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The p53 tumor suppressor pathway is central both in reducing cancer frequency in ver-
tebrates and in mediating the response of commonly used cancer therapies. This article
aims to summarize and discuss a large body of evidence suggesting that the p53 pathway
harbors functional inherited single-nucleotide polymorphisms (SNPs) that affect p53 signal-
ing in cells, resulting in differences in cancer risk and clinical outcome in humans. The
insights gained through these studies into how the functional p53 pathway SNPs could
help in the tailoring of cancer therapies to the individual are discussed. Moreover, recent
work is discussed that suggests that many more functional p53 pathway SNPs are yet to be
fully characterized and that a thorough analysis of the functional human genetics of this

important tumor suppressor pathway is required.

n cellular stress, the p53 protein is stabi-

lized and regulates the expression, cellular
location, and activity of key effectors of cellular
processes, such as DNA repair, cell-cycle arrest,
senescence, and apoptosis (Levine 1997; Riley
et al. 2008). These p53-mediated responses are
crucial both in reducing cancer frequency in
vertebrates and in mediating the response of
commonly used cancer therapies (Johnstone
et al. 2002; Lozano and Zambetti 2005; Haupt
and Haupt 2006). The study of the somatic
genetics of the p53 pathway in cancer cells and
tumors has proven useful in the development
of targeted therapies and has shown that the
P53 mutational status can serve as an independ-
ent prognostic indicator in some types of

cancers (Soussi and Wiman 2007; Vazquez
et al. 2008). This article aims to summarize
and discuss a large body of evidence that sug-
gests that the inherited genetics of the p53 path-
way also could be used to further define patient
populations in their abilities to respond to
stress, suppress tumor formation, and induce
P53 activity on treatment with DNA damaging
therapies (Bond and Levine 2007; Vazquez
et al. 2008). First, several studies are reviewed
that provide evidence that two important genes
in this signaling pathway, the p53 and Mdm?2
genes, harbor high frequency, functional sin-
gle-nucleotide polymorphisms (SNPs) that af-
fect p53 signaling, and alter cancer risk and
clinical outcome. The insights gained through
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these studies into how the functional p53 path-
way SNPs interact with known cancer risk fac-
tors and therapeutics are highlighted and their
potential translational relevance is discussed.
Lastly, other less studied, potential functional
p53 pathway SNPs are reviewed, as well as re-
cently published strategies designed to identify
and characterize novel functional SNPs.

FUNCTIONAL p53 PATHWAY SNPs

p53 Codon 72

The SNPs in the p53 pathway that are most
frequently studied are found in the p53 and
MDM2 genes (p53 codon 72 [Harris et al.
1986], rs1042522, C/G; MDM2 SNP309 [Bond
et al. 2004], rs2279744, T/G). The different
alleles of p53 codon72 encode either a proline
(p53-codon72-Pro) or arginine (p53-codon72-
Arg) residue and were first reported in 1988 by
Buchman and colleagues (Buchman et al. 1988).
The amino acid encoded by codon72 resides
in a polyproline region of p53 that is located
between the transactivation and the DNA
binding domains. This proline-rich region has
been shown to be important for p53 function,
especially for its ability to induce apoptosis
(Walker and Levine 1996; Sakamuro et al. 1997).

The first study to provide evidence that the
two different p53 isoforms encoded by the p53
codon72 SNP are not functionally equivalent
was published in 1999 (Thomas et al. 1999).
For example, the authors observed that p53-
codon72-Arg was more efficient at both sup-
pressing transformation by the oncogenes
E7 and EJ-ras and initiating apoptosis. In a later
report, Dumont and colleagues noted that p53-
codon72-Arg has a stronger capacity to induce
apoptosis (Dumont et al. 2003). Specifically,
by using a temperature-sensitive p53 mutant,
they observed that p53-codon72-Arg is more
efficiently translocated to the mitochondria,
where it interacts with proapoptotic proteins
such as GRP75 and Hsp60, thereby triggering
apoptosis. Subsequently, three additional stud-
ies, using various p53-inducible isogenic cell

lines, also noted the greater apoptotic poten-
tial of p53-codon72-Arg both in the presence
(Sullivan et al. 2004) and absence (Pim and
Banks 2004; Bergamaschi et al. 2006) of chemo-
therapeutics. Interestingly, one study presented
data supporting a transcriptional-dependent
mechanism to explain the different apoptotic
potentials of the p53 isoforms. Specifically, Sul-
livan et al. studied H1299 lung carcinoma cell
lines containing either inducible p53-codon72-
Pro or p53-codon72-Arg and immortalized
B-cell lines with the differing genotypes at this
locus (Sullivan et al. 2004). In this report, the
induction of p53-codon72-Arg and treatment
with chemotherapeutics were shown to signifi-
cantly induce up to eightfold more apoptosis
than p53-codon72-Pro and the chemothera-
peutics. The authors showed that this increased
apoptosis associated with an elevated transcrip-
tion of PUMA, PERP, and AIP1, three known
apoptotic effectors and targets of p53 transcrip-
tional regulation, but not of two other p53 targets
that are not direct effectors of apoptosis (MDM2
and p21). Similar findings were observed in
immortalized B-cell lines derived from indivi-
duals with wild-type p53 and differing genotypes
at the codon72 locus (Sullivan et al. 2004). A
subsequent report showed that this difference in
transcriptional regulation of downstream effec-
tors was mediated, at least in part, by a higher
binding affinity of p53-codon72-Pro to the pro-
tein 1ASPP (Bergamaschi et al. 2006). Together
with similar observations from other cell-based
studies (Bonafe et al. 2002; Dumont et al. 2003;
Pim and Banks 2004; Sullivan et al. 2004), these
data support a model that in the context of wild-
type p53, p53-codon72-Arg can be better at me-
diating the p53-dependent apoptotic response.
Intriguingly, multiple studies have shown
that the p53 codon72 SNP can affect apoptosis
not only in the context of the wild-type p53
sequence but also in the context of p53 that
has sustained somatic mutations. Interestingly,
three reports suggest the mtp53-codon72-Pro
isoform can associate with higher levels of
apoptosis. In two studies, either Saos-2 cells
(human osteogenic sarcoma) (Bergamaschi
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etal. 2003) or H1299 cells (human lung cancer)
(Vikhanskaya et al. 2005) were stably trans-
fected with a series of p53 mutants either proline
(mtp53-codon72-Pro) or arginine (mtp53-co-
don72-Arg) for codon72. Together, both studies
clearly show that in the context of some p53 mu-
tations and the addition of certain chemothera-
peutics, cells that express mtp53-codon72-Pro
undergo more apoptosis than cells that express
mtp53-codon72-Arg.

Two studies have proposed that several com-
mon mutants of mtp53-codon72-Arg bind with
a greater affinity to a p53 family member, the tu-
mor suppressor protein p73, thereby inhibiting
its ability to induce apoptosis (Marin et al.
2000; Bergamaschi et al. 2003). For example,
in an isogenic cell-based model, Marin and col-
leagues (Marin et al. 2000) showed that confor-
mational p53 mutants are capable of binding
to and inactivating p73. This protein—protein
interaction abrogates p73 ability to induce
apoptosis by interfering with its DNA bind-
ing potential. Importantly, they observed that
mtp53-codon72-Arg bound p73 with greater
affinity than mtp53-codon72-Pro.

The precise molecular mechanism under-
lying these noted differences in apoptosis seems
to merit further study (Vikhanskaya et al. 2005),
but the persistent observations that different
alleles at codon72 collaborate with the p53
mutational status to influence a cell’s ability to
undergo apoptosis suggest the potential trans-
lational relevance of these studies. Specifically,
knowing an individual’s genotype at the p53
codon72 locus and the p53 mutational status
of their tumor could help subclassify the patient
according to his/her probability to respond to
certain chemotherapeutic agents to determine
the best therapeutic strategy (Fig. 1). Studies
of 70 patients with inoperable, advanced head
and neck squamous cell carcinomas, who all
received cisplatin-based chemo-radiotherapy,
support this hypothesis (Bergamaschi et al.
2003; Sullivan et al. 2004). Specifically, those
individuals who retained wild-type p53 in their
tumors were found to associate with better
response rates and overall and progression-free
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survival (Sullivan et al. 2004). However, in those
patients that retained a wild-type p53, individ-
uals with wtp53-codon72-Arg associated with
the best response rates, and overall and
progression-free survival, in concordance with
its higher apoptotic potential. In those patients
with mutant p53, individuals with mtp53-
codon72-Pro associated with the best overall
and progression-free survival, also in line with
its relatively high apoptotic potential compared
with cells with mtp53-codon72-Arg (Bergama-
schi et al. 2003). Interestingly, those patients
harboring the conformational p53 mutations
that bind with greater affinity to p73 showed
the greatest allelic differences.

MDM2 SNP309

p53 cellular activity is tightly regulated by many
cellular protein—protein interactions and vari-
ous forms of posttranslation modifications,
(Murray-Zmijewski et al. 2008). One of the
most intensely studied regulations is that by
the Mdm?2 oncogene product (Momand et al.
1992). MDM2 has been shown to bind directly
to p53 and thereby inhibit its ability to activate
transcription, regulate its cellular localization,
and target it for proteosomal degradation. In-
terestingly, MDM2 forms a negative-feedback
loop with p53, as Mdm?2 transcription can be
directly positively regulated by p53 (Momand
et al. 1992; Haupt et al. 1997). The importance
of this interaction in regulating p53-dependent
tumor suppression is highlighted by the obser-
vations made in multiple mouse models that
even a modest change of MDM2 expression lev-
els can affect p53-dependent tumor suppression
in mice (Lane 2005; Poyurovsky and Prives
2006). For example, it has been shown that
just a 20% reduction of MDM2 levels in mice
leads to a significant reduction in intestinal ad-
enoma formation (Mendrysa et al. 2006). It has
been reasoned that such observations allow for
the possibility that changing just a few (or
even just one) base pair(s) in regulatory regions
of the gene could alter the levels of MDM?2
activity enough to affect the p53 pathway and
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Figure 1. Incorporating information of both the inherited and somatic genetics of the p53 gene could further
define patient populations in their abilities to respond to certain therapies. (A) Some studies suggest that
cells from individuals with the proline (Pro) allele of p53 codon72 will undergo less apoptosis in response to
DNA-damage-inducing therapies compared with individuals with the arginine (Arg) allele of p53 codon72.
This has been suggested to be caused by less transcriptional activation of apoptotic effectors. (B) Other
studies suggest that cancer cells with somatic p53 mutations from individuals with the proline (Pro) allele of
p53 codon72 will undergo more apoptosis in response to DNA-damage-inducing therapies compared with
individuals with the arginine (Arg) allele of p53 codon72. This has been suggested to be potentially because
of an enhanced inhibition of the p73 tumor suppressor by mtp53-codon72-Arg.

therefore cancer in humans (Bond et al. 2004).
Extensive study of a heritable, human genetic
variant in the form of a SNP in the promoter
of MDM2 (MDM2 SNP309 T/G) has lent sup-
port to this hypothesis (Bond et al. 2004; Bond
and Levine 2007; Hu et al. 2007¢).

MDM2 SNP309 is found at position 309 in
the first intron of the MDM2 oncogene, which
serves as a transcriptional enhancer region
(Bond et al. 2004). Through computational
analysis, the T to G allelic change introduced
by SNP309 was predicted to increase the affinity

of the Sp1 transcription factor by extending the
length of a Sp1 binding site, which was subse-
quently validated through in vitro DNA-protein
binding assays and reporter plasmid, cell-based
assays (Bond et al. 2004). This model suggested
that the G-allele of SNP309 would lead to in-
creased transcription of MDM2, resulting in
the attenuation of the p53 stress response and,
potentially, tumor suppression. Experiments
performed using 43 tumor-derived cell lines
of different SNP309 genotypes gave strong
support to this hypothesis, particularly by
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demonstrating that cells G/G in genotype con-
tain up to eightfold higher levels of MDM?2
RNA and, on average, fourfold more MDM?2
protein than cells T/T in genotype. Moreover,
four other cell lines T/G in genotype for
SNP309 were shown to contain intermediate
protein levels (1.9-fold higher than T/T cells)
(Bond et al. 2004). Similar trends have subse-
quently been observed in other studies using
tumor-derived cell lines (Bond et al. 2004; Arva
et al. 2005; Hu et al. 2007a), renal cell carcinomas
(Hirata et al. 2007), normal esophageal tissues
(Hong et al. 2005), and B-cell chronic lympho-
cytic leukemias (Gryshchenko et al. 2008).

Together, these observations supporta mod-
el whereby Sp1 binds to the G-allele of MDM?2
SNP309 with greater affinity than the T-allele,
resulting in heightened MDM2 levels and the
attenuation of the p53 pathway-mediated tumor
suppression (Bond etal. 2004). Importantly, evi-
dence from patient populations has also lent
support to this model (Vazquez et al. 2008).
For example, in the initial study, p53 mutation
carriers (Li-Fraumeni individuals) with the G-
allele of MDM?2 SNP309 were shown to be diag-
nosed with tumors onaverage 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 p53
mutation carriers with the G-allele of MDM?2
SNP309 were diagnosed with cancer on average
10, 12.5, and 16 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 p53 mutations,
were also shown in soft-tissue sarcomas (Bond
et al. 2004), lymphoma (Bond et al. 2006a),
leukemia (Swinney et al. 2005), head, neck and
oral squamous cell carcinomas (Huang et al.
2009; Nakashima et al. 2008), and cancers of
the colon (Menin et al. 2006), breast (Bond
et al. 2006a; Wasielewski et al. 2006), bladder
(Sanchez-Carbayo et al. 2007), ovary (Bartel
et al. 2008), brain (Khatri et al. 2008), and liver
(Yoon et al. 2008).

Subsequently, additional studies with spora-
dic cancers have shown that the effects of the
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G-allele of MDM2 SNP309 locus on tumorigen-
esis can be modified by two additional variables;
namely gender and the primarily female-specific
hormone, estrogen (Alhopuro et al. 2005; Bond
et al. 2006a; Bond et al. 2006b; Lind et al. 2006;
Bond and Levine 2007). Specifically, the G-allele
of MDM2 SNP309 was shown to accelerate tu-
morigenesis and increase cancer risk in women,
but not in men for colorectal cancer, diffuse large
B-cell lymphoma, lung cancer, and for highly es-
trogen receptor positive (>50% of tumor cells),
but not for estrogen receptor negative, invasive
ductal carcinoma of the breast (Bond et al.
2006a; Bond et al. 2006b; Lind et al. 2006).
This was shown to result in the enrichment of in-
dividuals with the G-allele in premenopausal
women with these cancers, when compared
with either 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), whereas other studies suggest these
trends will not be seen in every cancer and could
be restricted to specific racial and ethnic back-
grounds (Park et al. 2006; Bittenbring et al.
2008; Grochola et al. 2009).

Recently, Hu et al. provided evidence for a
possible molecular mechanism for how the G-al-
lele of SNP309 could accelerate tumor formation
in this gender-specific and estrogen-dependent
manner for some cancers, by demonstrating
that the primarily female-specific hormone, es-
trogen, preferentially stimulated transcription
of the MDM2 gene with the G-allele of SNP309
(Hu et al. 2007a). If correct, this model could of-
fer a potential node of intervention for preven-
tion and treatment of certain tumor types
(Fig. 2). The model predicts that women with a
G/G genotype for MDM2 SNP309 could be
affected differently by estrogen signaling manip-
ulation than women with a T/T genotype.
Specifically, increasing estrogen levels in post-
menopausal women with a G/G genotype,
toalleviate menopausal symptoms, could signif-
icantly increase their risk to develop certain
cancers. Furthermore, this model also predicts
that women with a G/G genotype and a high
risk of cancer could benefit from decreasing
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Figure 2. Individuals with different genotypes of MDM2 SNP309 could be affected differently by estrogen
signaling manipulation. A model has been proposed that the primarily female-specific hormone, estrogen,
preferentially stimulated transcription of the MDM2 gene with the G-allele of SNP309, potentially through
the direct interaction of the estrogen receptor (ESR) and the transcription factor SP1 on the MDM?2
promoter. If true, this predicts that inhibition of estrogen signaling in individuals with the G-allele of
MDM2 SNP309 would lead to a reduction of MDM2 levels and a reactivation of p53 activity, allowing for
either better tumor suppression or tumor clearance compared with individuals with the T-allele.

estrogen levels as could be relevant to p53 germ-
line mutation carriers. Specifically, a recent
study provided evidence that the G-allele of
SNP309 functions primarily in female p53 mu-
tation carriers to accelerate tumor formation
(Atwal et al. 2008), which provided a potential
genetic basis for a well-described sexual dimor-
phism in cancer risk observed in p53-mutation
carriers (Chompret et al. 2000; Hwang et al.
2003). This finding in conjunction with the pre-
viously described observations provide a rea-
sonable hypothesis; the G-allele of the MDM2
SNP309 locus could contribute to the increased
cancer risk observed in female p53 mutation
carriers through the preferential estrogen-
dependent stimulation of transcription of the
MDM2 gene. If true, this model predicts that es-
trogen reduction or withdrawal from G-allele
MDM2 SNP309 patients could be incorporated
in prevention strategies for p53-mutation car-
riers, for whom cancer prevention strategies
are limited, much as they have been successfully
implemented for BRCA-mutation carriers (Re-
bbeck et al. 1999; Narod et al. 2000; Gronwald
et al. 2006).

POTENTIAL FUNCTIONAL p53
PATHWAY SNPs

Caspase-8 D302H

One important upstream effector of this extrin-
sic apoptotic pathway is caspase-8, which is
activated after ligation of death receptors and
initiates a cascade of downstream effector cas-
pases (Bodmer et al. 2000; Hengartner 2000;
Peter 2000). Recent evidence has shown that
caspase-8 is also directly regulated by p53 under
certain conditions, such as after cellular expo-
sure to cytotoxic drugs (Ehrhardt et al. 2008).
Recent studies have shown a positive-feedback
loop between p53 and caspase-8 (Yao et al.
2007). The products of caspase-8 cleavage—
death effector domains (DED)—can activate
p53 to induce caspase-8 gene expression, which
allows the continual replenishment of caspase-8
during apoptosis (Yao et al. 2007). Further-
more, in transfection experiments, p53 has
been shown to be able to directly regulate
caspase-8 transcription through a p53-respon-
sive sequence adjacent to the transcriptional
start site of caspase-8 (Liedtke et al. 2003).
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Recently, an SNP in the caspase-8 gene,
termed D302H (rs1045485), has been reported
to associate with altered breast cancer risk
(MacPherson et al. 2004). This SNP results in
an aspartic acid to histidine substitution at co-
don 302 of the gene, and is found at a high fre-
quency in Europeans, with a minor allele
frequency (MAF) of 20%, but has not been re-
ported in Asian and African populations
(http://www.ncbi.nlm.nih.gov). The first study
noted an association of the minor histidine-en-
coding allele (H-allele) of D302H with reduced
incidence of breast cancer in two independent
cohorts in the United Kingdom (MacPherson
et al. 2004). This finding was largely supported
by two subsequent reports in a German popula-
tion (Frank et al. 2005) and in a population in
the United States (Sigurdson et al. 2007). Im-
portantly, further supporting evidence of the
protective role of the H-allele of SNP D302H
in breast cancer was provided in a large case-
control study comprising multiple ethnic co-
horts of mostly European ancestry, performed
by the Breast Cancer Association Consortium
(BCAC) (Cox et al. 2007). This study consisted
of an analysis of 14 independent studies with a
total of 16,423 cases and 17,109 controls. In
line with these observations, in case-control
studies of sporadic breast cancer, a significant
11-year delay of breast carcinoma onset has
been reported for the H-allele in a Spanish
cohort of 390 patients carrying germ-line
BRCA1/2 mutations (Palanca Suela et al.
2009). Similar associations were seen in a study
conducted in chronic lymphocytic leukemia
(Enjuanes et al. 2008). However, in contrast, no
significant associations were seen in colon
carcinoma (Pittman et al. 2008), and an inverse
effect was reported for glioma, whereby the
H-allele of SNP D302H seems to associate with
an increased risk for this malignancy (Bethke
et al. 2008).

p21 Codon 31

The cyclin-dependent kinase (CDK) inhibitor
p21 (CDKNI1A) mediates the induction of

SNPs in the p53 Signaling Pathway

cell-cycle arrest in response to a variety of
stimuli, mainly through its ability to inhibit
the kinase activity of CDK2 and CDK1 (Brugar-
olas et al. 1995; Deng et al. 1995; Macleod et al.
1995; Abbas and Dutta 2009). The role of p21 in
promoting DNA damage-induced G1 growth
arrest relies to a great extent on its well-
described transcriptional activation by p53
(Macleod et al. 1995; Abbas and Dutta 2009).
Given its crucial role in halting cellular prolifer-
ation, it is not surprising that p21 has been
found to be frequently misregulated in human
cancer, and the loss of its expression or function
has been implicated in the genesis or progres-
sion of many human malignancies (Macleod
et al. 1995; Abbas and Dutta 2009). However,
other studies also suggest that p21 can promote
cancer, indicating a paradoxical effect leading to
tumor-suppressing or tumor-promoting prop-
erties of p21, depending on the cellular context
(Rowland and Peeper 2006; Abukhdeir and Park
2008; Abbas and Dutta 2009).

The nonsynonymous codon 31 (C/A) SNP
in the CDKNI1A gene (rs1801270) results in an
amino acid change from serine (p21-Ser) to
arginine (p21-Arg) in a highly conserved region
of the gene (Chedid et al. 1994). Similar to p53
codon72 and MDM2 SNP309, the allelic fre-
quency at this locus varies greatly among popu-
lations, from a 4% prevalence of the Arg allele
in a Swedish population to 50% in Chinese
(Birgander et al. 1996). Functional studies
seem to suggest that p21-Ser and p21-Arg var-
iants share similar kinase inhibitory activity
and growth suppression abilities (Sun et al.
1995). However, the different genetic alleles
that encode these variants have been shown to
differ significantly in their transcriptional effi-
ciency (Su et al. 2003b; Johnson et al. 2009).
Specifically, individuals who carry at least one
p21-Arg-encoding allele associate with 38%
lower p21 mRNA expression (Su et al. 2003b).
Similar observations were seen in a study de-
signed to assess therole of the p21 codon 31 poly-
morphism in the ionizing radiation-induced,
p53-dependent activation of p21 expression in
chronic lymphocytic leukemia (Johnson et al.
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2009). The authors noted that cell lines harbor-
ing at least one p21-Arg-encoding allele showed
an impaired p21 induction after radiation.

Possibly because of the seemingly conflicting
reports linking p21 overexpression to both can-
cer suppressive as well as promoting effects, stud-
ies exploring associations of p21 codon 31 and
cancer susceptibility report different cancer
risk alleles. Specifically, some studies support
theidea that the p21-Arg-encoding allele associ-
ates with increased risk for lung (Sjalander et al.
1996), endometrial (Hachiya et al. 1999), cervi-
cal (Harima et al. 2001), bladder (Chen et al.
2002), head and neck (Rodrigues et al. 2003),
and prostate cancers (Huangetal. 2004). In con-
trast, others studies reported a decreased risk as-
sociated with the p21-Arg-encoding allele for
cervical (Roh et al. 2001), esophageal (Wu et al.
2003), and endometrial cancers (Roh et al.
2004). In addition, some studies reported no
clinical associations with this locus (Su et al.
2003a).

p27 -79C/T

p27 (CDKN1B), another important CDKinhib-
itor, monitors Gy to S phase transitions by bind-
ing to and regulating the activity of various
kinases involved in cell-cycle progression
(Abukhdeir and Park 2008; Chu et al. 2008).
Under conditions of cellular stresses, p27 inte-
grates a variety of signal transduction pathways
into a final proliferation checkpoint (Abukhdeir
and Park 2008; Chu et al. 2008). Mouse models
suggest that p27 collaborates with p53 to modu-
late the cell cycle and suppress tumorigenesis in
a tissue-specific manner (Philipp-Staheli et al.
2004; Damo et al. 2005). For example, germline
deletion of one or both alleles of p27 has been
shown to accelerate tumor development and
associated mortality in p53 null mice, indicating
potent synergy between loss of p27 and p53
(Philipp-Staheli et al. 2004).

The minor allele of an SNP within the p27
gene (-79C/T; 1s34330), a C to T transition lo-
cated 5 UTR at the site of nucleotide -79, was

first proposed to conferan increased risk of pros-
tate carcinoma in a hereditary prostate cancer
(HPC) family-based study conducted at the
Johns Hopkins Hospital in Baltimore, Maryland
(Chang et al. 2004). Subsequently, the minor al-
lele was also shown to associate with an increased
risk of breast cancer in a case-control study,
which included 368 Chinese breast cancer cases
and 467 cancer-free controls (Ma et al. 2006).
Furthermore, another study conducted in alarge
British population comprising 4470 cases of
breast carcinoma and 4560 controls provided
furtherevidence of a statistically significant asso-
ciation of the minor allele of p27 -79C/T with
increased cancer risk (Driver et al. 2008).

p73 G4C14-to-A4T14

p73 and p63 are two closely p53-related genes,
which share a high level of sequence similarity
with p53 and are capable of transactivating
p53-responsive genes, thereby promoting cell-
cycle arrest and apoptosis (Benard et al. 2003;
Murray-Zmijewski et al. 2006). Among the poly-
morphisms within the p73 gene, two common
SNPs lie just upstream of the translational start
site of exon 2 in so-called position 4 (G/A) and
position 14 (C/T). These SNPs have been consis-
tently shown to associate with allelic differences
in risk for various cancers (Ryan et al. 2001; Li
et al. 2004a; Li et al. 2004b; Hu et al. 2005;
Niwa et al. 2005; Pfeifer et al. 2005; Chen et al.
2008; De Feo et al. 2009). They are in complete
linkage disequilibrium with each other and
therefore the alleles are always inherited together
to form the so-called p73 G4Cl14-to-A4T14
polymorphism (Kaghad et al. 1997; Ryan et al.
2001). The minor allele of G4C14-to-A4T14,
AA4T14, has been shown to associate with a sig-
nificantly increased risk for squamous cell carci-
noma of the head and neck (Li et al. 2004a; Chen
etal. 2008), gastric (De Feo etal. 2009), colorectal
(Pfeifer et al. 2005), as well as endometrial can-
cers (Niwa et al. 2005). Consistent with these
findings, a study conducted in the United States
with 1054 non-Hispanic whites diagnosed with
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lung cancer and 1139 cancer-free controls re-
ported anassociation of the A4T14 allele with in-
creased cancerrisk (Lietal. 2004b). However, the
A4T14 allele was shown to associate with a de-
creased risk in lung cancer in a study comprised
of 425 Chinese lung cancer patients and 588
cancer-free controls (Hu et al. 2005). Intrigu-
ingly, an apparently protective effect of A4T14
was reported in a small study comprising 84
esophageal carcinoma patients and 152 controls
in Ireland (Ryan et al. 2001). Interestingly, two
independent studies performed in Korean pop-
ulations showed no significant allelic differences
for p73 G4Cl14-to-A4T14 in lung cancer risk
(Choi etal.2006; Jun et al. 2007). Together, these
observations suggest that the effects of p73
G4C14-t0-A4T14 could be dependent on the
ethnic background of the population studied.

ATM Ser49Cys

Another gene involved in the p53 stress re-
sponse pathway is Ataxia telangiectasia mutated
(ATM) (Kastan and Lim 2000; Levine et al.
2006). ATM is a serine/threonine-specific pro-
tein kinase that is activated by DNA double-
strand breaks (Kastan and Lim 2000). It phos-
phorylates several key proteins that initiate the
activation of the DNA damage checkpoint,
leading to cell-cycle arrest or apoptosis (Kastan
and Lim 2000; Shiloh 2003). Current evidence
suggests that p53 is the main target of ATM,
which regulates the phosphorylation of p53 on
Ser9, Serl5, Ser46, and Ser376, and subse-
quently impacts p53 transcriptional activity
(Banin et al. 1998; Canman et al. 1998; Water-
man et al. 1998; Ashcroft et al. 1999; Saito
et al. 2002). Furthermore, ATM also activates
the checkpoint kinase CHK2 and MDM2, pro-
teins that directly regulate the activity of p53
(Khosravi et al. 1999; Bartek et al. 2001; Maya
et al. 2001).

A low-frequency SNP in the ATM gene,
mainly present in populations with European
ancestry, resultsin a serine (Ser-ATM) to cysteine
(Cys-ATM) substitution in codon 49 (ATM

SNPs in the p53 Signaling Pathway

Ser49Cys; rs1800054; MEF 3.3%; http://www.
ncbi.nlm.nih.gov) (Buchholz et al. 2004). ATM
Ser49Cys has been shown by multiple studies
to harbor allelic differences in breast cancer
risk (Buchholz et al. 2004; Stredrick et al. 2006;
Cox et al. 2007). The Cys-ATM-encoding allele
of ATM Ser49Cys has been shown to associate
with an increased risk of bilateral breast carcino-
ma in areport comprising two large population-
based studies from the United States and Poland,
including a total of 2856 breast cancer patients
and 3344 cancer-free controls (Stredrick et al.
2006). The results of a subsequent report suggest
the increased risk associated with Cys-ATM is
statistically significant, but only in a subset of
progesterone receptor positive breast cancers
(Cox et al. 2007). The prospective Copenhagen
City Heart Study genotyped ATM Ser49Cys in
10324 individuals (Dombernowsky et al. 2008).
Of those 10,324, 2,293 had developed various
types of cancers. Interestingly, patients harbor-
ing Cys-ATM presented with an increased risk
of melanoma, prostate carcinoma, and cancers
of the oral cavity/pharynx, but not the breast
(Dombernowsky et al. 2008). However, a stratifi-
cation in patients according to the sex hormone
receptor status was not performed, therefore a
significant effect in the subset of patients with
progesterone receptor-positive tumors cannot
be excluded with certainty in this study.

SCREENS THAT IDENTIFY POTENTIAL
FUNCTIONAL p53 PATHWAY SNPs

The previously described studies suggest that
the p53 stress response pathway could harbor
more functional inherited genetic variants, the
study of which could help further define patient
populations in their abilities to respond to
stress, suppress tumor formation, and respond
to DNA damaging therapies. The identification
of functional SNPs that mediate the p53 stress
response will prove challenging, as there are
more than 50,000 SNPs in the NCBI SNP re-
pository (dbSNP) in genes that have been impli-
cated in mediating and regulating the p53
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response (Vazquez et al. 2008). However, re-
cently, approaches have been described that
could help identify potential functional p53
pathway SNPs (Tomso et al. 2005; Atwal et al.
2009; Grochola 2009; Noureddine et al. 2009;
Smirnov et al. 2009). Specifically, these screens
identify SNPs, or groups of linked SNPs (haplo-
types), that demonstrate allelic differences in
characteristics similar, but not limited to, func-
tional p53 pathway SNPs.

Smirnov et al. presented an approach with
the potential to identify SNPs that affect the cel-
lular DNA-damage response (Smirnov et al.
2009). In this DNA-damage response screen,
the authors analyze individual variation in
gene expression in response to ionizing radia-
tion and conduct genetic linkage and associa-
tion studies to map their regulators, testing for
evidence of an association of their measure-
ments with multiple polymorphic loci (Smirnov
et al. 2009). Briefly, the authors used micro-
array experiments to measure the gene expression
levels in immortalized B cells from members of
15 CEPH pedigrees, made up of 30 indi-
viduals, 2 and 6 hours after exposure to 10 Gy
of ionizing radiation. Subsequently, a compu-
tational genome-wide linkage analysis for each
of the gene expression phenotypes was per-
formed linking those phenotypes to the gen-
otypes of 4600 SNPs. As the p53 signaling
pathway is important in the cellular responses
to DNA damage and stress, one would reason
that p53 pathway SNPs could be identified in
this screen. Indeed, the authors identified novel
SNPs in three p53 pathway associated genes
(CD44, FAS, and PMAIP1), which were signif-
icantly associated with expression levels of their
target genes (Smirnov et al. 2009).

A p53 pathway-oriented approach was de-
signed to identify SNPs in potential p53 target
genes that could affect the ability of p53 to reg-
ulate their transcription (Tomso et al. 2005;
Noureddine et al. 2009). This approach first
uses bioinformatics to scan for alleles of SNPs
in p53 promoter response elements (REs) of
potential p53 target genes that could modify
P53 protein—DNA interactions. Subsequently,

functional yeast and mammalian cell-based
assays are undertaken to assess the predicted ef-
fects of the alleles on p53-dependent transacti-
vation. This method has been recently refined
to include a multiplex format microsphere assay
to further probe how alleles affect p53 ability to
bind its RE (Noureddine et al. 2009). Interest-
ingly, this approach has identified eight p53 re-
sponse elements in or adjacent to eight genes
(ADAR2, ARHGEF7, DCC, EOMES, RRM1,
SCGB1D2, SEIl, and TLR8), which harbor
SNPs that significantly affect the cellular trans-
activation capabilities of p53 and its in vitro
binding characteristics in nuclear extracts
(Tomso et al. 2005; Noureddine et al. 2009).
The biological and clinical relevance of these
findings remains to be determined.

Two recent reports have looked for signa-
tures of recent natural selection to identify genes
in the p53 pathway that harbor functional SNPs
(Atwal et al. 2009; Grochola 2009). These stud-
ies were motivated by the observation that the
unusually long and frequent haplotype that har-
bors the G-allele of MDM2 SNP309 deviates
significantly from the standard assumptions of
selective neutrality using multiple selection tests
(Atwal et al. 2007). This suggested that the hu-
man p53 pathway could be acted on by an evolu-
tionary selection pressure. Although the precise
reason(s) for the selection pressure on the p53
pathway is still under investigation (Kay et al.
2006; Atwal et al. 2007; Hu et al. 2007b; Fang
et al. 2009; Firouzabadi et al. 2009; Kang et al.
2009), the authors reasoned that other SNPs
in the p53 pathway with signatures of natural se-
lection might also affect p53 signaling and affect
cancer in humans (Atwal et al. 2009; Grochola
2009). In these two reports, a total of 142 genes
that affect p53 signaling were analyzed, and
signs of recent natural selection were found in
the haplotype distributions of the MDM4 on-
cogene and the PPP2R5E gene, a regulatory
subunit of protein phosphatase 2 A (PP2A).
Importantly, for both genes, the selected haplo-
types were shown to associate with clinical dif-
ferences in human cancer compared with the
neutral haplotypes (Atwal et al. 2009; Grochola
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2009). For example, for the MDM4 oncogene,
the neutral haplotypes were identified as being
associated with a greater risk of developing
breast tumors in three independent populations
of Ashkenazi Jewish Caucasians, and develop-
ing ovarian tumors up to 9 years earlier in life
in both familial and sporadic ovarian cancer
in non-Ashkenazi Jewish Caucasian cohorts
(Atwal et al. 2009). These observations suggest
that, like MDM2, MDM4 and PPP2R5E harbor
SNPs that affect cancer in humans.

In summary, a large body of evidence suggests
that the p53 stress response pathway harbors
functional inherited SNPs that affect p53 signal-
ing in cells, resulting in differences in cancer
risk and clinical outcome in humans. Multiple
genes that encode proteins important in
p53-mediated signal transduction have been
shown to harbor SNPs that consistently associate

SNPs in the p53 Signaling Pathway

with allelic differences in human cancer (Fig. 3)
(Table 1). Moreover, recent screens to identify
novel functional p53 pathway SNPs suggest that
many more are yet to be fully characterized, and
the potentially significant, combined effects of
these functional SNPs on cancer-related pheno-
typical manifestations, could strongly enhance
the use of germline genetics in everyday clinical
practice. Indeed, the more detailed characteriza-
tion of the molecular mechanisms behind the
clinically relevant SNPs in p53 and MDM2 has
offered insights into how the genetic information
could be translated into the clinic. This work sug-
gests that a thorough analysis of the functional
human genetics of this important tumor sup-
pressor pathway is required and could result in
the tailoring of current therapies to the individu-
al, as well as in a deeper understanding of the role
of p53 signaling in humans.

p14/ARF

Figure 3. Map of selected p53 pathway-associated genes that harbor known or potential functional SNPs
(octagon-shaped boxes) and their closely interacting genes (rectangular boxes). The map depicts genes
involved in the core regulation of p53 (light red boxes), the DNA-damage response (yellow), the extrinsic
apoptotic response (green), the cell-cycle (turquoise) and oncogenic signaling (dark blue). The arrows (| )
show downstream activation and the inhibitory interactions are delineated by T-shaped (L) ends. A network
map representing the p53 pathway is illustrated in the distant background.
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Table 1. Clinically Relevant Single-nucleotide Polymorphisms in the p53 Pathway

Gene SNP
Hugo Association with the p53 db SNP
name Function pathway Description rs#lD Clinical association Molecular description
TP53 Tumor suppressor; functions  Central node of the p53 P53 codon72 rs1042522  Many examples, such as  Proline to arginine residue
as transcription factor, pathway. allelic differences in change in a region
responds to diverse cellular response to important in mediating
stresses. Regulates target chemotherapeutic the apoptotic response
genes that induce cell-cycle treatment of head and affects the level of
arrest, apoptosis, neck carcinomas. apoptosis.
senescence, DNA repair, or
changes in metabolism.
MDM2  Key negative regulator of the  Transcriptional target of MDM?2 SNP309  rs2279744  Increased risk for and T to G change in the
p53 protein. p53; Inhibits p53 activity earlier age of onset of promoter region of
by binding the various cancer types, intron 1 results in an
transactivation domain of particularly in younger enhanced binding
the p53 protein and females affinity of the
promoting its transcription factor SP1
ubiquitination as well as and increased MDM2
regulating its cellular gene transcription
location.
Casp8 An upstream protease of the ~ TP53 activates caspase 8 gene D302H rs1045485  Minor allele associates Aspartic acid to histidine
activation cascade of expression after induction with reduced incidence  substitution in codon
caspases responsible for the by death effector domains of breast cancer. 302.
death receptor induced or exposure to cytotoxic
apoptosis. drugs. Positive-feedback
loop with p53.
ATM Serine/threonine protein Regulates the ATM Ser49Cys  rs1800054  Minor allele suggested to  Serine to cystein

kinase, which activates
checkpoint signaling upon
genotoxic stresses.

phosphorylation of p53 on
various residues and
activates MDM2 as well as
the checkpoint kinase
CHK2.

associate with increased
cancer risk, particularly

breast carcinoma.

substitution in codon
49.

"|e 19 B]oY201D 4]

ssald Aloreloqe] JogreH Buuds pjod Aq paysiignd - 20z ‘s 1equiaidas uo /610°djysa sanndadsiadysoy/:diy woly papeojumod


http://cshperspectives.cshlp.org/

Z£01008:7:0107 joig 19ads1ad qier Sulids pjoD se ajanie siyy 9D

€l

£esity

PERSPECTIVES

Cold Spring Harbor Perspectives in Biology

www.cshperspectives.org

CDKNIA Binds and inhibits the activity Tightly controlled by p53,

of cyclin-dependent

kinases, and thus functions

as a regulator of cell-cycle
progression at G1.

CDKNI1B Cyclin-dependent kinase

TP73

inhibitor; binds to and
prevents the activation of
cyclin E-CDK2 or

cyclin D-CDK4 complexes,

and thus controls the cell
cycle at G1.

Member of p53 family of

transcription factors,
involved in cellular
responses to stress and
development.

through which this protein
mediates the
p53-dependent cell cycle
G1 phase arrest in response
to a variety of stress
stimuli.

Collaborates with p53 to

modulate the cell cycle and
suppress tumorigenesis.

TP73 transactivates

p53-responsive genes
causing cell-cycle arrest
and apoptosis; some
isoforms can directly
inhibit p53 function.

p21 codon31 rs1801270

rs34330

-79C/T

G4C14-t0-A4T14 152273953

rs1801173

Allelic differences
reported for various
cancer types.

The T-allele associates
with increased risk of
breast cancer.

Allelic differences for
various cancer types.

Serine to arginine
substitution in a highly
conserved region of the
gene; alleles suggested to
differ in transcriptional
efficiency.

Cto T transition 5’ UTR at
the site of nucleotide -79

Two linked intronic SNPs,
just upstream of the
initiating AUG of exon 2
in position 4 and 14 of
the gene
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