA binding activity
and transactivation functions of p53 [33].
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It is also important to mention that the other members of the p53 family which
include p63 and p73 also play an important role in activating p53. Earlier reports
using p63- and p73-null MEFs showed that both p63 and p73 are essential for
p53-induced apoptosis following DNA damage [19].

DNA Damage Response and p53

ATM is primarily involved in detecting and perhaps binding to DSBs, leading ulti-
mately to the activation of cell cycle checkpoints and modulation of DNA repair
pathways. On the other hand, ATR mainly recognizes replication defects or disrup-
tion of replication by DNA lesions such as DNA-DNA/DNA-protein crosslinks
arising either endogenously (e.g., malondialdehyde from lipid peroxidation) or
from exposure to bifunctional DNA-damaging agents such as cisplatin and mitomy-
cin C. During the DNA damage response, ATM and ATR induce a wide variety of
post-translational modifications in p53 that promote its activation and stabilization.
For instance, it is seen that during DNA damage, ATM phosphorylates the check-
point kinase Chk?2 [46], which in turn phosphorylates serine 20 of p53 [13, 30]. This
residue is within the major site for MDM2 attachment [55] and as a result of its
phosphorylation, p53-MDM?2 interaction is disrupted leading to p53 stabilization.
This cascade culminates in the G1 phase checkpoint wherein activated p53 induces
the expression of its direct transcriptional target, p21, causing cell cycle arrest. A
p53-independent activity of p21 in inducing both G1 and G2 phase cell cycle arrest
has also been demonstrated in earlier work. MDM2, like p53, is also subjected to
post-translational modifications following DNA damage. The p53 binding domain
and the RING finger domains of MDM?2 are the hotspots for these modifications. It
was shown that following DNA damage, the serine 395 (S395) residue on MDM?2 is
phosphorylated by ATM both in vivo and in vitro [47]. This was corroborated
recently by the demonstration that ATM-induced MDM?2 phosphorylation at S395
increased the interaction of MDM2 with p53 mRNA, leading to increased p53 trans-
lation [23]. Furthermore, Gannon et al. [24] showed that ATM-mediated phosphory-
lation of S394 on MDM2 is important for the increase in p53 activity and subsequent
activation of downstream p53 targets. These findings show that ATM plays a key
role in regulating the DNA damage response by modifying both p53 and MDM?2 in
a way that allows activation and stabilization of p53.

In addition to the above regulatory role of ATM via Chk2 and MDM2, ATM
directly phosphorylates serine 15 on p53 following exposure to ionizing radiation
[36]. This effect was only partially suppressed in AT cells, suggesting that other
kinases can also phosphorylate S15 on p53 [5, 77]. The role of ATR in phosphory-
lating S15 on p53 was shown in y-irradiated fibroblasts that were transfected with a
vector expressing a catalytically inactive mutant of ATR, designated ATRX.
Overexpression of ATRY abrogated UV-induced p53 S15 phosphorylation [86].
Herein, it was shown that ATR phosphorylates pS3 on S37 (also a phosphorylation
site for DNA-PK) in vitro. Thus, although ATM and ATR are structurally similar,
they have both common and unique substrates.
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Mutant p53: Gain-of-Function and the DNA
Damage Response

The wild-type activity of p53 plays a crucial role in the induction of multiple
signaling processes such as cell cycle arrest, apoptosis, senescence, etc. However, in
~50 % of tumors, p53 is mutated [32, 88]. Numerous reports have shown that in
addition to losing the tumor suppressive activity, certain p5S3 mutants acquire a
“gain-of-function” (GOF) phenotype leading to oncogenesis and drug resistance.
For example, mutant p53 (D281G) activates the expression of MDR1 gene (normally
suppressed by wild-type p53) which encodes P-glycoprotein, an energy-dependent
drug efflux pump [69, 85].

One of the key mechanisms of mutant p53 GOF is the ability of certain mutant
forms of p53 to induce expression of genes that are not induced by wild-type p53. In
addition to the MDRI1 gene, other genes activated by mutant p53 include VEGFR
and EGFR, whose products induce angiogenesis and cellular proliferation, respec-
tively [60]. Mutant p53 also interacts with other proteins, modifying their functions
so as to provide a survival advantage to the cells. For example, mutant p53 disrupts
the tumor suppressive functions of both p63 and p73 [16, 22, 38] and increases DNA
non-homologous recombination by increasing topoisomerase-I activity in cells [2].

However, a more dramatic effect of mutant p53 is seen in the DNA damage
response. Earlier work showed an interaction of the R248W and R273H mutant
forms of p53 with Mrell, which is a part of the MRN complex (Mrel 1/Rad50/
NBS1) that is involved in the initial sensing of DNA DSBs and subsequent recruit-
ment of ATM [94]. This interaction disrupts the ability of Mrel 1 to recruit ATM to
DSBs, ultimately leading to inter-chromosomal translocations as a result of defec-
tive ATM-dependent cell cycle checkpoints [80]. While it is known that ATM-
deficient cells are radiosensitive [76, 95], cells harboring mutant p53 usually do not
exhibit radiosensitivity. This could be due to the presence of a partially functional
ATM in the p53 mutant cells that could still confer some radioresistance despite the
lack of interaction with Mrel1. Alternatively, mutant p53 could inhibit the function
of p73 which is a mediator of apoptosis in the absence of wild-type p53. Also, since
mutant p53 has the ability of deregulating the expression of genes involved in cell
survival, it could prevent radiosensitivity in ATM null cells [6].

As mentioned, p53 has been shown to play a role in myriad of cellular activities
from DNA damage response to gene transcription to differentiation. The following
sections will focus on its role specifically in the DSB repair pathways.

Homologous Recombination Repair and p53

Homologous recombination repair (HRR) is an error-free DSB repair pathway, most
active during late S and G2 phases of the cell cycle [83], and is primarily governed
by the presence of homologous sister chromatids, homologous chromosomes, or
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DNA repeats. It is evolutionarily conserved and plays an important role in maintaining
genomic integrity. HRR is believed to initiate with ATM sensing and localizing to
DSBs, where it phosphorylates H2AX in the surrounding chromatin, which in turn
recruits BRCA1 and NBSI1, repair proteins that are also phosphorylated by
ATM. The DNA is resected in a process that requires the MRN complex [87] and
gives rise to single-strand DNA overhangs bound by RPA, which is subsequently
replaced by RADS1. Since the MRN complex possesses only 3" — 5" but not 5" — 3’
exonuclease activity, other nucleases such as CtIP [70] and Exol [11] may also be
involved in the resection step. The polymerization of RADS51 on the overhangs
takes place with the agency of RAD52. RADS51 then searches for DNA homology
with the help of RAD54 which binds to RADS51. The ATPase activity of RAD54
helps unwind DNA and facilitates strand invasion [48]. RADS51 then forms a hetero-
duplex following the acquisition of a homologous duplex. This step is then followed
by heteroduplex extension and branch migration. After this, either a non-crossing
over event takes place wherein Holliday junctions are disengaged and DNA strands
pair followed by gap filling or a crossing-over event takes place resulting from the
resolution of Holliday junctions followed by gap filling.

Cells subjected to oxidative stress or to anti-cancer agents undergo a DNA
damage response which is characterized by the activation and stabilization of p53,
leading to cell cycle arrest in G1 phase, which requires the transactivation ability
of p53. However, a plethora of studies have shown that some of the genotoxic
agents including the replication elongation inhibitors hydroxyurea and aphidico-
lin, cause p53 accumulation independent of its role in G1 checkpoint [28, 67].
Likewise, some mutations in p53 (143, 175, 248, 273, and 281) do not affect the
G1 phase cell cycle arrest but stimulate both spontaneous and radiation-induced
recombination [1, 10, 50, 68].

Although p53 can by itself check the fidelity of homologous recombination by
mismatch recognition of heteroduplex intermediates [17, 43], the inhibition of
recombination by p53 is primarily mediated by its interaction with RADS5I
(Fig. 17.2) and also RADS54. Inhibition of p53 activity promotes spontaneous and
radiation-induced homologous recombination between both direct and inverted
repeats [68] wherein the latter mainly involves a RAD51-dependent gene conver-
sion process. This interaction of p53 with RAD51 and subsequent inhibition of
recombination was further confirmed by overexpressing mutant “*’RADS1 that
prevented p53 binding to RADS1 [43]. A 2-3 fold increase in homologous recom-
bination was seen following the overexpression of this p53 non-binding mutant of
RADSI1. The interaction of p53 with RAD54 mainly occurs via the extreme
C-terminal domain of p53 [43] which is involved in sensing mispaired homologous
recombination intermediates. In vitro experiments have shown that RADS5I
stimulates the 3’ — 5’ exonuclease activity of p53 that targets heteroduplexes con-
taining base mismatches [82]. Also, the p53-RADS51 complex inhibits branch
migration after the crossing-over or postsynaptic phase of recombination [96].
Further, the regulation of homologous recombination by p53 was found to be biased,
with p53 depletion promoting both intra- and extrachromosomal recombination but
not homologous DNA integration or gene targeting [97]. This is interesting because
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Fig. 17.2 Inhibitory
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gene targeting or gene disruption could be considered a genome-destabilizing
process. Although most of these mechanistic studies involved measurements of
spontaneous recombination between ostensibly undamaged loci, other work [1, 10]
demonstrates that recombination between a locus containing a site-specific I-Scel-
induced DSB and an undamaged homologous sequence, presumably reflecting
HRR, is likewise suppressed by both wild-type and transactivation-defective p53.

While all the above studies are in general agreement that HRR suppression by
p53 is largely independent of its transcriptional activation ability, this view has
recently been challenged [59]. In this study, a wide variety of p53 manipulations
were carried out, and in all cases (even those involving transactivation-deficient p53
mutants) the extent of HRR for DSBs induced by the meganuclease /-Scel was
found to closely correlate with the fraction of cells in S/G2. Thus, these authors
argue that most of the reported effects of p53 on HRR can be explained by
transactivation-dependent cell cycle perturbations.
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During DNA replication, p53 is found at replication sites [93] and also is
transported into the nucleus during S-phase [45]. During replicative stress (resulting
from treatment with replication inhibitors or DNA crosslinking agents), pS3 inhibits
homologous recombination and this effect is dependent on the S15 phosphorylation of
pS3 and the interaction of p53 with the ssDNA binding protein RPA [61]. As dis-
cussed earlier, the phosphorylation of p53 on S15 is mediated by both the ATM and
ATR kinases. Inhibition of ATM with caffeine or the ATM specific inhibitor KU-55933
still allowed the formation of RAD51 foci, indicative of an active recombination in the
absence of ATM. Subsequently, following ATR inhibition using RNA interference,
the fraction of RADS51 foci-positive cells was reduced in the presence of either wild-
type p53 or the transactivation mutant, pS3QS [79]. A recent study [72] has shown
that the trio: DNA-PK, ATM, and ATR together downregulate p53-RPA binding.
DNA-PK phosphorylates RPA at S46, and ATM/ATR phosphorylates p53 at S37 (pre-
ceded by S15 phosphorylation as discussed above) causing the release of p53 and
RPA from the p53-RPA complex and thereby allowing RPA to fulfill its normal role
in facilitating HRR. DNA-PK is also involved in the other major DNA DSB repair
pathway, the non-homologous end joining (NHEJ, discussed in the next section).

Also, an important potential role of p53 in HRR that is not discussed here in
detail is its interaction with BLM (Bloom syndrome) and WS (Werner syndrome)
proteins that belong to the class of RecQ helicases involved in homologous recom-
bination [78]. It was shown that BLM and p53 show co-localization at sites of
stalled replication forks [71]. Although BLM localizes to these sites in a p53-
independent manner, it eventually enhances the p53 accumulation at these sites.
Sengupta et al. [71] showed that the interaction of BLM with p53 is enhanced by the
localization of 53BP1 at these sites, independent of y-H2AX. This event was depen-
dent on active Chkl kinase (possibly phosphorylated by ATR), leading to BLM
stabilization and ultimately p53 accumulation at stalled replication sites.

To summarize, p53 plays multiple roles in the regulation of the HRR pathway
and the mechanism of some of these regulatory roles is still being elucidated.

Non-homologous End Joining and p53

The NHEJ pathway is the predominant pathway for the repair of DNA DSBs, occurring
throughout the cell cycle [65]. It is a dynamic process that does not require sequence
homology as in HR [64] and has been shown to utilize a wide variety of DNA sub-
strates converting them into joined products. Since this process can lead to the join-
ing of incorrect ends, NHEJ is an error-prone pathway. Radiation-induced DNA
damage via the production of oxygen radicals leads to deoxyribose fragmentation, as
well as producing modified DNA bases such as 8§-oxoguanine and thymine glycols.
DNA DSBs induced by deoxyribose oxidation are characterized by both 5’- and
3’-staggered termini with chemically modified ends. Moreover, clusters of localized
radicals can produce complex DNA lesions consisting of terminally blocked DSBs
flanked by nearby damaged bases. DSBs of widely diverse terminal structure can be
repaired via NHEJ irrespective of the sequence or DNA homology.
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The first step in NHEJ is the binding of the Ku heterodimers to DSBs [52].
This is followed by DNA-PK binding to Ku and this complex serves as a beacon for
nucleases, polymerases, and ligases to bind. However, the formation of a stable
complex between Ku and DNA-PK requires conformational changes in Ku which
occur only in the presence of DNA ends [40], and promote the interaction of Ku
with DNA polymerases p and A, and with the XRCC4-DNA ligase IV complex [14].
Interaction between two such complexes on two DNA ends tethers the ends and
triggers the kinase activity of DNA-PK which then phosphorylates various repair
proteins. Artemis, along with DNA-PK, gains a 3’-endonucleolytic activity that has
been shown earlier to act specifically near 3’ DNA termini and resolve noncanonical
DNA DSB ends such as 3’-phosphoglycolate moieties. This endonuclease activity
is essential for Artemis’ role in promoting radioresistance and repair proficiency in
mammalian cells [53]. In addition to Artemis and DNA-PK, other proteins such as
TDP1 and Metnase have been shown to function in a similar fashion to resolve dam-
aged DNA overhangs. TDP1 removes glycolate residues from 3’ ends followed by
additional processing by PNKP to remove the resulting 3’'-phosphates [99]. Recently,
Metnase was shown to endonucleolytically trim 3’-overhangs greater than 3 bp on
DNA duplexes, although its lack of activity when added to NHEJ-competent extracts
casts some doubt on such a role in vivo [54]. The various enzymes involved in the
NHE] pathway have a high flexibility in binding to DNA lesions, allowing them to
interact or bind with a plethora of DNA end structures.

The role of p53 in NHEIJ is not clearly understood although p53 has been shown
to regulate NHEJ by itself or in association with other NHEJ proteins. Early studies
with mice harboring knockouts of the NHEJ factors XRCC4 and Ligase IV have
shown that in the absence of NHEJ, DNA DSBs remain unrepaired, and that these
eventually trigger apoptosis in a p5S3-dependent manner [20, 26, 25]. Thus, p53
deficiency can rescue the otherwise embryonic lethal phenotype of Xrcc4—/— or
Lig4—/— mice.

In an episomal reactivation assay, pS3 was shown to enhance DSB rejoining of
transfected linearized plasmids in y-irradiated cells [84]. This enhancement was
found to be dependent on the carboxy terminal domain of p53 (which harbors non-
specific DNA-binding activity), but independent of transcriptional activation ability.
Interestingly, only the repair of DNA DSBs with short cohesive ends but not blunt
ends was enhanced by p53. In cells harboring an integrated DSB substrate contain-
ing tandem sites for meganuclease I-Scel, the p53 inhibitor pifithrin-a reduced pre-
cise end-joining while having little or no effect on end joining overall, suggesting a
role for p53 in enforcing end-joining fidelity [42]. In a different I-Scel-based NHEJ
assay, expression of wild-type p53 inhibited NHEJ events that required trimming of
noncomplementary overhangs from the DSB ends. In this case, it was speculated
that p53 plays a role in NHEJ either by inhibiting exonucleolytic proofreading or by
recognizing heterologies and inhibiting NHEJ [1].

The Artermis endonuclease involved trimming of damaged or noncomplemen-
tary ends for NHEJ has been shown to interact with p53 in the suppression of onco-
genic N-Myc in progenitor B-cells [62]. Other reports have also shown Artemis to
be a negative regulator of p53 activity in response to oxidative stress. Artemis
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knockdown in U2-OS cells induced p53 accumulation, cell cycle arrest, and
apoptosis [98]. This reflects on a DNA repair-independent role of Artemis and its
subsequent effect on p53 activity.

To summarize, the exact regulatory role of p53 in NHE]J is still poorly under-
stood. Certainly, p53 does have genetic interactions with the players of the NHEJ
pathway, eliciting DNA repair-dependent and -independent downstream effects on
cell cycle progression and cell survival. However, early suggestions of more direct
biochemical effects of p53 on NHE]J itself have been neither refuted nor further
elucidated.

Conclusions

Overall, p53 acts as an important link between upstream signaling and activation of
downstream signaling cascades depending on the extent of DNA damage. It can
activate cell cycle arrest and allow the damage to be repaired or it could transacti-
vate genes involved in the apoptotic machinery.

The role of p53 in regulating cell cycle checkpoints following DNA damage is a
pivotal event toward maintaining genomic stability. DNA damage leads to the acti-
vation of cell cycle checkpoints in different phases of the cell cycle. The G1/S phase
checkpoint that is mainly triggered by DNA DSBs (detected by the presence of
y-H2AX or 53BP1, [90]) involves the ATM kinase that detects DSBs and phos-
phorylates p53 either directly or indirectly leading to its stabilization. As the repair
of some DSBs by NHEJ in G1 requires several hours, this arrest provides a crucial
opportunity for the cell to restore the integrity of the genome before it can be repli-
cated. The intra-S-phase checkpoint is mainly activated by stalled replication forks
arising as a result of replication defects or DNA damaging agents. It likewise allows
for repair of replication-associated DSBs by HRR before new replication forks are
initiated. Thus, in either case, cell cycle arrest will serve to enhance genomic stabil-
ity, and is the primary function of p53 in DSB repair.

More direct regulatory effects of p5S3 on DSB repair are more difficult to ratio-
nalize in terms of genomic stability. It might be expected that the role of p53 in
regulating these pathways could be bimodal, either inhibiting these pathways to
maintain genomic stability or activating them in response to genotoxic stress or
DNA damage cues. While DSBs must be rejoined if genomic integrity is to be pre-
served, inaccurate repair by the same or very similar mechanisms will lead to rear-
rangements and instability. It is ostensibly surprising that the primary direct effect
of p53 on DSB repair appears to be suppression of HRR, which is usually accurate
and certainly more accurate than NHEJ or other alternative DSB repair pathways.
Ideally, a genomic surveillance system would evolve so as to specifically detect and
suppress events that are likely to be associated with inaccurate repair. There is some
suggestion of such a bias in the finding that p53 most strongly inhibits HRR between
substrates with a limited extent of homology (<200 bp) — events that could reflect
illegitimate recombination between repetitive sequences that could lead to
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rearrangements [1]. Similarly, p53 reportedly suppresses NHEJ that requires resection
of mismatched overhangs (such as might occur in the joining of exchanged ends of
two DSBs), while promoting cohesive-end joins [1, 84]. Finally, in cases of extensive
damage, the proliferation of cells with unstable genomes might be most efficiently
prevented by blocking repair entirely and thereby driving those damaged cells
toward apoptosis or senescence.
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Chapter 18
The Role of Tumor Suppressor p53
in the Antioxidant Defense and Metabolism

Andrei V. Budanov

Abstract Tumor suppressor p53 is inactivated in most cancers and the critical role
of p53 in the suppression of carcinogenesis has been confirmed in many mouse
models. The protein product of the tumor suppressor pS3 gene works as a transcrip-
tional regulator, activating expression of numerous genes involved in cell death, cell
cycle arrest, senescence, DNA-repair and many other processes. In spite of the
multiple efforts to characterize the functions of p53, the mechanisms of tumor
suppression by p53 are still elusive. Recently, new activities of pS3 such as regulation
of reactive oxygen species (ROS) and metabolism have been described and the
p53-regulated genes responsible for these functions have been identified. Metabolic
derangements and accumulation of ROS are features of carcinogenesis, supporting
the idea that many tumor suppressive effects of p53 can be mediated by regulation
of metabolism and/or ROS. Mutations in the p53 gene can not only inactivate wild
type function of p53 but also endow p53 with new functions such as activation of
new metabolic pathways contributing to carcinogenesis. Understanding the meta-
bolic and antioxidant functions of p53 allows us to develop approaches to restore
p53 function in cancers, where p53 is inactivated, in other to ensure the best out-
come of anti-cancer treatment.
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elF-4E binding protein 1

autophagy gene 1-17

apoptosis-inducing factor

AMP activated protein kinase

alternative reading frame 1

adenosine triphosphate
ataxia-telangiectasia mutated kinase

ATM related kinase

checkpoint kinase 1/2

constitutively photomorphogenic 1
eukaryotic translation initiation factor 4E
farnesyl pyrophosphate

forkhead box O transcription factors
guanidinoacetate methyltransferase
geranylgeranyl pyrophosphate
glutaminase 2

glutathione peroxidase 1

glutathione

oxidized form of glutathione
hypoxia-inducible factor 1

mitochondrial hexokinase 2

Kelch-like ECH-associated protein 1
manganese superoxide dismutase

mouse double minute

N-acetyl cysteine

neutrophil cytosol factor 2

nuclear factor (erythroid-derived 2)-like 2
mammalian target of rapamycin kinase
mTOR complex 1/2

p53-inducible nuclear protein 1
paired-end ditag

PPARY coactivator 1o

phosphoglycerate mutase
6-phosphofructo-2-kinase/fructose-2,6-biphosphatase
p53-inducible genes 1-13

pS3-induced protein with a RING (Really Interesting New
Gene)-H2 domain

peroxisome proliferator-activated receptor oy
Ras-related GTP-binding protein A,B,C,D
Ras homolog enriched in brain

reactive oxygen species

synthesis of cytochrome C oxidase 2
sterol-regulatory element binding protein 1
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TAp73 transcriptionally active p73

TIGAR p53-induced glycolysis and apoptotic regulator
TSC1/2 tuberoses sclerosis complex protein 1/2
Introduction

p53 was discovered more than three decades ago as a protein interacting with large
T-antigen of human polyoma virus SV40, which is known to be responsible for
malignant transformation of different human and mouse cells. This discovery
paved the way for intensive studies of the role of p53 in transformation and carci-
nogenesis [61]. A few years later, the tumor suppressor pS3 (TSp53) gene was
cloned by several groups and it was demonstrated that TSp53 is mutated in a vast
majority of human cancers [61]. Beyond point mutations, p53 can be inactivated
via many other mechanisms including chromosome deletions, amplification of its
natural negative regulator Mdm2 (mouse double minute 2) or expression of viral
oncogenes such as papillomavirus E6 or adenovirus E1B proteins [61]. The follow-
ing studies found inactivation of one p53 allele in families with Li-Fraumeni syn-
drome, the disease characterized by the predisposition to many types of cancer at
an early age [63, 64]. The ultimate evidence that p53 is a critical tumor suppressor
came with the advent of gene knockout technology. p53 knockout mice were nor-
mal, indicating that p53 does not play a role in embryogenesis and differentiation,
but they developed cancers, mostly lymphomas and sarcomas with 100 % pene-
trance and died from cancer by the age of 6 months [27]. Surprisingly, the pattern
of cancers observed in the p53-knockout animals differed from the majority of
human cancers, which are mostly carcinomas. This may be because human cancers
mostly bear a mutant form of the proteins rather than total inactivation of p53 and
the most common mutations in p53, called “hot-spot” mutations, give the mutant
form of p53 an ability to stimulate invasiveness or cancer-associated metabolism in
the process called “gain-of-function” [27, 33, 61]. Accordingly, two mouse p53
knockin strains with mutations R172H and R270H (where arginines (R) are
replaced to histidines (H), corresponding to hot-spot human p53 mutations in
codons 175 and 273) were generated, and it was demonstrated that mice developed
mostly highly-invasive carcinomas [53, 81].

As it has been believed for many years, p53 protects from carcinogenesis via
“crime and punishment” mechanisms by restricting proliferation of genetically
damaged cells via activation of cell death or permanent cell cycle arrest or senes-
cence [102]. This dogma has been significantly re-visited during recent years when
it was shown that inactivation of major targets of p53 involved in regulation of cell
death — Noxa and Puma, or senescence/cell cycle arrest gene p21 does not recapitu-
late the cancer-prone phenotype of p53-deficient mice [25, 42, 100]. In following
studies it was also established that p53 triple mutant knockin mice (p533*®), where
3 lysines (117, 161 and 162), subjects of p53 acetylation, were replaced with argi-
nines, lost the ability to activate cell death, cell cycle arrest or senescence but still
maintained the ability to suppress carcinogenesis [65]. This data opens a new venue
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for the studies of the mechanisms of “good maintenance” applied by p53 to prevent
accumulation of damage via regulation of reactive oxygen species and metabolism
leaving the “punishment” as the last resort for the cells which go awry.

Tumor Suppressor Gene p53 Encodes Stress-Responsive
Transcriptional Factor

pS53 works as a transcription factor involved in transcriptional regulation of mul-
tiple genes. p53 functions in the form of homo-tetramers, recognizing
pS53-responsive elements composed of two decamers separated by short spacer
5'-RRRCWWGYYYN, ,RRRCWWGYYY-3" where R — purine, Y — pyrimi-
dine, C — cytosine, G — guanine, W — adenine or thymine and N — nucleotide and
activates or suppresses different promoters dependent on context [33]. It is well
established that p53 is induced by DNA-damage via consequent activation of
ATM/ATR and Chk1/Chk2 kinases which phosphorylate pS3 on N-terminus,
causing p53 stabilization and activation. As a result, p53 induces cell cycle
arrest, stimulates DNA-repair and protects genomic stability earning p53 the
name “guardian of the genome” [52]. Other stimuli, including oxidative stress,
hypoxia, nutrient deprivation or activation of oncogenes, induce p53 via mecha-
nisms yet to be established and stimulate expression of p53-dependent genes,
facilitating stress consequences [101]. Nevertheless, if the stress insult is too
intense, p53 can stimulate pathways that lead to the elimination of cells via
induction of cell death or senescence. The choice between a pro-survival or pro-
death outcome is determined by the sensitivity of different promoters to p53
[101]. In response to weak or moderate stress insults, p53 stimulates expression
of pro-survival genes which protect cells from damage. The promoters of these
genes are very sensitive to even low p53 activation and are usually activated
very quickly after the stress is applied. On the contrary, pro-apoptotic genes are
activated in response to intense stress and with a significant delay as compared
to pro-survival genes [90, 102] (Fig. 18.1).

Among the targets of p53 are its own negative regulators such as Mdm?2, PIRH2
(p53-induced protein with a RING (Really Interesting New Gene)-H2 domain) and
COP1 (constitutively photomorphogenic 1). They work as E3-ubiquitine ligases
which stimulate p53 ubiquitination and degradation by proteasomes [28, 37, 60].
Mdm?2 plays a major role in regulation of p53 stability and activity via constant
control of p53 expression [10, 51]. Inactivation of Mdm?2 in mice leads to perma-
nent p53 activation, causing embryonic lethality and the lethal phenotype was com-
pletely rescued by p53 inactivation supporting the critical role of Mdm2 in p53
regulation [44]. Moreover, single nucleotide polymorphisms in SP1 site in regula-
tory area of the human Mdm2 gene causes elevated Mdm?2 expression, which
increases susceptibility of the organism to carcinogenesis [9].

Although p53 protein is suppressed by Mdm2 under non-stressed conditions
and has a lifespan around 20 min, it can be easily activated by multiple stress
insults [61]. Mild stress can be induced by mistakes in DNA-replication, ROS
accumulation or decrease in ATP levels. It causes modification of p53 via
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Fig. 18.1 Yin and Yang activities of p53 in tumor suppression. Many stress insults induce p53
which activates expression of multiple genes via interaction with p53-responsive elements on their
promoters. The outcome of p53 activation can be cell protection or cell death depending on the
nature and intensity of the stress. Both processes can be required to reach maximal protection of
the organism against carcinogenesis

phosphorylation and some other mechanisms such as acetylation, methylation,
ubiquitylation, neddylation or summoylation [101]. p53 can be also activated via
redox-dependent mechanisms involving redox factor Ref1 [95]. As aresult, it leads
to stimulation of p53-dependent genes involved in suppression of ROS and tuning
up the metabolism. In contrast, activation of p53 by severe stress leads to cell death
or permanent cell cycle arrest [12, 101].

p53 Regulates Redox Balance in Cells

Pro-oxidant Function of p53

p53 is the major regulator of programmed cell death or apoptosis, and for many years
this activity was considered to be the major mechanism of p53-controlled tumor
suppression [92]. In an attempt to explain the mechanisms of the pro-apoptotic activ-
ity of p53, several targets named PIG1-13 (p53-inducible genes 1-13) with strong
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Fig. 18.2 Regulation of anti-oxidant and pro-oxidant genes by p53. Low-intensities of stress
stimulate expression of highly sensitive p53-dependent pro-survival genes involved in ROS sup-
pression, metabolism, mitochondrial function and autophagy, which protect cell viability. Highly
intense stress insults activate cell death via the induction of pro-apoptotic and pro-oxidant genes.
In response to low stress, PGCla binds p53 and stimulates expression of pro-survival genes,
although its degradation induced by chronic prolonged stress may be responsible for the activation
of genes responsible for cell death

pro-oxidant properties were described [85]. Some examples include: PIG1 — member
of galectin family involved in superoxide production; PIG3 — homolog of NADPH—
quinone oxidoreductase, a potent ROS generator; PIG8 — human homolog of mouse
E-24 gene, a quinone known to regulate ROS [85]. Accordingly, activation of p53 in
different cancer cell lines via overexpression or strong genotoxic stress causes accu-
mulation of reactive oxygen species (ROS) and oxidative stress contributing to induc-
tion of cell death [85, 90]. Overexpression of BH3-only protein Puma, a critical
mediator of p53-activated cell death, also stimulates ROS production which most
likely is associated with mitochondria disintegration [90]. In accordance with these
data, overexpression of p53 stimulates ROS production mostly in cells with intact
mitochondria, which are susceptible to pS3-induced cell death [90]. Besides its effects
on mitochondria, the parallel mechanism of ROS production by p53 can involve tran-
scriptional activation of a component of NADPH oxidase, the critical enzyme respon-
sible for O, production, NCF2/p67phox (neutrophil cytosol factor 2) [41]. Although
pro-oxidant activity of p53 can be beneficial for elimination of cancer cells, it might
have some disadvantages for the organism under conditions of ischemia, neurodegen-
eration or aging [102]; consequently tight p53 regulation is critical for proper control
of many physiological processes associated with p53 activation (Fig. 18.2).
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Antioxidant Function of p53

The paradigm that p53 is a bona fide pro-oxidant factor changed since it had been
found that under physiological or low stress conditions p53 suppresses ROS
accumulation [90]. ROS cause oxidative DNA-damage which increase the rate of
mutagenesis and chromosomal instability. Being widely recognized as the protector
of genomic stability, p53 inhibits DNA-oxidation and mutagenesis via suppression
of ROS [12]. ROS are also involved in the activation of signaling pathways controlling
cell growth, proliferation, viability and transformation such as PI3K-AKT,
JAK-STAT, PLC-PKC, MAPK cascade or IKK-NF-kB [71]. They also play an
important role in stimulation of angiogenesis and epithelial-mesenchymal transi-
tion, both critical steps of cancer progression [22].

Thus, ROS accumulation, often observed in cancer cells [5], can be responsible
for the high rate of mutagenesis in oncogenes and tumor suppressor genes, stimula-
tion of cell proliferation and malignant transformation, and eventually for angiogen-
esis, invasiveness and metastasis [5, 71].

These considerations are supported by animal studies. The lifespans of the
p53-deficient mice, characterized by increased ROS levels, are shortened by five-
fold to sixfold due to accelerated carcinogenesis [27, 90]. Increased levels of oxida-
tive stress is also observed in patients with Li-Fraumeni cancer predisposition
syndrome characterized by inactivation of one copy of the p53 gene [103].
Inactivation of ATM, an upstream p53 regulator, also leads to oxidative stress, DNA
oxidation, mutagenesis and carcinogenesis [88, 107]. Tumor phenotypes of p53 and
ATM knockout mice were significantly suppressed in animals supplemented with
an antioxidant N-acetyl-cysteine (NAC) [90, 91]. Additionally xenograft studies on
lung adenocarcinoma cells demonstrated that p53 silencing accelerates tumor
growth, while these effects were strongly suppressed by NAC treatment [90].

In another set of experiments, a mouse strain carrying extra-genomic copies of
p53 and its upstream regulator Arfl (alternative reading frame 1) was generated
[72]. These mice, designated s-p53/Arfl (super-pS3/Arfl) are characterized by
slightly elevated p53 expression and a continuous activation of p53-dependent anti-
oxidant genes. s-p53/Arfl mice have an extended lifespan as compared to wild type
control and are highly resistant to carcinogenesis. Interestingly, the cells isolated
from the s-p53/Arfl mice are also well protected against transformation by cooper-
ating oncogenes, providing a protecting mechanism against carcinogenesis [72].

Since characterization of the antioxidant function of p53, several groups of
p53-inducible antioxidant proteins were identified.

Antioxidant Enzymes
MnSOD (Manganese superoxide dismutase) is an enzyme responsible for decompo-

sition of superoxide (O,”) converting it to less toxic H,O, form in the reaction
20, +2H*=H,0,+ 0, [4]. Superoxide is produced as a by-product of mitochondrial
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oxidative phosphorylation or via activation of NADPH oxidases. Mitochondria are
the major source of superoxide and other ROS, and as estimated approximately 2 %
of oxygen consumed by healthy mitochondria is converted into the O, form [31].
Moreover, mitochondrial dysfunction induced by stress or improper control of mito-
chondrial integrity causes increased leakage of electrons from the respiratory chain.
Superoxide is extremely reactive and, consequently, very unstable. Nevertheless, it
can damage different macromolecules in mitochondria including lipids, proteins and
DNA, affecting mitochondrial function and stimulating extensive electron leakage
and ROS production [4, 31]. MnSOD, residing in the mitochondrial matrix, plays a
critical role in the detoxification of O,", producing less reactive H,O,. p53 activates
expression of the MnSOD via direct recognition of MnSOD promoter in -2032 - -2009
position of the human gene [39].

Another critical antioxidant enzyme regulated by p53 is GPx1 (glutathione
peroxidase 1), an enzyme responsible for decomposition of H,0, via the reaction
2GSH +H,0,=GS-SG+H,0 [4], where GSH and GS-SG are reduced and oxidized
forms of glutathione, a major cellular antioxidant [31]. Selenoprotein GPx1 plays a
major role in decomposition of H,0,, a highly diffusible molecule which reacts with
different macromolecules including membrane lipids, proteins and nuclear DNA.
p53 activates expression of the GPx1 gene through binding to the -694 - -720 region
of its promoter, stimulating an antioxidant response [39]. In particular cell types,
such as developing rat retina and retinal ganglion cells, p53 can stimulate expres-
sion of catalase, another enzyme involved in H,O, decomposition [80]. It was also
reported that p53 regulates activity of catalase via direct protein-protein interactions
[46]. Interestingly, pS3-responsive pS3R2 (p53-inducible ribonucleotide reductase)
was found in a p53-catalase complex under physiological conditions and stimulates
catalase activity, while another p53 target PIG3 was found in the p53-catalase
complex under genotoxic stress conditions and inhibits catalase activity [46].

Sestrins

Another group of antioxidant genes, Sestrins, play a major role in regulation of ROS
in response to p53 activation [15]. Sestrins are a family of genes highly conserved
in evolution from protists to mammals [14]. The mammalian Sestrin gene family is
composed of three members, Sesnl, Sesn2 and Sesn3, while the invertebrate
genome contains only one Sestrin gene [14, 56]. The first family member, Sesnl,
was identified as a p53-inducible gene activated by DNA-damage [99]. Several
potential pS3-responsive elements were described within intron 1 and 2 [99, 104].
Sesnl gene is transcribed in three mRNA forms using alternative promoters and
produces three different proteins with molecular weights of 46, 55 and 68 kDa [99].
Among these proteins, only the 46 and 55 kDa forms are regulated by p53, while the
68 kDa form is constantly expressed [99].

The second member of the family, Sesn2, was isolated as hypoxia inducible
gene [16]. In following studies it was established that the Sesn2 gene is also acti-
vated by many other stimuli including oxidative stress, nutrient deficiency and
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DNA-damage [6, 15, 16]. p53 is responsible for Sesn2 activation by DNA-damage,
and contributes to Sesn2 activation by oxidative stress [15, 16]. The p53-responsive
element was identified 9.7 kb downstream of the Sesn2 gene by PET (paired-end
ditag) sequencing [104]. In different study, another p53-responsive element was
found in the 1st exon of the Sesn2 gene [59]. The Sesn2 gene encodes a protein
with a molecular weight of 60 kDa showing close similarity with 55 kDa protein
product of the Sesnl gene [16].

Sesn3, the third family member, was identified in silico as a close homolog of
both Sesnl and Sesn2 genes [16, 83]. Interestingly, while two of three members of
the Sestrin family — Sesnl and Sesn2 — are direct targets of p53, Sesnl and Sesn3
are activated by the FoxO family of transcription factors [14, 79]. Similar to p53,
FoxO controls both pro-survival and pro-apoptotic processes via activation of dif-
ferent sets of genes involved in regulation of cell death and cell cycle arrest as well
as metabolism and ROS [36]. Regulation of Sestrins by p53 and FoxO is very con-
served in evolution, as demonstrated by the Drosophila Sestrin gene [57].

Although Sestrins do not have similarity with other proteins, detailed sequence
analysis has shown that part of Sestrin protein (corresponding to 100-175 aa of
Sesn2) shares homology with the Mycobacterium Tuberculosis antioxidant protein
AhpD, which is a critical regulator of bacterial thiol peroxidase AhpC [11, 15].
During the catalytic cycle AhpC is oxidized and then restored by AhpD. Mammalian
peroxiredoxins are AhpC homologs, which work via similar mechanisms [23]. In
contrast to bacterial proteins, mammalian peroxiredoxins can easily be inactivated
via overoxidation of catalytical cysteine [105]. Sestrins contribute to regeneration of
peroxiredoxins potentially through activation of sulfinilreductase for mammalian
peroxiredoxins — Srx (sulfiredoxin) [14]. Sestrins activate expression of Srx and
some other antioxidant genes stimulating autophagic degradation of protein Keapl
(Kelch-like ECH-associated protein 1), an inhibitor of antioxidant transcription
factor NRF2 (nuclear factor (erythroid-derived 2)-like 2) [3]. The regulation of
antioxidant response by Sestrins via regeneration of peroxiredoxins can play an
important role in protection of neurons and macrophages from oxidative stress [29,
82]. Sestrin-mediated autophagy also plays a critical role in support of integrity of
the mitochondria and other organelles responsible for ROS production [13, 57, 58].
Inactivation of Sestrins via p53 mutation or other mechanism might play a critical
role in carcinogenesis, facilitating cell transformation. Accordingly, Sesn2-deficient
cells are much more susceptible to transformation than their wild-type counterparts
[13]. Moreover, cell transformation by Ras oncogenes requires ROS production and
Ras stimulates ROS via suppression of Sesnl and Sesn3 gene expression [49].

TIGAR

TIGAR (p53-induced glycolysis and apoptotic regulator) was discovered as a
p53-inducible gene by microarray analysis. It is a direct pS3 target with kinetics of
activation similar with other genes involved in pro-survival activities, such as ROS
regulation, cell cycle control and DNA-repair, which are activated quickly after p53
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induction [8]. Two p53-responsive elements were found in the promoter and first
intron of the human TIGAR gene [8]. TIGAR shares similarity with proteins of the
PGM (phosphoglycerate mutase) family, but the highest degree homology is observed
with the biphosphatase domain of PFK-2/FBPase-2 (6-phosphofructo-2-kinase/fruc-
tose-2,6-biphosphatase) [8]. Ectopic expression of TIGAR decreases the levels of
Fru-2,6-P, (fructose-2,6-biphosphate). As expected, it leads to a decrease in glyco-
lytic rates, and silencing TIGAR stimulates Fru-2,6-P, production and glycolysis.
Being an inhibitor of glycolysis, TIGAR can re-direct glycolytic intermediates into
the pentose phosphate pathway (PPP), which is involved in the production of the
reducing agent NADPH. NADPH is used by glutathione reductase to convert GSSG
to GSH. The GSH/GSSG ratio is the major indicator of redox balance in the cell,
which affects cell metabolism, viability and antioxidant defense. Accordingly, acti-
vation of TIGAR in response to p53 decreases the levels of ROS and suppresses
pS3-induced cell death [8]. TIGAR protein was also found in mitochondria where it
interacts with mitochondrial HK2 (hexokinase 2) and stimulates its activity. HK2
arguably helps to couple glycolysis with oxidative phosphorylation and limits ROS
production in mitochondria via control of ADP levels [19].

GLS2

The GLS2 (Glutaminase 2) gene encodes a mitochondrial glutaminase which cata-
lyzes the hydrolysis of glutamine to glutamate. Activation of GLS2 by p53 leads to
increased production of glutamate and a-ketoglutarate, last one is the critical sub-
strate for the tricarboxylic acid (TCA) cycle. As a result, GLS2 stimulates mito-
chondrial respiration and ATP production. Moreover, GLS2 induction causes GSH
accumulation and ROS downregulation, providing protection against oxidative
stress [38]. Thus, GLS2 regulates ROS supporting mitochondrial function and pre-
venting ROS generation by dysfunctional mitochondria. Activation of GLS2 also
protects cells against oxidative DNA-damage and supports genomic stability [96].

Other p53 Targets Involved in Redox Regulation

Several other p53-inducible proteins are involved in redox regulation, although the
mechanisms are yet to be established. pS3INP1 (p53-inducible nuclear protein 1)
when overexpressed facilitates cell death. However, pS3INP1-deficient MEFs and
splenocytes accumulate ROS, and pS3INP1-null thymocytes are highly susceptible to
cell death linked with enhanced ROS production [18, 78]. pS3INP1-null cells are
characterized by decreased levels of autophagy which might be responsible for
p53INP1-regulated antioxidant protection [78]. Another p53 target, ALDH4, is a
mitochondrial-matrix NAD* -dependent enzyme which catalyzes the second step in
the proline degradation pathway. ALDH4 downregulates ROS levels via a yet to be
defined mechanism and its silencing enhances cell death in response to p53 overex-
pression [108]. Many effects of p53 on ROS can be explained via support of mito-
chondrial function. p53 is involved in the maintenance of mitochondrial DNA copy
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number and mitochondrial mass, and p53 inactivation can lead to improper control of
mitochondrial integrity and an increased ROS production [S5]. p53 can also support
stability of mitochondrial DNA interacting with mitochondrial DNA-polymerase vy,
ensuring integrity and proper functioning of mitochondria [1]. As an additional mech-
anism of control of mitochondrial function, pS3 activates expression of Mieap which
induces the formation of a lysosome-like vacuole structure in mitochondria and is
involved in mitochondrial quality control, suppressing ROS production [48] (Fig. 18.2).

p53 and Autophagy

Macroautophagy (therein in the text — autophagy) is the mechanism of two-
membrane encapsulation and lysosomal degradation of cellular constituents such as
organelles, protein aggregates and bulk of cytoplasm [50]. Autophagy is responsible
for the control of the integrity of organelles, such as mitochondria and peroxisomes,
which, when damaged, produce excessive amounts of ROS. Thus, impaired autoph-
agy can be responsible for oxidative stress and genomic instability [73]. pS3 regu-
lates autophagy in a positive and negative manner dependent on context [30, 97].
The nuclear form of p53 transcriptionally activates expression of multiple genes
involved in autophagy such as DRAM, Sesn2, ULK1, ULK2, Atgda, Atgdc, Atg7,
and Uvrag in response to DNA-damage or oncogene activation [21, 30, 34, 47, 70].
In contrast, the cytoplasmic form of p53 inhibits autophagy via an interaction with
autophagy proteins Atgl7 and RB1CC1/FLP200 [76, 97]. This promiscuous effect
of p53 on autophagy regulation can be explained by the link of autophagy with cell
death. Autophagy can suppress cell death in response to stress supporting integrity
and function of organelles, suppressing ROS production and providing ATP for the
repair processes [50]. When p53 functions in a pro-survival fashion, it might sup-
port autophagy via transcriptional activation of autophagy genes. On the contrary,
when cell death is the more desirable scenario p53 can suppress autophagy via
protein-protein interactions and ensure completion of cell death program.
Interestingly, non-nuclear p53 plays an important role in activation of cell death via
an interaction with the proteins of the Bcl2-family, so these p53 forms can also be
responsible for regulation of autophagy [35] (Fig. 18.2).

Role p53 in Regulation of Metabolism

AMPK-mTOR Pathway

Carcinogenesis involves metabolic changes required for tumor growth and adapta-
tion to the environment. Constant growth and proliferation of tumor cells requires
constant synthesis of proteins, lipids and nucleotides and all of these processes are
regulated by mTOR (mammalian target of rapamycin) kinase [7, 84, 106]. mTOR is
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a highly conserved protein kinase which belongs to the PIKK (phosphatidylinositol
kinase related kinase) family found in all eukaryotic organisms [106]. mTOR forms
two complexes mMTORC1 (mTOR complex 1) and mTORC2 (mTOR complex 2)
[106]. mTORCI1 regulates protein synthesis via phosphorylation of p70S6K (p70S6
kinase) and 4EBP1 (eIF4E binding protein 1). While p70S6K phosphorylates ribo-
somal S6 protein potentially modulating its activity, 4EBP1 binds and inactivates a
factor of initiation of Cap-dependent transcription eIF4E. In its hypophosphorylated
forms, 4EBP1 has high avidity to eIF4E causing inhibition of translation of many
mRNA with structured 5’UTR, encoding proteins critical for cell growth and
metabolism. Phosphorylation of 4EBP1 on multiple sites by mTORCI leads to dis-
integration of the 4EBP1-eIF4E protein complex, leading to eIF4E release and the
activation of translation [106]. mTORCI is activated by Rheb and RagA,B,C, and
D small GTPases in a cooperative manner. While Rag proteins are activated by
amino acids, Rheb is tightly controlled by growth factors or stress insults via tube-
roses scleroses 1 and 2 protein complex (TSC1:TSC2) where TSC2 is GAP (GTP
activating protein) for Rheb [54]. Being activated by upstream signals, the
TSC1:TSC2 complex causes conversion of Rheb bound GTP to GDP form leading
to Rheb inhibition. Insulin and growth factors inhibit TSC1:TSC2 complex via
phosphorylation by AKT kinase, causing activation of Rheb-mTORCI1 axis and
stimulation of cell growth and proliferation. Among the negative regulators of
mTORC1, AMPK (AMP-activated protein kinase) plays a major role due to its sus-
ceptibility to many stress factors, including nutrient/energy deficiency, accumula-
tion of Ca*, oxidative stress and DNA-damage. AMPK directly phosphorylates
TSC2 and Raptor proteins, which leads to inhibition of TORC1 [54, 75].

P53 inhibits mMTORC1 in response to genotoxic stress and some other stimuli via
activation of expression of mMTORC1 inhibitors such as IGF-BP3, TSC2, PTEN and
AMPKBI1 [12, 62]. p53 also stimulates phosphorylation of AMPKa subunits on
T172, required for mMTORCI inhibition [30]. p53-activated Sesn1 and Sesn2 play a
major role in activation of AMPK phosphorylation in response to p53 [13]. As a
result, mMTORCT inhibition leads to suppression of protein synthesis and activation
of autophagy [12, 67], preventing accumulation of protein aggregates and damaged
mitochondria, which is detrimental for cell viability. Inhibition of protein synthesis
can also re-direct ATP from energy-consuming anabolism toward repair processes
to protect cell homeostasis. In parallel, autophagy supplies cells with demanded
ATP via digestion of cellular constituents [50]. Inactivation of p53 in cancer cells
has long-lasting consequences on metabolism and angiogenesis instigated by
hyperactivation of mTORCI1. One of the critical targets of mTORCI] is the tran-
scription factor hypoxia-inducible factor 1 (HIF1) [54]. HIF1 is composed from
stable HIF1p and inducible HIF1a subunits [93]. mTORCI stimulates the transla-
tion of HIF1a, activating expression of many genes involved in adaptation to meta-
bolic derangements and hypoxia such as glycolytic enzymes and angiogenic factors
supporting the viability of cancer cells in conditions of nutrient and oxygen depriva-
tion [93]. mTORC is also a critical activator of transcriptional factor SREBP (ste-
rol regulatory element-binding protein), that induces genes of lipid biosynthesis
required for the growth of cancer cells [110] (Fig. 18.3).



18 The Role of Tumor Suppressor p53 in the Antioxidant Defense and Metabolism 349

GLUTAMINE |,
GLUCOSE‘L 1 SERINE v
\ I ’
| v K
Sesn1 «— P53 -~ GAMT
Sessgz g J_ N Lpin1
TSC2
Sco2
AMPKp1 iGEE PGM o ,-.@.-----,
IGF-BP3 | AlF | FATTY ACID !
_______ = GLS2 | -OXIDATION |
| GLYCOLYSIS ! Parkin 7T
oo -
| MITOCHONDRIAL !
-l | RESPIRATION i

' LIPID SINTHESIS

i NUCLEOTYDE SINTHESIS
| ANGIOGENESIS

1

Fig. 18.3 pS3 plays an important role in adaptation to metabolic derangements. A shortage
in metabolites such as glucose, glutamine and serine activate p53 which tunes up metabolism to
suppress undesired anabolic processes via the inhibition of mMTORC], stimulates ATP production
via mitochondrial respiration rather than glycolysis, and use alternative fatty acid oxidation as
other sources of ATP production. Dysregulation of these processes due to p53 inactivation in can-
cer cells can be beneficial for tumor growth

Regulation of Glycolysis and Oxidative Phosphorylation by p53

Glycolysis

Cancer cells have higher glycolytic rates and rely more on glycolysis for ATP pro-
duction than normal cells [24]. This observation has been made by Otto Warburg in
the 1930s and was called the “Warburg effect”. Although the glycolytic pathway is
much less efficient for ATP production, under abundant glucose supply, ATP pro-
duction through glycolysis is faster than via oxidative phosphorylation. Moreover,
glycolysis allows cells to generate many intermediates of biosynthetic pathways
involved in the synthesis of carbohydrates, DNA, proteins and lipids [24]. p53
inhibits the Warburg effect by suppressing glycolysis and stimulating mitochondrial
respiration [69]. As discussed earlier, p5S3-inducible protein TIGAR acts as a PFK-2/
FBPase-2 biphosphatase [8]. Consequently, via induction of TIGAR, p53 re-directs
glucose derivatives to the pentose phosphate pathway (PPP) [8]. This leads to the
production of NADPH, the important component required for the biosynthesis of
ribose-6-phosphate [69]. p53 also inhibits glycolysis via ubiquitination and degra-
dation of the PGM protein [66]. Besides its direct effects on glycolytic enzymes,
p53 also suppresses glycolysis by restricting glucose transport by inhibiting glucose
transporters such as GLUT1, GLUT4 and GLUT3 [66].
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p53 and Mitochondrial Respiration

While having a negative impact on glycolysis, pS3 also stimulates mitochondrial
respiration, the most efficient process for ATP production [24]. It can be regulated
through several mechanisms. p53 directly activates several genes which support
oxidative phosphorylation in mitochondria such as SCO2 (synthesis of cytochrome
C oxidase 2), apoptosis-inducing factor (AIF), glutaminase 2 (GLS2), Parkin and
pS3R2 [12, 66]. SCO?2 is involved in the formation of the cytochrome c oxidase
complex (complex IV) [74], while AIF supports the stability of the mitochondrial
complex I [98]. Additionally, GLS2, the enzyme that controls the production of
glutamate and a-ketoglutarate, supports mitochondrial oxidative phosphorylation
and ATP production [38]. Moreover, glutamate is a precursor of antioxidant GSH,
thus GLS2 stimulates GSH production and the antioxidant response [96]. Parkin
also supports mitochondrial oxidative phosphorylation [109]. The potential mecha-
nism involves stimulation of the expression of PDHA1 (pyruvate dehydrogenase
Elal), a component of the pyruvate dehydrogenase complex (PDH), which con-
verts pyruvate into acetyl-CoA, the primary substrate for the TCA cycle. In parallel,
p53 stimulates PDH through the repression of PDK2 (pyruvate dehydrogenase
kinase 2), which phosphorylates and inhibits PDHA1. As a result pS3 stimulates
acetyl-CoA production and mitochondrial respiration, preventing the conversion of
pyruvate to lactate [109]. p5S3 can also enhance mitochondrial respiration through
the control of mitochondrial integrity via regulation of autophagy, DNA-stability
and antioxidant protection (Fig. 18.3).

pS3 Controls of Cell Viability in Response to Nutrient
Deprivation

Metabolic stress induced by glucose deprivation leads to a significant decrease in
ATP production and induces p53 via activation of AMPK and ATM. Both kinases
directly and indirectly phosphorylate human p53 on Serl5, leading to the activation
of inhibitor Cyclin-CDK complexes p21 and reversible cell cycle arrest in G1 [2,
43]. As a result, p53 inhibits cell proliferation to protect cells against cell death
induced by glucose deprivation [43]. Interestingly, pharmacological activators of
AMPK such as metformin and Aicar suppress growth of p53-deficient tumors, but
has no effect on p53-positive tumors in xenograft based studies, indicating the
important role of p53 in protection of cell viability in response to AMPK activation.
Consequently, metformin stimulates cell death in p53-deficient, but not in p53-
proficient cells deprived of glucose [17]. The protective effect of p53 against cell
death can be explained by several mechanisms including the activation of autoph-
agy and fatty acid B-oxidation, which supply cells with ATP. Besides glucose depri-
vation, serine starvation is another type of metabolic stress involved in p53 activation.
Similar to its effects on the viability of glucose-starved cells, pS3 activates p21 and
induces cell cycle arrest preventing cell death in response to serine withdrawal.
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Moreover, pS3-proficient cells show suppressed glycolysis and higher rates of
oxidative phosphorylation stimulating higher outcome of ATP production. Serine
starved p53-deficient cells fail to recover from serine depletion, resulting in oxida-
tive stress and cell death [68]. Depletion of another amino acid — glutamine also
activates p53, that supports cell viability under glutamine-depleted conditions [87].
Glutamine induces p53 through transcriptional upregulation of B55a, a regulatory
subunit of PP2A (protein phosphatase 2A). PP2A activates p53 via dephosphoryla-
tion and inactivation of EDD (E3 identified by differential display), HECT domain-
containing E3 ubiquitin-ligase which negatively regulates p53 [87]. Nevertheless, in
the conditions of genotoxic stress, metabolic regulation by p53 can play pro-apop-
totic role. In response to DNA-damage p53 directly activates expression of GAMT
(guanidinoacetate methyltransferase), an enzyme involved in creatine synthesis
[40]. Creatine metabolism helps to maintain the proper levels of ATP, which is criti-
cal for apoptosis. GAMT also stimulates fatty acid f-oxidation, the source of energy
in nutrient-depleted conditions. Accordingly GAMT silencing resulted in a signifi-
cant decrease of ATP production and suppression of p53-induced cell death [40].
Lpinl1 is another factor that stimulates fatty acid -oxidation in a cell-type specific
manner in response to p53 activation. It interacts with PPAR« (peroxisome prolifer-
ator-activated receptor o) and PGCla (PPARY coactivator 1a) stimulating transcription
of genes involved in fatty acid -oxidation. As a result, it potentiates the effects of
p53 on the regulation of metabolism, ROS and cell viability [2] (Fig. 18.3).

Among the factors, which modulate pro-survival or pro-apoptotic functions of
p53 via the activation of pro-survival genes involved in regulation of ROS, metabolism,
and cell cycle arrest, a critical role is played by p53-co-activator PGCla. Under
starvation conditions PGCla binds p53 and stimulates activation of pro-survival
genes including TIGAR, GADD45, SCO2, Sesn2 and p21, but not pro-apoptotic
Puma and Bax [94]. Prolonged starvation causes PGCla degradation via ubiquitin-
proteosomal pathway. This process is controlled by binding of PGCla with RNF2,
a polycomb group protein that possesses E3 ubiquitin ligase activity. Activation of
RNF2 by prolonged stress causes inactivation of PGCla and a transcriptional
switch toward p53-regulated proapoptotic genes [94].

Mutant p53 and Regulation of Metabolism

p53 is inactivated in many human tumors through point mutations, deletions, over-
expression of Mdm?2 or some viral proteins leading to the loss-of-function pheno-
type [61]. Inactivation of p53 leads to metabolic derangements, uncontrolled ROS
production and genomic instability [12]. In addition, many tumors express a mutant
form of p53 which, although unable to normally regulate the expression of many
pS3-regulated genes, still may have residual activity of the wild-type protein or
regulate expression of a new set of genes via the gain-of-function mechanism. It was
demonstrated that mutant p53 forms contribute to viability, invasiveness, migration,
and metastasis of cancer cells [77]. Mutant p53 can also stimulate persistent
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inflammation by activating the NF-kB transcription factor. Inflammation is a critical
promoter of carcinogenesis, involved in the production of ROS and RNS, which can
fuel mutagenesis [20].

In contrast to the wild-type form, a hot-spot p53 R273H mutant stimulates pro-
duction of reactive oxygen species via inhibition of the NRF2 transcription factor
causing a decrease in expression of antioxidant and detoxifying enzymes such as
NQOI1 and HO1 [45]. Mutant p53 can also inhibit p73, another member of the p53
family, via direct protein-protein interactions [26]. As reported, the transcriptionally
active form of p73 (TAp73) regulates mitochondrial activity and prevents ROS
accumulation via transcriptional activation of the mitochondrial complex IV cyto-
chrome C oxidase subunit 4 (Cox4il). Accordingly, deficiency in TAp73 suppresses
ATP production, mitochondrial complex IV activity, and oxygen consumption caus-
ing accumulation of ROS [89].

Additionally, mutant p53 stimulates the expression of genes involved in biosyn-
thesis of sterols (mevalonate pathway) and other lipids [32]. The mevalonate path-
way is responsible for the synthesis of cholesterol, a critical component of the cell
membrane. Lipids are a necessary component required for cell growth and prolif-
eration. Moreover mevalonate pathway is critical for production of farnesyl pyro-
phosphate (FPP) and geranylgeranyl pyrophosphate (GGPP), the indispensable
components of posttranslational modification of Ras or RhoA, correspondingly.
Both proteins play a major role in carcinogenesis, supporting proliferation, inva-
siveness and metastatic ability of cancer cells. Mutant p53 regulates the mevalonate
pathway via interaction and activation of transcriptional factor SREBP [32].

Mutant p53 can also affect pyrimidine metabolism providing resistance against
anticancer fluoropyrimidine drugs such as SFU (5-fluorouracil) [86]. The p5S3H175
hot-spot mutant activates the expression of the enzyme dUTPase, which exerts con-
version of dUTP to dUMP. The enzyme thymidylate synthase uses dUMP for
synthesis of dTMP. Uracil can be mistakenly incorporated into DNA and its
mis-incorporation is responsible for the cytotoxic activity of SFU; consequently,
inhibitors of thymidylate synthase cause increase in dUTP and increased uracil
incorporation into DNA. As a result, it leads to massive DNA-damage, which cause
DNA-strain breaks and cell death. On the contrary, dUTPase diminishes dUTP
levels preventing uracil mis-incorporation and protects the cell from DNA-damage
induced by fluoropyrimidine drugs [86] (Fig. 18.4).

Conclusion

While in previous years the p53 research was focused on its role in restraining and
eliminating cancer cells as a major mechanism of tumor suppression, now the para-
digm is being revisited. The mechanism of “good maintenance” involved in the
control of metabolism and ROS seems to be indispensable for the tumor suppressive
function of p53 and their inefficiency and perversion can cause numerous defects
leading to the attainment of carcinogenic properties. Interestingly, some hot-spot
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Fig. 18.4 Mutant p53 can contribute to carcinogenesis via gain-of-function mechanism.
Hot-spot p53 mutants can regulate metabolism, suppress mitochondrial respiration, stimulate ROS
production and protect against anti-cancer therapy. These activities are mediated by an interaction
with different transcription factors such as: SREBP, critical for activation of mevalonate pathway,
as well as NRF2 and TAp73, involved in control of mitochondrial respiration and antioxidant
defense. Mutant p53 can also activate the promoter of the dUTPase gene, inducing the expression
of enzyme dUTPase which suppresses therapeutic effects of fluoropyrimidine anticancer drugs

p53 mutants can contribute to carcinogenesis through activation of metabolic
pathways not exerted by wild-type p53, which play a role in cell growth and prolif-
eration. Finally, mutant p53 can also decrease sensitivity to anticancer drugs through
metabolic modulation, which can make tumors more resistant to anticancer therapy.
Thus, restoration of the wild-type function of p53 or inactivation of the mutant p53
form is a highly desirable approach for the future of anticancer treatments.
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Chapter 19
Lung Cancer Stem Cells, pS3 Mutations
and MDM?2

Venkat Sundar Gadepalli, Swati Palit Deb, Sumitra Deb, and Raj R. Rao

Abstract Over the past few decades, advances in cancer research have enabled us
to understand the different mechanisms that contribute to the aberrant proliferation
of normal cells into abnormal cells that result in tumors. In the pursuit to find cures,
researchers have primarily focused on various molecular level changes that are
unique to cancerous cells. In humans, about 50 % or more cancers have a mutated
tumor suppressor pS3 gene thereby resulting in accumulation of p53 protein and
losing its function to activate the target genes that regulate cell cycle and apoptosis.
Extensive research conducted in murine cancer models with activated p53, loss of
p53, or p53 missense mutations have facilitated researchers to understand the role
of this key protein. Despite the identification of numerous triggers that causes lung
cancer specific cure still remain elusive. One of the primary reasons attributed to
this is due to the fact that the tumor tissue is heterogeneous and contains numerous
sub-populations of cells. Studies have shown that a specific sub-population of cells
termed as cancer stem cells (CSCs) drive the recurrence of cancer in response to
standard chemotherapy. These CSCs are mutated cells with core properties similar
to those of adult stem cells. They reside in a microenvironment within the tumor
tissue that supports their growth and make them less susceptible to drug treatment.
These cells possess properties of symmetric self-renewal and migration thus driving
tumor formation and metastasis. Therefore, research specifically targeting these
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cells has gained prominence towards developing new therapeutic agents against
cancer. This chapter focuses on lung cancer stem cells, p53 mutations noted in these
cells, and importance of MDM2 interactions. Further, research approaches for bet-
ter understanding of molecular mechanisms that drive CSC function and developing
appropriate therapies are discussed.

Keywords Cancer stem cells ® Lung cancer ¢ p53 mutations * MDM2

Lung Cancer

One of the leading causes of cancer-related deaths is cancer of the lung, of which
80-90 % being attributed to tobacco smoking [1, 2]. More than 50 different histo-
logical variants of lung cancer have been recognized by the World Health
Organization (WHO) and classified based on their phenotype, their zone of origin
in the lung, or by tumors arising from functionally diverse lung cells [3]. This
diversity characterizes the neoplasms in lung as heterogeneous with different his-
tological subtypes. Almost 98 % of lung cancers are carcinomas (tumors arising
from epithelial cells) and based on the size of a cancer cell, categorized as small
cell lung cancer (SCLSC) and non-small cell lung cancer (NSCLC) carcinomas.
SCLSCs and NSCLCs constitute approximately 10-15 % and 85-90 % of lung
cancers respectively [4, 5]. The SCLSCs are malignant small epithelial cells with
scanty cytoplasm, while the NSCLCs are further classified based on their size and
shape as large cell carcinoma, squamous carcinoma, and adenocarcinoma.
NSCLCs are relatively larger in size and contain a high nucleus to cytoplasmic
ratio [3, 4, 6]. Additionally, other rare subtypes of lung cancer include bronchio-
loalveolar carcinoma, carcinoid, glandular, and neuroendocrine tumors.
According to NCI PDQ®, of all the subtypes in lung cancer, the incidence of
squamous and adenocarcinoma are considered to be the highest [7]. Studies com-
paring the major four subtypes of lung cancer recognized that the rate of develop-
ment of adenocarcinoma is more common and constitute approximately 40 % of
these lung cancer subtypes in humans, with the cause strongly associated with
tobacco smoking [3, 7, 8]. Various other factors such as asbestos, arsenic, radon
(radioactive gas formed as a result of breakdown of uranium in soil), and environ-
mental air pollution also pose a risk of lung cancer [9]. Epidemiological studies and
molecular biology studies have indicated a high risk of at least 20 carcinogens in
tobacco smoke that can cause lung cancer [10]. Research has shown that tobacco
carcinogens such as polycyclic aromatic hydrocarbons (benzo[a]pyren) target hot
spots in codon regions of TP53 by forming DNA adduct, thus forming sites for
mutations in cancer (reviewed and summarized in [11]). The systematic analysis
based on different lung cancer research data uploaded at International Agency for
Research on Cancer (IARC) indicates a moderate relationship between smoking
exposure and mutation pattern in codon regions (157,158, 175,245, 248, 249 and
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273) of TP53, suggesting that mutational pattern in cancers arising in smokers is not
specific to a single codon. Studies also confirmed a high frequency in G: C to T: A
transversions in TP53 coding region smokers (16 %) than in non-smokers (5.8 %).
One key observation in their analysis is change of mutational spectrum based on
gender with G:C to T:A transversions found to be higher in female smokers (36 %)
than male smokers (27 %) [11, 12]. The advances at molecular level in understand-
ing the cause of cancer and research studies targeting identification of cancer stem
cells hold a promise for development of novel approaches in diagnosis and treat-
ment of lung cancer.

Stem Cells in the Lung

The lung is considered to be a highly heterogeneous organ with a variety of cells
located in distinct regions of the tissue. Functionally distinct putative stem cells
were shown to reside in different anatomical regions of the respiratory system,
which play a key role in repopulating the cells in their local area [13—17]. Studies
have reviewed the role played by the local stem cells found in trachea (basal, mucous
secretory), bronchus (basal, mucous secretory), bronchiole (Clara), and alveolus
(type II pneumocyte) and have shown that they primarily contribute to regeneration
of lost cells/tissues in response to injury [18]. Identification of resident multipotent
lung stem cells that can regenerate any lung cell is still an area of active research.
Two major types of stem cells, namely epithelial and mesenchymal stem cells have
been reported in the lung so far [13, 16, 19]. These cells were isolated and character-
ized based on specific cell surface markers that are unique to certain cell lineages.
In line with the heterogeneous nature of the lung, the cells that reside in different
regions of the lung exhibit differential expression of various cell surface markers. A
classic stem cell marker used in the identification of hematopoietic stem cells, Stem
cell antigen (Sca-1), has also been found to be expressed in some cells of mesenchy-
mal origin [20]. Studies have demonstrated that lung cells expressing Sca-1 were
predominantly found in distal regions of lungs and were shown to possess a tempo-
ral emergence, indicated by enrichment of Sca-1 expressing cells in adult mouse
lungs when compared to neonatal lungs [21]. Sca-1P* cells have been shown to
emerge in postnatal lung during the branching of the airways/lung vasculature and
increase exponentially in adult lungs. Sca-1 [22]. Based on the expression of Sca-1
and other markers, various studies have identified unique sub-populations in lung
tissue with stem cell characteristics. Thus Sca-1 emerged as a representative cells
surface marker to identify the lung stem cells.

Bronchioalveolar stem cells (BASCs) isolated, from bronchioalveolar duct junc-
tion in adult mouse lungs, based on expression of Sca-1 and CD 34 (Epithelial and
hematopoietic markers) were shown to exhibit self-renewal and multipotent capabili-
ties. In in vivo studies, the BASCs were shown to participate in lung epithelial cell
renewal and maintain bronchiolar, clara and alveolar cell populations in the distal lung
[13]. Gene expression analysis on Sca-1"¢, CD45"¢, CD31"¢ lung populations and
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corresponding Sca-1P cell lines were shown to possess epithelial and mesenchymal
gene expression profiles respectively, signifying the presence of Sca-1pos cells with
mesenchymal characteristics [16, 21]. Moreover, the Sca-1?*, CD45"¢, CD31"¢ were
enriched with mesenchymal progenitor cells in culture as shown by their spindle
shaped morphology and expression of mesenchymal markers (CD 104a, Vimentin). In
contrast, Sca-1"¢, CD45"¢, CD31"¢ cells were shown to possess cobblestone epithe-
lial cell morphology and epithelial marker expression (E-cadherin, cytokeratins 5 and
14, and proSP-C) [21]. From a functional standpoint, the isolated and characterized
stem cells in the lung are believed to play an important role in maintaining lung
homeostasis. Bronchiolar stem cells have been functionally defined by their expres-
sion of clara cell secretory protein (CCSP), pro-surfactant protein C and they belong
to airway epithelium [23, 24]. Tiesanu et al., in 2009 have identified bronchiolar stem
cells as CD45™¢, CD31e, CD34"¢, Sca-1"" and AF" as opposed to Sca-1°%, CD45p,
CD45"¢, CD31"¢ reported by Kim et al. [13]. Their transgenic mice models study
associated with stem cell expansion, ablation, and lineage tracing, demonstrated
CD34r does not belong to air way epithelium and CCSP expressing cells are found
in CD34"¢ Sca-1" and AF°¥ [25]. It is useful to note that evidence of different sub-
populations in lung cells with potential stem cell properties has been attributed to the
method of isolation, culturing conditions, and choice of markers [22]. These studies
indicate the complex nature of lung and presence of one or more putative stem cells in
the pool Sca-1P*CD 45™¢CD31"¢, details of isolation and characterization of these
cells has been detailed in recent articles published by our group and others [16, 26].

In humans, a class of somatic lung stem cells with self-renewing, clonogenic,
and multipotent (in vitro and in vivo) properties were shown to exist using c-kit as
the stem cell marker [17]. The c-kitP*® cells were negative for hematopoietic and
mesenchymal markers and interestingly demonstrated positive expression of key
markers associated with pluripotency: OCT4, NANOG, KLF4, and SOX2. However,
a key defining feature of somatic stem cells that differentiates them from pluripotent
stem cells is that they undergo asymmetric division that results in the generation of
a heterogeneous population of stem cells and progenitor cells. This study has been
received with some skepticism putting forward several questions and need for inde-
pendent studies to ascertain existence of somatic lung stem cells in human [27].

The fact that lung tissue is composed of a variety of cells with distinct phenotype
and functions complicates our understanding of lung regeneration. This is evident
from multiple research studies where lung cells characterized by different markers
were shown to possess core stem cell properties of self-renewal, clonality, and mul-
tipotent characteristics [13, 16, 22]. While these research studies promise a step
ahead in identifying putative lung stem cells, there are challenges that need to be
addressed. One such challenge is to define a unique set of cells that play a crucial
role in lung regeneration. This is expected to strengthen our attempts to develop
focused therapeutic strategies in the context of wound healing but also in identify-
ing and targeting putative cancer stem cells in the lung. Some of the studies carried
out in identifying lung stem cells in mouse and their characteristic features described
by experimental evidence are summarized in Table 19.1.
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Cancer Stem Cells in the Lung

Numerous studies have demonstrated the presence of subpopulations of cells in
tumors that play a critical role in initiating a tumor during post chemotherapy or
radiation treatments [15, 28]. These cells are present as a small population within
the tumor and appear to be more potent in initiating the tumor than other subpopula-
tions and were classified as cancer stem cells (CSCs). These CSCs were character-
ized by independent research studies and were shown to sustain their malignant
phenotype against drugs targeting cancer [28-30]. Interestingly, these CSC sub-
populations were found to possess stem like properties of self-renewal and differen-
tiation similar to those exhibited by somatic stem cells. Certain signaling pathways
such as Hedgehog, Notch, and WNT that are important for maintenance of embry-
onic stem cells were also shown to have a role in putative CSCs found in the lung
[14, 31-34]. Thus the discovery of CSCs has opened a new area of research in
cancer that focuses on understanding and targeting the cells that drive the recur-
rence of tumor and metastasis.

CSCs share similarities with the resident somatic stem cells in their respective
tissues of origin. Somatic stem cells are characterized by their oligopotent property,
where they continuously renew themselves as well as differentiate into distinct
descendants that are specific to a tissue. Somatic stem cells are found along with
specialized cells of an adult tissue or organ as rare side populations. For prolonged
periods of time they reside in quiescence (G-O/resting) phase of the cell cycle, a
stage that is an actively controlled phase involving various epigenetic, transcrip-
tional, and signaling pathways [35]. In response to injury or stimuli, these somatic
stem cells enter mitosis and give rise to a stem cell and a progenitor cell by the
process of asymmetric cell division. The stem cell resides back in quiescence stage
until the next signal to re-enter the cell cycle, while the progenitor cells undergo a
series of amplifications that give rise to post mitotic differentiated cells in respective
tissues or organs of an animal (Fig. 19.1).

This characteristic asymmetric division not only plays a role in maintaining
homeostasis in adult tissues by replacing the dead or aging cells, but also avoids
repetitive entry of stem cells into the cell cycle, which may increase the chance of
DNA damage. This similar kind of hierarchy is observed in CSCs, where a side
population of cells forms the backbone to drive relapse of tumor and metastasis.
However, unlike normal somatic stem cells these CSCs possess abnormal character-
istics which are currently being explored in the context of understanding their role
in specific cancers. A broad perspective and future directions in identifying cancer
stem cells, in vitro and in vivo assays to characterize them, and developing drug
screening strategies have been critically discussed [36].

Identification and isolation of these CSCs from the bulk of tumors have been
reported based on presence of specific markers that differ from those from used to
identify adult lung stem cells reviewed in [15]. The phenotypic characterization of
CSCs include the activity of cytoplasmic enzyme aldehyde dehydrogenase (ALDH),
expression of cell surface markers CD 133 and CD 44, or capacity of cells to efflux
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membrane permeable dyes such as Hoechst 33342 dye and existing as a side popu-
lation (SP) in bulk of tumor cells [15]. CSCs expressing CD133 cell surface markers
were identified to be a putative marker for NSCLC and SCLC, while CD44 is found
to be enriched only in NSCLC and not in SCLC. Similarly, NSCLC demonstrate
positive activity for ALDH. Based on these studies, identifying a panel of universal
markers to classify CSCs is an active area of research.

Signaling pathways such as Hedgehog (Hh), Notch, and WNT are important in
the maintenance of stem cells and tissue homeostasis found in CSCs. It is believed
that dysregulation of these pathways in CSCs could drive their tumorigenic activities
with several reports focused on developing therapeutic strategies to target these path-
ways [15]. For example, inhibiting Hh signaling pathway in lung cancer cell lines
resulted in loss of side population cells, while targeting Notch and Wnt signaling
resulted in reduction of ALDH positive tumor cells or induction of apoptosis or
growth inhibition in NSCLC [15]. These clinical trials provide some novel develop-
ments in treating lung cancer but further trials are needed to demonstrate efficacy.
Despite these encouraging clinical results in treating cancer, other mechanisms that
are being discovered in CSCs still need to be further researched to develop feasible
therapies. One such key mechanism is the Epithelial-mesenchymal transition (EMT)
in CSCs, first reported in breast cancer stem cells [37], where the CSCs were shown
to exploit this EMT mechanism that is normally observed during developmental pro-
cess of the mesoderm. It involves a process by which the epithelial cells lose their
morphology and gain migratory and invasive properties to become mesenchymal
cells. This EMT mechanism was found to be activated during cancer invasion and
metastasis and results in the generation of mesenchymal cells that express the stem
cell marker CD44 and form tumors effectively in mammary epithelial cancer cells
[37] and believed to be associated with drug resistance and cancer progression. Our
current understanding is limited on signaling pathways and transcriptional factors
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that takes place in these CSCs. Expression of EMT associated genes is also being
assessed in the context of lung cancer, but the role of EMT in progression of lung
cancer is yet to be established [38].

P53 and MDM2 in Lung Cancer

In normal cells, p53 is expressed at low levels but as a result of stress or cellular
damage, it activates a host of different proteins that are involved in cell cycle, apop-
tosis, and senescence, thereby prevents proliferation of cells that carry mutations or
DNA damage. In unstressed cells, pS3 function is regulated by its specific target
murine double minute 2 (MDM2) by a process of ubiquitination. MDM2, an E3
ubiquitin-protein ligase, binds N-terminal transactivation domain of p53, thus medi-
ating p53 degradation by nuclear and cytoplasmic proteasomes. This constant
mono-ubiquitination by MDM?2 regulates physiological levels and functions of
pS53 in normal cells [39].

Apart from known functions of p53, recent evidence suggests that pS3 plays a
crucial role in regulating stem cell homeostasis [40]. Studies involving re-programming
of differentiated cells into induced pluripotent stem cells have noted that inhibition or
loss of p53 increases the re-programming efficiency by 3—10 fold [41-43]. These
studies indicate that p53 has a pivotal role in restricting the reprogramming process.
Other studies involving adult mammary stem cells derived from p53—/— mice were
shown to possess immortal behavior by increased self-renewal and symmetric divi-
sion as opposed to limited self-renewal and asymmetric division observed in their
wild type counterparts [44]. Similarly in haematopoietic stem cells (HSC), expression
of p53 has been found to be critical for regulation of several aspects of HSC behavior.
Deletion of p53 in mice was also shown to contribute to increased HSC self-renewal
and as well as an increase in the HSC pool [45]. In HSCs, p53 was also found to regu-
late cellular response to oncogene expression in progenitor cells, where absence of
p53 and expression of proto-oncogene KRAs was found to promote acute myeloid
leukemia [46]. A recent study in hematopoietic stem cells and mammary stem cells
has noted that DNA damage by irradiation induces up regulation of p21, a known p53
inhibitor [47]. These studies indicated that elevated levels of p21 prevent p53 activa-
tion and its basal activity, thus preventing stem cells from apoptosis, and allowing
them to enter cell cycle. This study identified a unique mode of p21-dependent
response to DNA damage in stem cells wherein p21 activates DNA repair, minimizing
DNA damage accumulation, and exhausting the stem cells to divide symmetrically as
opposed to less stressful asymmetric division [47]. In summary, these studies suggest
that, apart from its normal functional role in tumor suppression and cell cycle regula-
tion, pS3 is able to restrain adult stem cell self-renewal, and impose asymmetric mode
of cell division.

The loss of tumor suppressor function of p53 is either impaired by deletion of
Tp53 gene or expression of mutated p53 protein. Alternatively in some human can-
cers even though wild type p53 is active, its function is diminished by its primary
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cellular inhibitor, MDM2. These functional disparities are the most commonly
observed causes of cancers in humans. MDM?2 has a dual function towards p53, by
acting as a positive regulator of p53 by interacting with p5S3 mRNA when the ATM
(Ataxia telangiectasia mutated) pathway is active. As the ATM activity ceases,
MDM?2 acts as a negative regulator to suppress the p53 protein activity by mediating
its degradation under normal conditions [48].

The incidence of p53 missense mutations (70 %) is highest in lung cancer com-
pared to all cancer types. Approximately 90 % of these pS3 mutations are missense
mutations that result in accumulation of mutant p53 protein [49, 50]. These impact
molecular activity of cells and cause novel tumors not commonly observed in
p53—/— (pS3 null) cancerous mice. These missense mutation effects have been
explained based on two primary models: dominant negative (DN) activity or onco-
genic gain-of-function (GOF) [51]. In the first model, it is proposed that the mutant
protein forms a hetero tetramer with wild type p53 and exerts a dominant negative
effect on wild type p53 function. In the second model, it is projected that the mutant
allele confers oncogenic progression irrespective of the wild type p53 allele coun-
terpart. Studies carried out to understand the GOF mutations by transforming p53
null mice with mutant p53 constructs have supported the effects based on the GOF
model. Phenotypic characteristics ascribed to GOF activity of mutant p53 include
increased tumorigenicity, growth rate, motility, metastasis, invasiveness and
decreased sensitivity to chemotherapeutic drugs [51]. Understanding the changes in
these cancer lines with GOF activities is basically proposed as an important area of
research for drug targeting. Towards use in these studies, many researchers have
generated p5S3 mutant mouse models [51] and human cell line models based on
mutations reported by research studies complied in IARC TP53 database (http://
www-p53.iarc.fr/). Recent studies have also highlighted the use of lentiviral
approaches (endogenous expression) or transfections (transient expression) to
express tumor-derived mutant p53 in cells [52]. Engineered lung cancer cell lines by
lentiviral approaches, were shown to possess differential up-regulation of genes
between the pS3 mutants and differences in their GOF activities [53, 54]. It is
observed that these mutant derived pS3 show enhanced expression of NF-kappaB2
and receptor tyrosine kinase AXL [53, 55] that could be potential targets for thera-
pies. However, mechanisms underlying these differential expression are unclear and
yet to be defined.

Summary

Cancer stem cells are found to conserve many properties of normal somatic stem cells
that relate to self-renewal and differentiation. However, they develop resistance to the
action of drugs by activating new molecular mechanisms to protect themselves from
apoptosis. Some of these mechanisms, specifically related to self-renewal and differ-
entiation are defining features of somatic stem cells. Along with stem-cell like charac-
teristics, CSCs also carry dysregulated activities in of p53, MDM2 and pathways
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dependent on these proteins. It is thus important to understand pro-tumorigenic effects
of missense mutations and their impact on cancer progression. Defining the mecha-
nisms underlying the molecular level changes observed in cancer as it relates to CSCs
will enable us to develop effective therapeutic strategies.

References

1. Ferlay J, Soerjomataram I, Ervik M, Dikshit R, Eser S, Mathers C, Rebelo M, Parkin DM,
Forman D, Bray F (2013) GLOBOCAN 2012 v1.0, Cancer incidence and mortality worldwide:
IARC CancerBase No. 11 [Internet]. International Agency for Research on Cancer, Lyon.
Available from: http://globocan.iarc.fr. Accessed 7 Aug 2014.

2. Jemal A, Bray F, Center MM, Ferlay J, Ward E et al (2011) Global cancer statistics. CA Cancer
J Clin 61:69-90.

3. Travis WD (2004) Pathology and genetics of tumours of the lung, pleura, thymus, and heart.

IARC Press, Lyon, 344 p

. Travis WD (2002) Pathology of lung cancer. Clin Chest Med 23:65-81, viii

. Travis WD (2011) Pathology of lung cancer. Clin Chest Med 32:669-692

. Travis WD, Travis LB, Devesa SS (1995) Lung cancer. Cancer 75:191-202

. NCI (2014) PDQ® Non-small cell lung cancer treatment. National Cancer Institute, Bethesda

. Kenfield SA, Wei EK, Stampfer MJ, Rosner BA, Colditz GA (2008) Comparison of aspects of

smoking among the four histological types of lung cancer. Tob Control 17:198-204
9. Subramanian J, Govindan R (2007) Lung cancer in never smokers: a review. J Clin Oncol

25:561-570

10. Hecht SS (1999) Tobacco smoke carcinogens and lung cancer. J Natl Cancer Inst
91:1194-1210

11. Toyooka S, Tsuda T, Gazdar AF (2003) The TP53 gene, tobacco exposure, and lung cancer.
Hum Mutat 21:229-239

12. Ezzati M, Henley SJ, Lopez AD, Thun MJ (2005) Role of smoking in global and regional
cancer epidemiology: current patterns and data needs. Int J Cancer 116:963-971

13. Kim CF, Jackson EL, Woolfenden AE, Lawrence S, Babar I et al (2005) Identification of
bronchioalveolar stem cells in normal lung and lung cancer. Cell 121:823-835

14. Singh S, Trevino J, Bora-Singhal N, Coppola D, Haura E et al (2012) EGFR/Src/Akt signaling
modulates Sox2 expression and self-renewal of stem-like side-population cells in non-small
cell lung cancer. Mol Cancer 11:73

15. Alamgeer M, Peacock CD, Matsui W, Ganju V, Watkins DN (2013) Cancer stem cells in lung
cancer: evidence and controversies. Respirology 18:757-764

16. Hegab AE, Kubo H, Fujino N, Suzuki T, He M et al (2010) Isolation and characterization of
murine multipotent lung stem cells. Stem Cells Dev 19:523-536

17. Kajstura J, Rota M, Hall SR, Hosoda T, D’ Amario D et al (2011) Evidence for human lung
stem cells. N Engl ] Med 364:1795-1806

18. Otto WR (2002) Lung epithelial stem cells. J Pathol 197:527-535

19. Summer R, Fitzsimmons K, Dwyer D, Murphy J, Fine A (2007) Isolation of an adult mouse
lung mesenchymal progenitor cell population. Am J Respir Cell Mol Biol 37:152-159

20. Holmes C, Stanford WL (2007) Concise review: stem cell antigen-1: expression, function, and
enigma. Stem Cells 25:1339-1347

21. McQualter JL, Brouard N, Williams B, Baird BN, Sims-Lucas S et al (2009) Endogenous
fibroblastic progenitor cells in the adult mouse lung are highly enriched in the sca-1 positive
cell fraction. Stem Cells 27:623-633

22. Raiser DM, Kim CF (2009) Commentary: Sca-1 and Cells of the Lung: a matter of different
sorts. Stem Cells 27:606-611

[ BN Ne NV I SN


http://globocan.iarc.fr

23.

24.

25.

26.
27.
28.
29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44,

45.

Lung Cancer Stem Cells, p53 Mutations and MDM2 369

Hong KU, Reynolds SD, Giangreco A, Hurley CM, Stripp BR (2001) Clara cell secretory
protein-expressing cells of the airway neuroepithelial body microenvironment include a label-
retaining subset and are critical for epithelial renewal after progenitor cell depletion. Am J
Respir Cell Mol Biol 24:671-681

Giangreco A, Reynolds SD, Stripp BR (2002) Terminal bronchioles harbor a unique airway
stem cell population that localizes to the bronchoalveolar duct junction. Am J Pathol
161:173-182

Teisanu RM, Lagasse E, Whitesides JF, Stripp BR (2009) Prospective isolation of bronchiolar
stem cells based upon immunophenotypic and autofluorescence characteristics. Stem Cells
27:612-622

Gadepalli VS, Vaughan C, Rao RR (2013) Isolation and characterization of murine multipotent
lung stem cells. Methods Mol Biol 962:183-191

Stripp BR, BHaVT (2011) Lung stem cells: looking beyond the hype. Nat Med 17:788-789
Perona R, Lopez-Ayllon BD, de Castro Carpeno J, Belda-Iniesta C (2011) A role for cancer
stem cells in drug resistance and metastasis in non-small-cell lung cancer. Clin Transl Oncol
13:289-293

Berns A (2005) Stem cells for lung cancer? Cell 121:811-813

Kratz JR, Yagui-Beltran A, Jablons DM (2010) Cancer stem cells in lung tumorigenesis. Ann
Thorac Surg 89:52090-S2095

Hassan KA, Wang L, Korkaya H, Chen G, Maillard I et al (2013) Notch pathway activity
identifies cells with cancer stem cell-like properties and correlates with worse survival in lung
adenocarcinoma. Clin Cancer Res 19:1972-1980

He B, Barg RN, You L, Xu Z, Reguart N et al (2005) Wnt signaling in stem cells and non-
small-cell lung cancer. Clin Lung Cancer 7:54-60

Zhang S, Wang Y, Mao JH, Hsieh D, Kim 1J et al (2012) Inhibition of CK2alpha down-
regulates Hedgehog/Gli signaling leading to a reduction of a stem-like side population in
human lung cancer cells. PLoS One 7:¢38996

Zhang S, Long H, Yang YL, Wang Y, Hsieh D et al (2013) Inhibition of CK2alpha down-
regulates Notchl signalling in lung cancer cells. J Cell Mol Med 17(7):854—-862. http://www.
ncbi.nlm.nih.gov/pubmed/23651443.

Cheung TH, Rando TA (2013) Molecular regulation of stem cell quiescence. Nat Rev Mol Cell
Biol 14:329-340

Clarke MF, Dick JE, Dirks PB, Eaves CJ, Jamieson CH et al (2006) Cancer stem cells —
perspectives on current status and future directions: AACR Workshop on cancer stem cells.
Cancer Res 66:9339-9344

Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A et al (2008) The epithelial-mesenchymal
transition generates cells with properties of stem cells. Cell 133:704-715

Xiao D, He J (2010) Epithelial mesenchymal transition and lung cancer. J Thorac Dis
2:154-159

Moll UM, Petrenko O (2003) The MDM2-p53 interaction. Mol Cancer Res 1:1001-1008
Bonizzi G, Cicalese A, Insinga A, Pelicci PG (2012) The emerging role of p53 in stem cells.
Trends Mol Med 18:6-12

Kawamura T, Suzuki J, Wang YV, Menendez S, Morera LB et al (2009) Linking the p53
tumour suppressor pathway to somatic cell reprogramming. Nature 460:1140-1144

Marion RM, Strati K, Li H, Murga M, Blanco R et al (2009) A p53-mediated DNA damage
response limits reprogramming to ensure iPS cell genomic integrity. Nature 460:1149-1153
Li H, Collado M, Villasante A, Strati K, Ortega S et al (2009) The Ink4/Arf locus is a barrier
for iPS cell reprogramming. Nature 460:1136-1139

Cicalese A, Bonizzi G, Pasi CE, Faretta M, Ronzoni S et al (2009) The tumor suppressor p53
regulates polarity of self-renewing divisions in mammary stem cells. Cell 138:1083-1095
Liu Y, Elf SE, Miyata Y, Sashida G, Huang G et al (2009) p53 regulates hematopoietic stem
cell quiescence. Cell Stem Cell 4:37-48


http://www.ncbi.nlm.nih.gov/pubmed/23651443
http://www.ncbi.nlm.nih.gov/pubmed/23651443

370

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

V.S. Gadepalli et al.

Zhao Z, Zuber J, Diaz-Flores E, Lintault L, Kogan SC et al (2010) p53 loss promotes acute
myeloid leukemia by enabling aberrant self-renewal. Genes Dev 24:1389-1402

Insinga A, Cicalese A, Faretta M, Gallo B, Albano L et al (2013) DNA damage in stem cells
activates p21, inhibits p53, and induces symmetric self-renewing divisions. Proc Natl Acad Sci
U S A 110:3931-3936

Gajjar M, Candeias MM, Malbert-Colas L, Mazars A, Fujita J et al (2012) The p53 mRNA-
Mdm?2 interaction controls Mdm2 nuclear trafficking and is required for p53 activation follow-
ing DNA damage. Cancer Cell 21:25-35

Govindan R, Weber J (2014) TP53 mutations and lung cancer not all mutations are created
equal. Clinical Cancer Res 2014 Jun 10. pii: clincanres.0899.2014. http://www.ncbi.nlm.nih.
gov/pubmed/24916693 (Epub ahead of print)

Govindan R, Ding L, Griffith M, Subramanian J, Dees ND et al (2012) Genomic landscape of
non-small cell lung cancer in smokers and never-smokers. Cell 150:1121-1134

Olive KP, Tuveson DA, Ruhe ZC, Yin B, Willis NA et al (2004) Mutant p53 gain of function
in two mouse models of Li-Fraumeni syndrome. Cell 119:847-860

Vaughan C, Deb SP, Deb S (2013) Generation of p53 knock-down cell lines. Methods Mol
Biol 962:193-199

Vaughan CA, Singh S, Windle B, Yeudall WA, Frum R et al (2012) Gain-of-function activity
of mutant p53 in lung cancer through up-regulation of receptor protein tyrosine kinase Axl.
Genes Cancer 3:491-502

Vaughan CA, Frum R, Pearsall I, Singh S, Windle B et al (2012) Allele specific gain-of-
function activity of p53 mutants in lung cancer cells. Biochem Biophys Res Commun
428:6-10

Scian MJ, Stagliano KE, Anderson MA, Hassan S, Bowman M et al (2005) Tumor-derived p53
mutants induce NF-kappaB2 gene expression. Mol Cell Biol 25:10097-10110


http://www.ncbi.nlm.nih.gov/pubmed/24916693
http://www.ncbi.nlm.nih.gov/pubmed/24916693

Index

A

Akt signaling, 55, 223-224

Alternative splicing, 19-21, 32, 109,
237,247,248, 251, 254-255,
273,275

Angiogenesis, 77, 105-107, 109-113, 206,
209-210, 282, 326, 343, 348

Apoptosis, 2, 8-10, 12, 18, 21, 24, 26, 33, 43,
45, 52-54, 56, 57, 60, 74, 75, 80, 92,
93, 96,97, 109, 134, 138-142, 144,
162, 163, 165, 168, 170-173, 175, 176,
188, 189, 201, 207, 209, 218, 220, 235,
236, 238, 239, 255, 263, 267, 271, 282,
283, 293, 295-297, 299, 303-306, 311,
312, 322, 325, 326, 330-332, 338, 341,
350, 351, 365-367

Ataxia telangiectasia mutant (ATM), 26,
92-94, 166-169, 189, 225, 324-327,
329, 331, 343, 350, 367

ATM kinase, 94, 324, 331

ATR kinase, 225, 329

C

c-Abl, 168, 169, 173

Cancer, 1, 17, 41, 72,92, 106, 119, 134, 162,
187, 201, 216, 236, 247, 263, 281, 323,
339, 359

Cancer-associated mutations, 41-64

Cancer genetics, 2, 5

Cancer predisposition, 10, 343

Cancer stem cells, 359-368

Cancer therapy, 80, 81, 96, 134, 145, 147, 148,
206, 281-312, 353

S.P. Deb and S. Deb (eds.), Mutant p53 and MDM?2 in Cancer,

Cell cycle, 2, 10, 12, 18, 26, 33, 51, 53, 54, 74,
80, 92-94, 97, 106, 120, 123, 127, 128,
134, 142, 147, 168, 174, 188, 189, 195,
207, 217-221, 223, 225, 228, 235,
237-239, 263, 267, 270, 283, 297, 303,
322, 323, 325-329, 331, 339, 341, 345,
350, 351, 364, 366, 367

Cell cycle control, 142, 168, 201, 345

Cellular homeostasis, 106, 322

Chemokine, 56, 96, 107, 110, 111

Chemoresistance, 50, 56, 96, 98,
143, 144

Chemotherapy, 26, 28, 32, 48, 55, 59, 63, 94,
98, 133-153, 275, 307, 364

Chk, 167, 168, 171, 176, 225, 325,
329, 340

Crystallography, 121, 292

D

Degradation, 8, 4548, 52, 107, 112, 163-169,
171, 172, 176, 177, 188-189, 191-195,
200, 202-206, 208, 210, 218, 224, 226,
236, 238-241, 254, 267, 269, 282-284,
289, 295, 296, 305-308, 322, 324, 340,
345-347, 349, 351

DNA damage, 18, 24, 26, 28, 57, 92-94, 120,
162, 167-169, 171, 173, 174, 176, 177,
188-191, 193, 195, 208, 210, 225, 226,
236, 240-242, 263, 265, 269, 270, 283,
322,324, 325, 329, 331, 344-348, 351,
352, 364, 366

DNA damage response, 73, 92, 171, 191, 194,
229, 236, 240, 322, 324-327

371

Subcellular Biochemistry 85, DOI 10.1007/978-94-017-9211-0,
© Springer Science+Business Media Dordrecht 2014



372

Drug
design, 123, 124, 289, 290, 299-301, 311
development, 299
discovery, 289-291, 304, 306, 307, 311, 312

E

E3 Ligase, 164, 165, 173, 191, 240, 265, 269,
276, 287, 296, 311

Epithelial-mesenchymal transition (EMT), 96,
106, 108, 112, 343, 365, 366

ET-1, 205

Extracellular matrix (ECM), 55, 105, 107

G

Gain of function (GOF), 11, 42, 44, 45, 58,
59, 61, 75-80, 92-93, 95, 96, 108-111,
120, 134, 135, 138-140, 142-144, 188,
190, 192, 194, 326, 339, 351, 353, 367

Gene amplification, 27, 28, 77, 215, 216, 242,
269, 272-275, 311

Genomics, 6, 9, 10, 18, 19, 21, 23, 25-28, 44,
60, 64, 72, 77, 140, 215, 220, 228, 240,
264, 266, 267, 270-272, 322, 323, 327,
331, 340, 343, 346, 347, 351

GLUT, 209, 349

Glycolysis, 140, 200, 209, 345, 346,
349-351

GOF. See Gain of function (GOF)

G-protein, 108

Growth-factor response, 210

H

HIFla, 107, 199-211, 348

Homologous recombination repair (HRR),
321-332

Hypoxia, 18, 47, 162, 199-211, 283, 322, 340,
344, 348

Hypoxia-inducible factor 1 (HIF1),
107, 202, 348

K
Knockout, 2, 10, 18, 22-26, 77, 94, 216, 267,
268, 270, 271, 330, 339, 343

L

Li-Fraumeni syndrome (LFS), 2-12, 22, 72,
75,71, 339

Lung cancer, 3, 28-31, 33, 80, 108, 110, 111,
144, 149, 150, 226, 274, 306, 307,
359-368

Index

M

Mammalian target of rapamycin
kinase (mTOR), 62, 310,
347, 348

MDM?2. See Mouse double
minute 2 (MDM?2)

Mdm2 (Hdm2), 162

MdmX, 18, 23, 163, 164, 166, 167, 169, 239,
263-276, 281-312

Metabolism, 2, 73, 206, 209-210, 263, 282,
303, 337-353

Metastasis, 24, 27, 29, 31, 44, 46, 52, 53, 59,
63,77, 105-113, 134, 142, 238, 282,
343, 351, 364, 365, 367

MicroRNA, 96, 112, 113, 140, 143, 207, 210

Motility, 29, 77, 78, 105, 107, 108, 111, 112,
144, 223, 238, 387

Mouse, 2, 10-12, 18, 19, 21, 22, 24-26, 43,
44, 46, 52,76, 77, 93, 107, 108, 110,
138, 163, 167, 168, 170, 173, 174, 190,
192, 208, 215-217, 219-221, 236,
252, 255, 256, 264, 266-268,
270-273, 283, 295, 311, 322, 339,
342,343, 361, 362, 367

Mouse double minute 2 (MDM?2), 8, 18, 45,
77,96, 137, 162, 188, 189, 191-194,
199, 215, 235, 247, 263, 282, 323,
339, 359

mTOR. See Mammalian target of rapamycin
kinase (mTOR)

Mutant p53, 2, 31, 41, 71, 91, 105, 119, 133,
165, 187,217, 238, 264, 290, 322,
339, 359

Mutation, 1, 22, 41-64, 92, 105-111, 118,
134, 162, 188, 204, 215, 234, 263, 282,
322, 339, 359-368

N

Nonhomologous end joining (NHEJ),
321-332

Nuclear export, 165, 168, 175, 268, 324

(0}

Oncogenesis, 72, 77, 80, 91-98, 134,
142, 216, 225, 227, 241, 242,
247-257, 326

Oncogenic signaling, 45, 48, 63, 236

Overexpression, 18, 21, 24, 25, 27-33,
48,52, 56, 57,59, 61-63, 76, 137,
138, 143, 176, 203, 204, 207, 210,
215-228, 236-238, 240, 242, 252,
265, 266, 270-276, 325, 327,
342, 346, 351



Index

P

P53, 1, 18,41, 71, 91, 105, 133, 161, 187, 199,
215, 235, 251, 263, 281, 321, 337, 359

p63, 7, 17-33, 58, 109-112, 127, 135,
325, 326

p73, 7, 17-33, 52, 56-58, 78-80, 92-94, 97,
98, 109, 121, 123, 127-129, 135, 204,
325, 326, 352

p53 activation, 49, 74, 120, 166-168, 172,
267, 269, 282, 283, 305-308, 324,
340-342, 344, 350, 351, 366

Phosphorylation, 26, 45, 49-53, 57, 63, 72, 77,
94, 143, 166-177, 189, 190, 193, 201,
205, 206, 218, 219, 224, 225, 236, 239,
268, 282, 323-325, 329, 341, 344, 346,
348-351

Plasminogen activator inhibitor-1 (PAI-1),
54, 107, 205

p53 missense mutations, 52, 59, 60, 62,
63, 92, 367

PML nuclear bodies, 175-177

p53 mutations, 2, 31, 41, 71, 91, 105, 119,
133, 165, 187, 217, 238, 264, 290,
322, 339, 359

PNUTS, 203

Post-translational modifications (PTMs),
49,54,72,92, 162, 166, 174, 175,
188-190, 236, 323-325

Prognostic factor, 52, 134

Prolyl-hydroxylases (PHD1-3), 200

Proteasome, 188, 191, 195, 200, 204, 238,
254,269, 276, 284, 287, 295, 306,
309, 340, 366

Protein degradation, 164

Protein-protein interactions, 18, 20, 21, 78,
79, 162, 172-173, 202, 282, 299, 344,
347, 352

p53 structure, 119-129

PTMs. See Post-translational modifications
(PTMs)

p53 transactivation, 75, 218, 236, 239, 265,
269, 298

pVHL, 200, 202, 204, 208

R

Rad51, 327, 329

Radiation, 46, 49, 77, 133-153, 174, 189, 208,
218, 220, 227, 255, 272, 322, 325, 327,
329, 364

Radioresistance, 137-140, 150,
326, 330

Reactive oxygen species (ROS), 22, 47, 49,
142, 189-190, 195, 340-347,
351-353

373

S

Splicing, 6, 11, 18-33, 109, 237, 247, 248,
251, 253-256, 273, 275

Stability, 10, 12, 23, 25, 26, 42, 4547, 51, 54,
61,73, 123,125, 127, 168, 170, 171,
176, 188-195, 202, 204, 205, 208, 239,
241, 269, 282, 293, 294, 306, 307, 311,
331, 340, 343, 346, 347, 350

Stress response, 340-341

Suppression, 2, 12, 18, 24, 25, 29, 30, 52, 53,
58,775,107, 110, 112, 120, 125-127,
162, 168, 171, 174, 221, 225, 242, 275,
328, 330, 331, 341-343, 345, 348, 351,
352, 366

T

Target, 21, 46, 74, 92, 106, 121, 135, 162,
188, 200, 219, 236, 254, 266, 284,
322, 339, 360

Target genes, 21, 22, 24, 26, 27, 29, 30, 50, 53,
57,58, 63, 74, 78,-80, 92-97, 110,
121, 123, 127, 128, 143, 162, 163, 165,
170, 171, 175, 193-195, 201, 202,
206-208, 216, 239, 297, 305, 324

Transactivation, 6, 19-22, 29, 30, 50, 73-75,
77-80, 108-110, 120-123, 125-129,
142, 143, 163-165, 173, 176, 189,
191, 193-194, 208, 218, 231, 236,
239, 265, 269, 298, 305, 323, 324,
327-329, 366

Transcription, 2, 18, 45, 71, 91, 109, 120, 138,
162, 193, 200, 216, 236, 247, 263, 282,
322, 340, 363

Transforming growth factor beta (TGFbeta), 110

Tumor suppressor, 2, 3, 11, 12, 18, 20, 21,
24,26, 28, 30, 33, 42, 48, 58, 63, 72,
75,76, 107, 109, 188, 190, 235, 238,
254,263, 265, 282, 306, 322, 324,
337-353, 366

U

Ubiquitin, 8, 23, 46, 163, 188, 200, 217, 236,
265, 282, 322, 340, 366

Ubiquitination, 49, 50, 92, 164-169, 171,
177, 188, 191, 192, 195, 204, 218,
226, 238, 241, 269, 283, 289,
295-296, 311, 349, 366

Unscheduled DNA replication, 225

A\
Vascular endothelial growth factor (VEGF),
76, 107, 204-207, 210



	Preface 
	Contents
	Chapter 1: p53 and Hereditary Cancer
	The Li-Fraumeni Syndrome
	 Definitions of the Li-Fraumeni Syndrome
	 Genetic Alterations in the Li-Fraumeni Syndrome
	TP53
	 Other Genes
	 Modifier Genes

	 Mouse Models and the Li-Fraumeni Syndrome
	References

	Chapter 2: Alterations of p63 and p73 in Human Cancers
	Introduction
	Structure of the p63 and p73 loci
	 p63
	 p73
	 Unique C-terminal Domains and Transcriptional Targets for p63 and p73
	 Regulation of p63 and p73 by Mdm2
	 Constitutional, All Splicing Isoforms’ Knockout Mice for p63, p73
	 Splicing Isoform-Specific Knockout Mouse Models for p63, p73
	p63
	 p73

	 Aberrant Expression, Altered Splicing, and Mutations of p63 and p73 in Human Cancer
	Alterations of p63 Isoforms in Human Cancers
	 TAp63 vs. ΔNp63 in Cancer
	 Regulation of Gene Expression by ΔNp63
	 Alterations of p73 Isoforms in Human Cancers
	 TAp73 vs. ΔTAp73 in Human Cancers


	 Conclusive Remarks
	References

	Chapter 3: Cooperation of p53 Mutations with Other Oncogenic Alterations in Cancer
	Mutant p53 and Hyperactivated Ras Signaling
	 Mutant p53 Stabilization: How to Alleviate Inherent Instability?
	 Activation of Mutant p53 Function by Chronic Alteration of Intracellular Signaling Circuits
	 Capturing Signals to Drive Aggressiveness
	 Do p53 Mutations Cooperate with Other Alterations to Reprogram Cancer Cell Transcriptome?
	 Clinical Interactions Between p53 Mutation and Other Cancer-Related Alterations
	 Concluding Remarks
	References

	Chapter 4: p53: Its Mutations and Their Impact on Transcription
	Discovery of p53
	 WT p53
	 Transcriptional Effects of WT p53
	 Mutations in p53
	 p53 Gain of Function Mutation
	 Gain of Function Activities and Implications
	 Mouse Models for GOF p53
	 Transcriptional Effect of GOF p53
	 Mechanisms to Explain p53 Gain of Function
	 Cancer Cells Expressing GOF p53 Are Addicted to Mutant p53
	Summary

	References

	Chapter 5: Transcriptional Regulation by Mutant p53 and Oncogenesis
	Introduction
	 GOF of Mutant p53
	 Mutant p53 Protein Complexes
	 Mutant p53 Target Genes
	 Conclusions and Perspectives
	References

	Chapter 6: p53 Mutation in the Genesis of Metastasis
	Introduction
	 p53 Mutation and Development of Metastasis
	 p53 Gain-of-Function Mutants
	 Gain-of-Function Mechanisms
	 p53 and the Chemokine Network
	 MicroRNA-Mediated Control of Metastasis
	 Conclusions
	References

	Chapter 7: Structural Studies on Mechanisms to Activate Mutant p53
	Structural Studies on the Transcription Factor p53
	 Stabilization of Mutant p53 by Small Organic Molecules
	 Suppression by a Second-Site Mutation
	 Supertransactivation
	 Conclusions
	References

	Chapter 8: Mutant p53 and the Response to Chemotherapy and Radiation
	Part 1: The Role of p53 Status in Response to Chemotherapy and γ-Irradiation: In Vitro Studies and Mechanisms
	Introduction
	 The Role of WT p53
	 The Nature of p53 Mutations
	 The Role of Mutant p53 in the Response to Chemotherapy
	 The Role of Mutant p53 and the Response to γ-Irradiation
	 Mechanisms of Mutant p53 in the Response to Chemotherapy or Radiation
	 Conclusions and Possible Reasons for Discrepancies Among the Studies

	 Part 2: The Role of p53 Status in Response to Chemotherapy and γ-Irradiation: Clinical Studies and Patient Outcome
	Introduction
	 Gynecological Malignancies
	 Breast Cancer
	 Head and Neck Cancer
	 Prostate Cancer
	 Hematologic Malignancies
	 Pulmonary Malignancies
	 Tumors of the Central Nervous System
	 Tumors of the Gastrointestinal Tract

	 Conclusions
	References

	Chapter 9: The p53-Mdm2 Loop: A Critical Juncture of Stress Response
	Introduction
	The p53-Mdm2 Feedback Loop
	Mdm2-Mediated p53 Ubiquitination and Degradation

	 Breaking the p53/Mdm2 Regulatory Loop
	 Stress Induced Phosphorylation
	P53 Activation by the ATM/ATR-Chk Pathways
	 Mdm2 Inactivation by the ATM-c-Abl Pathway
	 Stimulation of Mdm2 by the Akt/PTEN Pathway

	 A Role for the Proline Rich Region of p53
	 Modulation by Protein-Protein Interactions
	 The ARF Oncogenic Pathway
	 The Spatial Distribution Mode of Regulation
	The Nuclear Cytoplasmic Boundary
	 PML Nuclear Bodies as a Regulatory Junction


	References

	Chapter 10: Mechanisms of Mutant p53 Stabilization in Cancer
	Introduction
	 WT p53 Stabilization and Degradation Cycle
	Normal p53 Turnover in the Absence of Genotoxic Stress
	 Stabilization of WT p53 by Post-translational Modification After Genotoxic Damage

	 Stabilization of Mutant p53 by Physiologic Stimuli
	Impact of DNA Damage, Oncogenes, Reactive Oxygen Species on Mutant p53 Stability
	 DNA Damage-Induced Modifications of Mutant p53

	 Stabilization of Mutant p53 Through Inhibition of Degradation
	Ubiquitination and Degradation of WT or Mutant p53
	 Regulation of Mutant p53 Stability by Cellular Chaperones
	 The Cellular Environment
	 Transactivation Deficiency Towards Mdm2

	 Conclusions
	References

	Chapter 11: Crosstalk Between Mdm2, p53 and HIF1-α: Distinct Responses to Oxygen Stress and Implications for Tumour Hypoxia
	The Hypoxic Gradient and the Key Regulators
	Normal Cells Adapt to Available Oxygen Levels
	 Tumour Cells Have a Different Response to Reduced Oxygen
	 The Key Component
	 Other Components

	 Losses, Gains and Alterations of MDM2, p53 and HIF1α in Hypoxia
	Loss of Mdm2 in Hypoxia
	 Gain of p53 in Hypoxia
	 Up-Regulation of HIF1α in Hypoxia Affects the p53/MDM2 Balance

	 Mdm2 Regulates Hypoxia-Responsive Genes in Normoxia and Hypoxia
	Mdm2 in Normoxia
	 Mdm2 in Hypoxia

	 p53 Regulates Gene Expression and Physiological Functions in Hypoxia
	p53 is Important for the Hypoxic Response
	 p53 Responds Differently to Hypoxia and to DNA Damage
	 p53 Crosstalk with HIF1α
	 p53 May Have Other Partners
	 p53 Has Effects on Metabolism and Angiogenesis in Hypoxia

	 A Need for Further Study
	References

	Chapter 12: MDM2 Overexpression, Activation of Signaling Networks, and Cell Proliferation
	MDM2, the Oncoprotein
	 Function of MDM2 in Non-cancerous Cells
	 Interaction of MDM2 with Known Growth Regulators
	Interaction with p53
	 Interaction with Other Growth Regulators
	 Interaction with Retinoblastoma Susceptibility Gene Product RB and Transcription Factor E2F

	 Regulating the Cell Cycle
	 Controlling Expression of Cyclins
	Expression of Cyclin A
	 Expression of Cyclin D

	 Controlling the Akt Signaling Pathway
	 Controlling DNA Replication and Checkpoint Response
	 Controlling DNA Polymerases
	 Genome Abnormalities
	References

	Chapter 13: p53-Independent Effects of Mdm2
	Mdm2 and Cancer
	 p53-Independent Effects of Mdm2
	 Mdm2 and Genome Instability
	 Mdm2, Transcription, and Translation
	 Future Directions
	References

	Chapter 14: Splice Variants of MDM2 in Oncogenesis
	Introduction
	 Transcripts of Human mdm2 in Cancer
	 Out-of-Frame Versus In-Frame mdm2 Transcripts
	 Mechanisms That Drive Alternative Splicing of  mdm2 Transcripts in Cancer
	 The Biological Functions of Ectopically Expressed MDM2-A, MDM2-B, and MDM2-C
	 Detection of Endogenous MDM2
	 Summary
	References

	Chapter 15: Mdm2 and MdmX Involvement in Human Cancer
	Introduction
	 Mdm2 Discovery
	 Mdm2 Functions
	 Mdm2 Overexpression in Cell Culture
	 Mouse Models of Mdm2 Loss
	 Mdm2 Has a Brother, MdmX
	 MdmX Overexpression in Cell Culture
	 Mouse Models of MdmX Loss
	 Mdm Mouse Models of Overexpression
	 Mdm2 and MdmX Expression in Human Tumors
	Mdm2 Gene Amplification
	 Mdm2 Increased Transcription/Alternative Splicing
	 Mdm2 Enhanced Translation
	 MdmX Gene Amplification
	 MdmX Transcription/Alternative Splicing
	 MdmX Protein Expression

	 Targeting Mdm2 and MdmX in Human Cancers
	 Concluding Remarks
	References

	Chapter 16: Targeting p53-MDM2-MDMX Loop for Cancer Therapy 
	Introduction
	The p53-MDM2-MDMX-Loop
	 Targeting the p53-MDM2-MDMX Loop for Cancer Therapy

	 Discovery of Inhibitors Targeting the p53-MDM2-MDMX Loop
	High-Throughput Screening
	Surface Plasmon Resonance
	 Fluorescence Polarization
	 Time Resolved-Fluorescence Resonance Energy Transfer
	 Fluorescence Correlation Spectroscopy-Based Assay
	 ThermoFluor Microcalorimetry
	 Screening of Phage Display Library
	 In Vitro Autoubiquitination and MDM2-Catalyzed p53 Ubiquitination Assay 
	Cell-Based Auto-ubiquitination Assay
	Fluorescence-Based Biosensor High Content Screening Assay

	 α-Helix Mimetic Based Chemistry or Combinational Chemistry
	 Computational Aided Drug Design
	Structure-Based de novo Design
	Virtual Screening


	 Development of Inhibitors Targeting the p53-MDM2-MDMX Loop
	Clinical Candidates of MDM2-p53 Inhibitors
	RG7112 and RO5503781 (Hoffmann-La Roche)
	SAR405838 (Sanofi-Aventis)
	CGM097 (Novartis)
	MK-8242 (Merck)

	 Other Therapeutically Useful Approaches Targeting the p53-MDM2-­MDMX Loop
	Modulation of MDM2 and MDMX Expression
	Interfering with MDM2 Interactions with Other Proteins
	SIRT1 Inhibitors
	Combination Strategies


	 Summary and Outlook
	References

	Chapter 17: Involvement of p53 in the Repair of DNA Double Strand Breaks: Multifaceted Roles of p53 in Homologous Recombination Repair (HRR) and Non-Homologous End Joining (NHEJ)
	Introduction
	 Structure of p53
	 Activation of p53
	 DNA Damage Response and p53
	 Mutant p53: Gain-of-Function and the DNA Damage Response
	 Homologous Recombination Repair and p53
	 Non-homologous End Joining and p53
	 Conclusions
	References

	Chapter 18: The Role of Tumor Suppressor p53 in the Antioxidant Defense and Metabolism
	Introduction
	 Tumor Suppressor Gene p53 Encodes Stress-Responsive Transcriptional Factor
	 p53 Regulates Redox Balance in Cells
	Pro-oxidant Function of p53
	 Antioxidant Function of p53
	Antioxidant Enzymes
	 Sestrins
	 TIGAR
	 GLS2
	 Other p53 Targets Involved in Redox Regulation

	 p53 and Autophagy

	 Role p53 in Regulation of Metabolism
	AMPK-mTOR Pathway
	 Regulation of Glycolysis and Oxidative Phosphorylation by p53
	Glycolysis
	p53 and Mitochondrial Respiration


	 p53 Controls of Cell Viability in Response to Nutrient Deprivation
	 Mutant p53 and Regulation of Metabolism
	 Conclusion
	References

	Chapter 19: Lung Cancer Stem Cells, p53 Mutations and MDM2
	Lung Cancer
	 Stem Cells in the Lung
	 Cancer Stem Cells in the Lung
	 P53 and MDM2 in Lung Cancer
	 Summary
	References

	Index

