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          1   Introduction 

    1.1   p53 in the Cell 

 Since its  fi rst description in 1979, the p53 protein and its cellular network of genes 
has constituted one of the most extensively studied areas in cancer biology (Lane 
and Levine  2010  ) . In more than three decades of intense research, compelling evi-
dence has established the role of the p53 pathway as a major cellular tumor suppres-
sor network (Lane and Levine  2010  ) . The p53 protein has been demonstrated to 
suppress cancer primarily through the induction of cell cycle arrest, apoptosis, or 
senescence in response to a wide range of different cellular stresses in a stimulus- 
and cell-type dependent manner (Lane and Levine  2010 ; Vousden and Prives  2009  ) . 
The stress signals include genotoxic damage, hypoxia, loss of normal cell contact, 
nutrient deprivation, mitotic spindle damage, heat or cold shock, telomere shorten-
ing, unfolded proteins, and oncogene activation (Vousden and Prives  2009 ; Lane 
and Levine  2010  ) . Upon cellular stress, the p53 protein undergoes a plethora of post-
translational modi fi cations, which can affect the stability and activity of the protein 
(Vousden and Prives  2009 ; Lane and Levine  2010  ) . To elicit the cellular stress 
responses p53 primarily acts as a sequence-speci fi c transcription factor, but it can 
also directly regulate proteins from the Bcl-2 family (Moll et al.  2005  ) , microRNA 
processing (Suzuki et al.  2009  ) , and lincRNA expression (Huarte et al.  2010  ) . 

 The complex regulation of p53 enables it to integrate a variety of stress signals 
into speci fi c cellular responses in a stimulus- and cell-type dependent manner 
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Lane and Levine  2010 ; Lu  2010 . An interesting component of this regulation is a 
 multitude of feedback loops, which positively or negatively affect the activity of p53 
(Lu  2010  ) . Hereby, the MDM2-p53 feedback loop is thought to be the key regulatory 
component of the p53 stress response (Lu  2010  ) . It controls the level of expression 
and the activity of p53 by different mechanisms (Lu  2010 ; Manfredi  2010  ) . Murine 
double minute 2 (Mdm2) is an E3 ubiquitin ligase, which can bind the p53 protein and 
target it for proteosome-mediated degradation through ubiquitination (Manfredi 
 2010 ; Lu  2010  ) . Furthermore, Mdm2 directly binds to the N-terminus of p53, thereby 
masking its transactivation domain (Manfredi  2010  ) . In addition, Mdm2 has been 
demonstrated to shuttle p53 out of the nucleus, where it can no longer function as a 
transcriptional activator (Wade et al.  2010  ) . Interestingly,  MDM2  itself is a transcrip-
tional target of p53, thus resulting in a negative feedback loop between p53 and 
Mdm2 (Manfredi  2010 ; Lu  2010  ) .  

    1.2   p53 in the Organism: Cancer 

 The impairment of this tightly regulated network of genes centered on p53 is a hall-
mark of tumorigenesis (Lane and Levine  2010 ; Lu  2010  ) . In fact, it has been esti-
mated that 50 % of human cancers carry somatic mutations of the  TP53  gene, which 
inactivate the normal function of p53 (Lane and Levine  2010 ; Olivier et al.  2010  ) . 
In addition, human tumors that retain a  TP53  wild-type gene frequently show a 
partial abrogation of downstream effectors (e.g.,  BAX ,  BAK , and  APAF-1 ) or 
upstream (e.g.,  ATM ,  CHK2 ,  MDM2 , and  p19ARF ) regulators of this network (Lane 
and Levine  2010 ; Wade et al.  2010  ) . 

 Genes that constitute the p53 network do not only affect the susceptibility to can-
cer, but are also crucial in the mediation of the cellular response to treatment with 
DNA-damaging therapeutic agents. Those agents, such as radio- and chemotherapy, 
lead to the activation of the upstream effectors of p53 (e.g., Atm, Atr, Chk1, Chk2) 
(Zhou and Elledge  2000 ; Bolderson et al.  2009  )  that activate p53 and can ultimately 
lead to cancer cell clearance via activation of apoptotic or senescence pathways 
(Johnstone et al.  2002 ; Lowe and Lin  2000  ) . Indeed, mutations in the  TP53  gene can 
produce multidrug resistance in cells and in mice, and reintroduction of wild-type p53 
can reconstitute chemosensitivity (Johnstone et al.  2002 ; Wallace-Brodeur and Lowe 
 1999  ) . By the same token, mutations or altered expression of other p53 network genes, 
such as  APAF-1  or  BCL-2 , can signi fi cantly alter drug sensitivity in experimental 
models and are associated with multidrug resistance in human cancers (Johnstone 
et al.  2002 ; Reed  1999 ; Schmitt et al.  2000a ; Wei et al.  2001 ; Zhang et al.  2000  ) .  

    1.3   p53 in the Organism: Reproduction 

 Besides its crucial role in maintaining genomic stability and preventing tumor for-
mation, a growing body of evidence suggests that p53 also regulates reproductive 
processes and fecundity (Hu et al.  2008  ) .  TP53  is conserved from invertebrates to 
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mammals (Belyi et al.  2010  )  and homologs of  TP53  have been described in many 
different organisms, such as sea anemone, clams,  Caenorhabditis elegans , 
Drosophila, frogs, and zebra  fi sh (Hu  2009 ; Hu et al.  2008  ) . Interestingly, one of the 
primary functions of the  TP53  ancestral gene in worms and  fl ies, which are short-
lived, cancer-free organisms, seems to be to ensure germline genomic integrity and 
the  fi delity of the developmental process by regulating germ cell replication in order 
to eliminate defective offspring from the population (Hu et al.  2008 ; Hu  2009  ) . 
These primordial p53 activities in the surveillance of germ cell replication and 
fecundity are also retained in higher organisms (Hu et al.  2008 ; Hu  2009  ) . For 
example, in mice and rats, p53 levels are very high during spermatogenesis and 
mice with reduced levels of p53 show germ cell degeneration during the meiotic 
prophase (Hu et al.  2008 ; Hu  2009  ) . Furthermore, p53 has also been shown to regu-
late reproduction in mice, whereby loss of p53 causes a signi fi cant decrease in fer-
tility particularly in female animals (Hu et al.  2007a  ) . Recently, Hu et al. have shown 
that one crucial mechanism by which p53 regulates maternal reproduction in mice 
is through its target gene leukemia inhibitory factor ( LIF ), a multifunctional 
cytokine, which plays a crucial role in blastocyst implantation in a p53-dependent 
manner (Hu et al.  2007a  ) . Taken together, the observations made in invertebrates 
and mammals suggest that, besides its important role in maintaining genomic stabil-
ity in somatic cells, p53 is also responsible to ensure faithful development, germline 
genomic integrity and fertility, and thus the production of normal offspring that will 
survive and reproduce.   

    2   Low-Frequency, Highly Penetrant Inherited 
Mutations in Humans 

    2.1   Introduction 

 As mentioned earlier, evidence from over 30 years of intense research efforts has 
established that the p53 network of genes is crucial in suppressing cancer in verte-
brates. In fact, it has been well documented that low-frequency, highly penetrant 
inherited mutations in genes that are either directly in the p53 signaling pathway, or 
in closely interacting pathways, underlie many known cancer predisposition syn-
dromes. These include Ataxia telangiectasia (caused by a homozygous mutation in 
the  ATM  gene) (McKinnon  2004  ) , Cowden disease, Lhermitte–Duclos disease, and 
Bannayan–Zonana syndrome (all caused by mutations in the  PTEN  gene) (Liaw 
et al.  1997 ; Marsh et al.  1997 ; Di Cristofano et al.  1998  ) , Xeroderma pigmentosum 
(caused by mutations in the  XP  genes) (Kraemer et al.  1994  ) , Tuberous sclerosis 
complex 1 and 2 (caused by disruptions in the  TSC1  and  TSC2  genes) (Miyoshi 
et al.  2002 ; Orlova and Crino  2010  ) , or the Peutz–Jeghers Syndrome (caused by 
disruptions in the  LKB1  gene) (Miyoshi et al.  2002  ) . 

 Many of the same somatic mutations of the  TP53  gene that are found at such high 
frequencies in cancer cells can also be found as inherited mutations in individuals of 
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the Li–Fraumeni cancer syndrome (LFS) (Varley  2003 ; Varley et al.  1997  ) . This 
autosomal-dominant inherited cancer predisposition disorder with an estimated 
prevalence between 1:5,000 and 1:20,000 (0.02–0.005 %) in the United Kingdom 
and the U.S.A (Lalloo et al.  2003 ; Gonzalez et al.  2009  )  is characterized by a famil-
ial clustering of early onset tumors including osteosarcomas, soft-tissue sarcomas, 
breast cancers, leukemia, and brain tumors (Varley  2003 ; Varley et al.  1997  ) . The 
causative role of mutant p53 in this syndrome has been supported by many mouse 
models. Mice that harbor germline mutations or deletions of the  TP53  gene display 
cancer phenotypes that closely resemble the human syndrome (Donehower and 
Lozano  2009 ; Lozano  2010  ) . Speci fi cally, animals with a germline deletion of one 
 TP53  allele (p53 +/− ) or carrying hot-spot mutations in the DNA-binding domain of 
p53 (corresponding to the human R175H and R273H loci) develop a broad spectrum 
of tumors closely resembling LFS, particularly lymphomas, osteosarcomas, soft-
tissue sarcomas, and breast tumors signi fi cantly earlier than their wild-type counter-
parts (Donehower and Lozano  2009 ; Lozano  2010  ) . Importantly, the median tumor 
incidence in the p53-targeting murine models is 18 months, and thus, for a mammal 
with a lifespan of 3 years, is similar to the human tumor onset in p53-mutation car-
riers, whereby the average cancer incidence is of 50 % by the age of 30 years 
(Donehower and Lozano  2009  ) .  

    2.2   Genetic Testing 

 Genetic screening for inherited  TP53  mutations and close surveillance of carriers in 
order to improve patient prognosis has been a subject of great debate and is riddled 
with challenges (American College of Medical Genetics Board of Directors  1995 ; 
Li  1995 ; Committee on Bioethics  2001 ; Evans et al.  2010 ; Villani et al.  2011  ) . Some 
of the challenges have been the wide range of tumors, the variability of the pene-
trance of the mutations, limited preventive options for most of the cancers, and ethi-
cal issues concerning newborn screening (American College of Medical Genetics 
Board of Directors  1995 ; Li  1995 ; Committee on Bioethics  2001 ; Evans et al.  2010 ; 
Villani et al.  2011 ; Achatz et al.  2009  ) . However, females with a germline  TP53  
mutation can be given the option of prophylactic mastectomy to reduce the risk of 
breast cancer (Hartmann et al.  1999 ; Thull and Vogel  2004 ; Schneider and Garber 
 1993  ) . Furthermore, it has been recommended that radiation treatment in germline 
 TP53  mutation carriers should be assessed with scrutiny, as ionizing radiation has 
been shown to signi fi cantly increase the risk of second malignancies in this patient 
group (Varley  2003 ; Hisada et al.  1998 ; Limacher et al.  2001  ) . However, a recent 
prospective observational study provides strong support for the utilization of genetic 
screening for inherited  TP53  mutations and subsequent presymptomatic surveil-
lance of carriers in order to identify low-grade and premalignant cancers before they 
progress to a more malignant state and, therefore, improve outcome (Villani et al. 
 2011  ) . In this study, asymptomatic  TP53  mutation carriers were surveyed using a pro-
tocol of noninvasive biochemical and imaging techniques. Of the 33  TP53  mutation 
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carriers identi fi ed, 18 underwent surveillance. Remarkably, 3-year survival was 
100 % in the surveillance group and only 21 % in the nonsurveillance group. 

 Indeed, mass newborn screening for a relatively prevalent germline p53 mutation 
has been adopted in the state of Parana, Brazil (Achatz et al.  2007,   2009  ) . This p53 
mutation, R337H, is at an unusually high frequency (1:300 individuals, 0.3 %) in 
the Brazilian population (Achatz et al.  2007,   2009  ) . It associates with a 25 % cancer 
risk at the age of 30 years compared to the estimated 50 % by 30 years for the 
above-described p53 mutations. Although the genetic screening remains controver-
sial due to the above-mentioned criticisms associated with genetic testing (Achatz 
et al.  2009  ) , it is the  fi rst mass-implemented approach to utilize the inherited genet-
ics of the p53 pathway to identify population groups at higher risk for cancer with 
the goal of early detection and improving the prognosis of cancer.   

    3   High Frequency, Lesser Penetrant Human Polymorphisms 

    3.1   Lessons from Mice 

 Interestingly, results from multiple mouse models suggest that less penetrant alleles 
of p53 network genes could also signi fi cantly alter p53 signaling and affect cancer 
onset and progression (Mendrysa et al.  2003,   2006 ; Alimonti et al.  2010  ) . For exam-
ple, haploinsuf fi ciency for the murine double minute proteins Mdm2 or Mdm4 leads 
to increased p53 activity exhibited as increased sensitivity to DNA damage, 
decreased transformation potential, and tumor development in mice (Terzian et al. 
 2007  ) . Moreover, mouse models designed to express a hypomorphic Mdm2 allele, 
which resulted in an approximately 30 % reduction of overall Mdm2 expression, 
had signi fi cantly increased p53 transcriptional activation and apoptotic activities 
(Mendrysa et al.  2003  ) . Furthermore, the mice also had a signi fi cantly reduced for-
mation of cancer compared to wild-type Mdm2 animals in an intestinal tumor model 
(Mendrysa et al.  2006  ) . Similar observations have been recently made for the tumor 
suppressor PTEN, a key component of the PTEN/PI3K/Akt pathway implicated in 
the regulation of multiple biological processes such as apoptosis, metabolism, cell 
proliferation, and cell growth (Blanco-Aparicio et al.  2007  ) . The PTEN/PI3K/Akt 
pathway is tightly integrated within the p53 network and has been shown to affect 
the activity of p53 via multiple mechanisms (Mayo and Donner  2001 ; Ogawara 
et al.  2002 ; Zhou et al.  2003 ; Freeman et al.  2003 ; Li et al.  2006 ; Zhou et al.  2001  ) . 
In a recent paper, Alimonti et al. engineered a hypomorphic allele for murine PTEN 
that reduced PTEN expression by only 20 % (Alimonti et al.  2010  ) . Interestingly, 
the authors demonstrate that animals expressing only 80 % of normal PTEN levels 
show an increased susceptibility to developing various types of cancer (Alimonti 
et al.  2010  ) . Together, these mouse models suggest that less penetrant alleles of p53 
network genes could also signi fi cantly alter p53 signaling and affect cancer onset. 
Indeed, extensive study of human high frequency genetic variants in the p53 network 
of genes supports this hypothesis.  
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    3.2   High Frequency Genetic Variation 

 Human genetic variation, de fi ned as the differences in DNA sequence within the 
genome of individuals, can be broadly classi fi ed into two different nucleotide com-
position classes, the single nucleotide variants (SNVs), which include single nucle-
otide polymorphisms (SNPs), point mutations, and single nucleotide insertions or 
deletions (indels), and the structural variants (Feuk et al.  2006 ; Frazer et al.  2009  ) . 
One single nucleotide variant, the SNP, constitutes the most frequently studied form 
of high frequency human genetic variation (Feuk et al.  2006 ; Frazer et al.  2009  ) . 
They can be distinguished from point mutations by their higher frequency in a pop-
ulation, whereby the minor allele frequency (MAF) of a SNP has to exceed the 
arbitrary cutoff of at least 1 % in any population (Feuk et al.  2006 ; Frazer et al. 
 2009  ) . SNPs are usually bi-morphic, with two out of four possible nucleotide bases 
(i.e., Guanine, Cytosine, Adenine, Thymine) present at a particular allelic locus in a 
population (  http://www.ncbi.nlm.nih.gov/snp    ). They arise from single historical 
mutational events in the human DNA, most frequently through physiological errors 
in DNA replication during cell division or alternatively induced by exogenous 
DNA-damaging agents (Ku et al.  2010 ; International HapMap Consortium  2003  ) . 
The new mutation, or “allele,” is termed the derived allele and, the former, the 
ancestral allele (International HapMap Consortium  2003  ) . 

 Each allele is initially associated with a set of alleles of other SNPs that were 
present on the particular chromosomal background on which the SNP arose 
(International HapMap Consortium  2003 ; Kelley and Swanson  2008  ) . The speci fi c 
set of alleles observed on a single chromosome is called a haplotype (International 
HapMap Consortium  2003 ; Kelley and Swanson  2008  ) . The coinheritance of SNP 
alleles in haplotypes results in associations between the respective alleles in a given 
population that is called linkage disequilibrium (LD) (International HapMap 
Consortium  2003 ; Neale  2010  ) . Over time, chromosomal recombination during 
meiosis results in the reduction of length of each haplotype, and thus the LD between 
SNPs, whereby the probability of recombination between two SNPs increases with 
the distance between them (Slatkin  2008  ) . The level of linkage disequilibrium is 
in fl uenced by a number of factors, including the local rate of recombination, non-
random mating, population subdivision and population bottlenecks, mutation, 
genetic drift, and natural selection (Slatkin  2008  ) .  

    3.3   p53 Pathway High Frequency Genetic Variants 
in Mice and Humans 

 Two well-characterized SNPs in the p53 pathway are found in the  TP53  and  MDM2  
genes (p53 codon72, rs1042522, C/G; MDM2 SNP309, rs2279744, T/G) and have 
been the subject of recent reviews (Vazquez et al.  2008 ; Grochola et al.  2010 ; 
Whibley et al.  2009  ) . Both SNPs can be found at very high frequencies in certain 
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populations, but also vary signi fi cantly in their frequencies in different racial and 
ethnic groups. The p53 codon72 SNP can be as low as 33 % (in a Sub-Saharan 
African population, HapMap project) and as high as 77 % (in a Northern European 
population, dbSNP database). The MDM2 SNP309 can be as low as 10 % (in 
African Americans) and as high as 50 % (in Ashkenazi Jewish individuals) (Vazquez 
et al.  2008  ) . Allele-speci fi c natural selection has been proposed to explain theses 
differences and will be discussed below in more detail.  

    3.4   p53 Codon72 SNP 

 The p53 codon72 SNP encodes either a proline (p53-codon72-Pro) or arginine (p53-
codon72-Arg) residue in a polyproline region of p53 that is located between the 
transactivation and the DNA-binding domains (Buchman et al.  1988  )  (Table  2.1 ). 
This polymorphism has been the subject of intense study and it is clear that the two 
different p53 variants differ in their activities signi fi cantly. For example, over 
12 years ago, the  fi rst study to provide evidence that the two different p53 isoforms 
encoded by the p53 codon72 SNP are not functionally equivalent was published 
(Thomas et al.  1999  ) . One of the differences the authors observed in cell culture 
experiments was that the codon72-Pro variant possesses increased ability to induce 
cell cycle arrest and that p53-codon72-Arg was more ef fi cient at inducing apoptosis 
(Thomas et al.  1999  ) . However, the precise molecular mechanisms by which these 
differences occur are still the subject of great debate in the literature (Vazquez et al. 
 2008 ; Grochola et al.  2010 ; Whibley et al.  2009  ) .  

 Recent studies utilizing genetically engineered mice and mouse cells have shed 
light on the possible physiological effects of the p53 codon72 alleles (Frank et al. 
 2011 ; Zhu et al.  2010 ; Reinbold et al.  2008 ; Phang and Sabapathy  2007  ) . The  fi rst 
major challenge these studies have had to overcome is the fact that the region sur-
rounding codon 72 is not highly conserved in mice and encodes an alanine residue. 
Zhu et al. utilize mice with a humanized exon 4, which includes the sequence that 
encodes codon 72 (Arg/Pro). Frank et al. utilize mice with humanized exons 4 to 9, 
which they refer to as  hu manized  p 53  k nock- i n gene (Hupki). Zhu et al. observe that 
their mice carrying the arginine residue associate with an increased rate of apoptosis 
in MEFs and in the small intestines after radiation compared to mice carrying the 
proline residue (Zhu et al.  2010  ) . Frank et al. also observe that their mice carrying 
the arginine residue associate with an increased rate of apoptosis in those tissues 
after radiation compared to their mice carrying the proline residue (Frank et al. 
 2011  ) . These data from both models are consistent with observations made in human 
tumor-derived cell culture systems (Grochola et al.  2010 ; Vazquez et al.  2008  ) . 

 Frank et al. go on to show that the allelic differences in apoptotic potential for 
p53 codon72 are tissue speci fi c and that in another tissue it is the proline isoform 
that associates with more apoptosis. Speci fi cally, in thymocytes, p53 codon72-Pro 
mice have increased apoptosis following ionizing radiation along with an increased 
transactivation of a subset of p53 target genes (Frank et al.  2011  ) . The authors 
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provide a possible explanation for the tissue speci fi city that is based on their 
observations that a group of genes induced by irradiation in the thymus are differ-
ent than in other tissues, such as MEFs and the small intestines (Frank et al.  2011  ) . 
This group is made up of genes that have known roles in immunity and in fl ammation 
(Frank et al.  2011  ) . Interestingly, the authors go on to explore the possible differ-
ences in the p53 isoforms directly in the in fl ammatory response. They were able 
to demonstrate that upon in fl ammatory stimulation of the mice through endotoxin 
lipopolysaccharide, those mice harboring the proline residue are signi fi cantly 
more likely to succumb to septic shock than animals carrying the arginine residue 
(Frank et al.  2011  ) . 

 Intriguingly, both Frank et al. and Zhu et al. were unable to  fi nd any differences 
between the p53 isoforms in cancer risk or outcome. Frank et al. crossed the proline 
and arginine mice with a mouse model that develops lymphomas (the E m -myc 
mouse), and with p53 +/−  mice that develop different cancers such as lymphomas and 
sarcomas (Donehower et al.  1992 ; Schmitt et al.  2000b ; Frank et al.  2011  ) . They 
observed no signi fi cant difference in the survival or tumor spectrum between the 
mice harboring the different alleles (Frank et al.  2011  ) . Zhu et al. exposed their mice 
to chronic UVB treatment to induce skin cancer (Zhu et al.  2010  ) . However, they 
also observed no statistically signi fi cant differences in susceptibility to skin cancer 
development in the animals (Zhu et al.  2010  ) . Together, these data clearly demon-
strate tissue-speci fi c differences between the p53 proline and arginine isoforms in 
their abilities to induce apoptosis after DNA damage in vivo. Both models suggest 
that the p53 codon72 SNP alone might not have a direct impact on cancer develop-
ment. However, a trend is emerging in association studies in human cancer patients 
that this SNP might work in conjunction with another functional p53 pathway SNP 
in the  MDM2  oncogene (MDM2 SNP309) to affect cancer risk (Wan et al.  2011  ) .  

    3.5   MDM2 SNP309 

 MDM2 SNP309 is found at position 309 in the  fi rst intron of the  MDM2  oncogene, 
which serves as a transcriptional enhancer region (Bond et al.  2004  )  (Table  2.1 ). 
The SNP results in either a thymine (T) or a guanine (G) base. The G-allele increases 
the af fi nity of the transcription factor Sp1, which leads to the increased transcription 
and expression of Mdm2 and inhibition of the p53 stress response (Bond et al. 
 2004  ) . Importantly, evidence from patient populations has also lent support to this 
model (Vazquez et al.  2008  ) . For example,  TP53  mutation carriers (Li–Fraumeni 
individuals) with the G-allele of MDM2 SNP309 were shown to be diagnosed with 
tumors on average 7 years earlier than those that were T/T in genotype (Bond et al. 
 2004  ) . This observation has been reproduced in three independent studies, in which 
 TP53  mutation carriers with the G-allele of MDM2 SNP309 were diagnosed with 
cancer on average 10, 16, and 12.5 years earlier than those who were homozygous 
for the T-allele (Bougeard et al.  2006 ; Ruijs et al.  2007 ; Marcel et al.  2009  ) . Earlier 
ages of onset associated with individuals with the G-allele, but no known  TP53  
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mutations, were also demonstrated in soft-tissue sarcomas, lymphoma, leukemia, 
head, neck, and oral squamous cell carcinomas, cancers of the colon, breast, bladder, 
ovary, brain, melanoma, and liver (Phillips et al.  2010 ; Whibley et al.  2009 ; Grochola 
et al.  2010  ) . 

 To date, a plethora of case-control studies have explored the association of 
MDM2 SNP309 with overall cancer risk (Wan et al.  2011 ; Hu et al.  2007b  ) . While 
many have shown a signi fi cant association of increased risk with the G-allele of 
SNP309 and various cancer types, such as lung, breast, and endometrial cancer, oth-
ers have failed to provide support for these observations (Hu et al.  2007b ; Wan et al. 
 2011 ; Ueda et al.  2009 ; Joshi et al.  2011 ; Fang et al.  2011  ) . However, a recent meta-
analysis of 66 papers that in total included over 25,000 cases and 30,000 controls 
comprising 30 tumor types provided evidence for an association of the G-allele of 
MDM2 SNP309 with increased overall cancer risk (Wan et al.  2011  ) . The authors 
have shown that SNP309 G-allele carriers were associated with a signi fi cantly 
increased risk for various tumor types, such as breast, colorectal, and lung cancer, 
with a combined odds ratio of up to 1.25 (95 % con fi dence interval (CI) = 1.13–
1.37), providing supportive evidence to the model that MDM2 SNP309 serves as a 
low-penetrance tumor susceptibility marker (Wan et al.  2011  ) . 

 Similar to p53 codon72, a recent study evaluated the effects of MDM2 SNP309 
on the p53 pathway and cancer risk by creating a mouse model (Post et al.  2010  ) . 
The authors were motivated by being able to explore its impact on cancer risk in a 
system that excluded the genetic and environmental heterogeneity of the cancer 
phenotype inherent to human association studies. To do this, Post et al. generated 
mice that carry the humanized intron 1 of the  MDM2  gene, containing either the 
G- or the T-allele of MDM2 SNP309 (Post et al.  2010  ) . Interestingly, the authors 
 fi nd that cells from animals with a G/G genotype of MDM2 SNP309 have elevated 
Mdm2 levels, reduced p53 levels, and decreased apoptosis. Moreover, and in con-
trast to the p53 codon72 mice, MDM2 SNP309 G/G mice have a shorter tumor 
latency and decreased survival, both in animals with two copies of wild-type p53 
and in animals with one copy mutated (p53 515A/+ ) (Post et al.  2010  ) . These data pro-
vide strong evidence that the G-allele of MDM2 SNP309 has a direct impact on 
cancer risk. 

 Interestingly, further studies in humans and human-derived material have dem-
onstrated that the effects of the G-allele of MDM2 SNP309 on cancer can be 
modi fi ed by additional variables, such as gender, estrogen, and other p53 pathway 
SNPs (Bond et al.  2006a,   b ; Bond and Levine  2007 ; Lind et al.  2006 ; Alhopuro 
et al.  2005  ) . Speci fi cally, MDM2 SNP309 T/G has been repeatedly shown to asso-
ciate with allele- and gender-speci fi c differences in tumor diagnosis in various 
malignancies (Bartel et al.  2008 ; Bond et al.  2006a,   b  ) . Interestingly, female carri-
ers of the G-allele have been shown to be diagnosed earlier in life with various 
cancers, such as colorectal cancer, diffuse large B-cell lymphoma, lung cancer, and 
for highly estrogen receptor positive (>50 % of tumor cells), but not for estrogen 
receptor negative, invasive ductal carcinoma of the breast (Bond et al.  2006a,   b ; 
Lind et al.  2006  ) . This was shown to result in the enrichment of individuals with 
the G-allele in premenopausal women with these cancers, when compared to either 
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postmenopausal women or men with the same cancers. Subsequently, similar 
trends have been observed in melanoma and osteosarcoma patients (Firoz et al. 
 2009 ; Toffoli et al.  2009  ) , while other studies suggest these trends will not be seen 
in every cancer and could be restricted to speci fi c racial and ethnic backgrounds 
(Park et al.  2006 ; Bittenbring et al.  2008 ; Grochola et al.  2009  ) . Molecular and 
functional studies suggest that the enhancer region of  MDM2  with the G-allele has 
a higher af fi nity towards ER-alpha-Sp1-dependent activation of Mdm2 expression 
(Grochola et al.  2010  ) . This model requires further testing, however, as estrogen 
signaling manipulation is being successfully used in both cancer prevention and 
treatment strategies (Jordan  2006  ) , the identi fi cation of a genetically de fi ned popu-
lation of women whose p53 pathway is attenuated in response to estrogen activa-
tion could positively affect clinical decisions (Fig.  2.1 ).  

 A recent report has provided evidence that a lower frequency SNP in the p53 
network that resides in close proximity to SNP309 in intron 1 of the  MDM2  gene 
can affect the G-allele of MDM2 SNP309 in its ability to interact with Sp1 and 
affect cancer risk (Knappskog et al.  2011  ) . Speci fi cally, Knappskog et al. report that 
the C-allele of MDM2 SNP285 (G/C) is found only in Caucasians and with a minor 
allele frequency of 3.6–4.1 % compared to the 33.7–43.7 % frequency of MDM2 
SNP309 (Table  2.1 ). They showed that the C-allele of MDM2 SNP285 strongly 
reduces the binding of Sp1 to the G-allele of MDM2 SNP309 in vitro (Knappskog 
et al.  2011  ) . Moreover, the authors of the study show in a case-control study 
 comprising 1,993 ovarian, 1,973 breast cancer patients, and 3,646 healthy controls 
that the C-allele of MDM2 SNP285 reduces the risk of both ovarian (OR 0.74; 

  Fig. 2.1    The MDM2 SNP309 genotype could aid in the identi fi cation of individuals whose p53 
pathway is attenuated in response to estrogen. MDM2 SNP309 is located in an enhancer region of 
 MDM2.  Multiple lines of evidence support a model that the G-allele has a higher af fi nity towards 
ER-alpha-Sp1-dependent activation of Mdm2 expression that leads to an attenuation of p53 activity. 
This model predicts that patients who carry a G-allele of MDM2 SNP309 would be more sensitive 
to estrogen signaling manipulation, such as Tamoxifen treatment or estrogen substitution, which is 
already being successfully used in both cancer prevention and treatment strategies       
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CI 0.58–0.94) and breast cancers (OR 0.79; CI 0.62–1.00) among SNP309 G-allele 
carriers. Finally, in line with those results, they identi fi ed a population of women 
(MDM2 SNP309 G-allele and MDM2 SNP285 G-allele carriers) that had an 
increased risk for breast cancer (OR 1.27; CI 1.03–1.55) (Knappskog et al.  2011  ) . 

 Evidence for a possible interaction between a higher frequency SNP in the p53 
network is provided by another recent publication (Wan et al.  2011  ) . Speci fi cally, 
the above-mentioned meta-analysis of MDM2 SNP309 case-control studies by Wan 
et al., comprising 66 papers with over 25,000 cases and 30,000 controls suggests a 
signi fi cant interaction between MDM2 SNP309 and the p53 codon72 polymor-
phism (Wan et al.  2011  ) . Hereby, the authors show that the combination of a 
SNP309G/G-codon72Pro/Pro genotype associated with an increased overall risk 
for cancer compared to the SNP309T/T-codon72Arg/Arg genotype (OR = 3.38, 
95 % CI = 1.77–6.47), suggesting that there is an association between MDM2 
SNP309 and p53 Arg72Pro regarding tumor susceptibility. Taken together, these 
reports suggest that in the future knowing the gender, estrogen exposures, and the 
genotypes of interacting SNP loci, such as MDM2 SNP309 and SNP285, or SNP309 
and p53 codon72, could help to more precisely predict an individual’s cancer risk 
and could in fl uence future cancer therapies.  

    3.6   Haplotype Structures of p53 Pathway 
Genes and Natural Selection 

 Most SNPs are thought to arise due to mutations that do not in fl uence the  fi tness of 
the organism and the relative proportion (frequency) of the alleles in the population 
changes over time by random genetic drift. Therefore, they may achieve signi fi cant 
frequencies in the human population simply by chance (Kelley and Swanson  2008 ; 
MacCallum and Hill  2006  ) . However, some mutational events will give rise to true 
functional alleles. These changes in function could confer a  fi tness advantage to 
individuals causing the bene fi cial alleles to increase, on average, in frequency in the 
population (positive selection). However, should the changes in function be detri-
mental to the organism, the frequency of the mutation would decrease (negative 
selection) (Kelley and Swanson  2008 ; MacCallum and Hill  2006  ) . 

 One consequence of the positive selection of an allele of a SNP and the subse-
quent selective sweep in a population is the increase in frequency of neutral alleles 
in other SNPs closely linked to the selected allele, an effect called the hitchhiking 
effect (Kelley and Swanson  2008 ; MacCallum and Hill  2006  ) . This effect gives rise 
to hallmarks of allele-speci fi c positive selection, namely, a reduction of nucleotide 
variation in the region of the genome surrounding the bene fi cial allele and a region 
characterized by a mix of long haplotypes harboring the selected allele and short 
haplotypes with the ancestral allele (Kelley and Swanson  2008 ; MacCallum and 
Hill  2006  ) . Therefore, long high-frequency haplotypes indicate the action of posi-
tive selection, whereas nonselected haplotypes occur at lower frequencies and vary 
in length (Kelley and Swanson  2008 ; MacCallum and Hill  2006  ) . In light of the 
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effect of natural selection on haplotype distributions, a haplotype-based statistical 
test was devised that detected evidence of natural selection on individual SNPs, and 
it was shown that SNP309 deviates signi fi cantly from the standard assumptions of 
models of selective neutrality (Atwal et al.  2007  ) . The haplotype structure of  MDM2  
was analyzed by combining genotype data generated from the International Hapmap 
Consortium, Celera Diagnostics, and Sheba Cancer Research Center in Israel (Atwal 
et al.  2007  ) . A low level of haplotypic variability was observed in Northern European 
populations and Ashkenazi Jewish populations, re fl ecting strong linkage disequilib-
rium across the whole gene. The level of linkage disequilibrium was perceived to be 
stronger than that due to a population bottleneck effect, arising from a founder pop-
ulation out of Africa. The effect of a founder population bottleneck effect would 
reduce the genetic variability of the entire genome and not just a single gene. By 
comparisons with extensive computer simulations of molecular evolution it was 
suggested that the G-allele of MDM2 SNP309 had experienced a positive selection 
sweep in human populations. The authors reasoned that an evolutionary selection 
pressure could act on the human p53 pathway and a growing body of evidence now 
suggests that p53 regulates other human conditions that are under selective pres-
sures, such as germline maintenance, fertility, and reproduction. Indeed, p53 
codon72 polymorphism and MDM2 SNP309 have been shown to associate with 
recurrent implantation failure, missed abortion, and allelic differences in the out-
come of in vitro fertilization treatment (Kang et al.  2009 ; Kay et al.  2006 ; Fang et al. 
 2009 ; Firouzabadi et al.  2009 ; Hu et al.  2007a ; Atwal et al.  2007  ) . 

 The  fi nding that the G-allele of MDM2 SNP309 had experienced a positive 
selection sweep gave rise to the hypothesis that other functional SNPs in the p53 
pathway could be determined by haplotype studies that looked for evidence of natu-
ral selection. Recent work has shown that using signatures of natural selection to 
identify putatively functional sites and variants has been a fruitful exercise in the 
study of human cancer. One of the  fi rst studies to demonstrate this was an investiga-
tion of the haplotype distribution of  MDM4  (Atwal et al.  2009  ) , a structural homo-
logue of  MDM2 , that binds to the amino terminus of p53, functioning as a major 
inhibitor of p53 activity (Wade et al.  2010  ) . The haplotype structure was analyzed 
in several human populations. Genotype data for SNPs were collected from three 
sources: (1) a collection of 84 lymphoblastoid cell lines of African American and 
Caucasian ethnicity; (2) the Hapmap Project repository including the Caucasian 
(CEU) and African (YRI) populations; and (3) a cohort of 299 Ashkenazi Jewish 
controls from a breast cancer association study at Memorial Sloan Kettering Cancer 
Center. The low diversity of haplotypes from each dataset, resulting in atypical pat-
terns of linkage disequilibrium, indicated the presence of candidate SNPs that may 
also modify the ef fi cacy of the p53 pathway. In particular, one derived haplotype 
across the gene had increased to a high frequency (68 % in the Caucasian lympho-
blastoid dataset, compared to 30 % in the African American population) in a rela-
tively short amount of time in human history. Subsequent association studies in  fi ve 
different patient populations revealed that these SNPs in  MDM4  conferred an 
increased risk for, or early onset of, human breast and ovarian cancers in Ashkenazi 
Jewish and European cohorts, respectively (Atwal et al.  2009  ) . This association was 
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subsequently validated in two patient cohorts, whereby the  MDM4  SNPs have been 
shown to associate with an accelerated age of onset of estrogen receptor negative 
breast cancer (Kulkarni et al.  2009  )  (Table  2.1 ). These observations not only sug-
gest that, like  MDM2 ,  MDM4  harbors SNPs that affect cancer in humans, but also 
that other SNPs in the p53 network that affect cancer could also be under selection 
pressures. Indeed multiple studies have lent support to this hypothesis and have 
identi fi ed candidate functional polymorphic loci in  PPP2R5E  (Grochola et al. 
 2009  ) ,  PPP2R2B  (Vazquez et al.  2011  ) ,  TSC1  (Mehta et al.  2011  ) ,  TSC2  (Mehta 
et al.  2011  ) , and  HAUSP  (Kang et al.  2009  )  genes (Table  2.1 ). 

 With the onslaught of whole-genome sequences now being generated it will 
soon be possible to investigate the  fi ne-detailed haplotype structure of the p53 
pathway for large populations. The pilot phase of so-called The 1000 Genome 
Project has recently been completed with the aim of providing a deep characteriza-
tion of the vast majority (over 95 %) of the common variations that are in genomic 
regions accessible to current high-throughput sequencing technologies and that 
have allele frequencies of 1 % or higher in a number of major population groups 
(The  1000  Genome Project Consortium). Genetic variations with an allele fre-
quency as low as 0.1 % were also cataloged in coding regions since these regions 
tend to have reduced allele frequencies. This dataset furnishes us with the most 
 fi ne-scale map to date of genotypes throughout the human genome across multiple 
different ethnicities. Preliminary haplotype studies on the dataset from the 1000 
Genomes Project have illustrated that the  TP53  gene network is highly polymor-
phic, strengthening the hypothesis that there may be numerous subtle inherited 
genetic changes that impact the normal function of these different proteins (Cai and 
Atwal, unpublished). Despite the greater amount of newly discovered genetic vari-
ants in the  TP53  gene network, the genes appear to have slightly reduced levels of 
haplotypic diversity, indicating evidence of natural selection, corroborating the 
aforementioned earlier studies. 

 The above-described studies suggest that the p53 stress response pathway could 
harbor more functional inherited genetic variants. Indeed, other less studied poly-
morphic variants have been reported for the p53 network genes  CDKN1A ,  CDKN1B , 
 TP73 ,  ATM,  and  CASP8  (Grochola et al.  2010 ; Whibley et al.  2009  )  (Table  2.1 ). The 
identi fi cation of other functional SNPs that mediate the p53 stress response will 
prove challenging, as there are over 50,000 SNPs in the NCBI SNP repository 
(dbSNP) in genes that have been implicated in mediating and regulating the p53 
response (Vazquez et al.  2008  ) . However, recently, approaches have been described 
that could help identify potential functional p53 pathway SNPs (Smirnov et al. 
 2009 ; Tomso et al.  2005 ; Noureddine et al.  2009 ; Bandele et al.  2011 ; Grochola 
et al.  2010  ) . Speci fi cally, these strategies identify SNPs, or haplotypes, that demon-
strate allelic differences in characteristics similar, but not limited to, functional p53 
pathway SNPs, such as differences in cellular chemosensitivities and the ability to 
change p53-dependent transcriptional activation of genes. The more in-depth study 
of these and other genetic variants in the p53 network should help further de fi ne 
populations in their abilities to respond to stress, suppress tumor formation, and 
respond to DNA damaging therapies.   
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    4   Conclusion 

 Taken together, mounting evidence suggests that the inherited genetics of p53 
pathway have a great potential to further de fi ne populations in their abilities to react 
to stress, suppress tumor formation, and respond to therapies. Various cancer predis-
position syndromes are caused by low-frequency, highly penetrant inherited muta-
tions in the p53 network, the knowledge of which can be used to individually tailor 
cancer prevention and treatment strategies. In addition, it has been demonstrated 
that the p53 tumor suppressor pathway also harbors functional high-frequency, low-
penetrance genetic variants that affect p53 signaling in cells, resulting in allelic 
differences in cancer risk, prognosis, and responses to chemotherapy. Observations 
such as these suggest that the insight gained from a thorough analysis of the func-
tional human genetics of this important network of genes could offer novel cancer 
treatment and prevention strategies as well as personalize those that already exist.      
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