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urrently there are several dozen

human polymorphisms that have
been loosely associated with cancer risk.
Correlating such variants with cancer
risk has been challenging, primarily due
to factors such as genetic heterogeneity,
contributions of diet and environmen-
tal factors, and the difficulty in obtain-
ing large sample sizes for analysis. Such
difficulties can be circumvented with
the establishment of mouse models for
human variants. Recently, several groups
have modeled human cancer suscep-
tibility polymorphisms in the mouse.
Remarkably, in each case these mouse
models have accurately reflected human
phenotypes, and clarified the contribu-
tion of these variants to cancer risk. We
recently reported on a mouse model for
the codon 72 polymorphism in p53, and
found that this polymorphism regulates
the ability to cooperate with NFkB and
induce apoptosis. Here-in we present evi-
dence that this polymorphism impacts
the apoptotic function of p53 in a tis-
sue-specific manner; such tissue-specific
effects of polymorphic variants represent
an added challenge to human cancer risk
association studies. The data presented
here support the premise that modeling
human polymorphisms in the mouse
represents a powerful tool to assess the
impact of these variants on cancer risk,
progression and therapy.

Introduction
The p53 protein is central to the ability

of an organism to suppress tumor devel-
opment. In response to oncogenic or
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genotoxic stress, p53 becomes activated as
a transcription factor and transactivates
genes including p21/wafl1, which functions
in growth arrest and senescence. p53 also
transactivates genes such as Puma, Noxa
and Bax, which play roles in apoptosis. In
addition to its transcriptional role, p53 has
a direct apoptotic role at the mitochon-
dria."? The central role of p53 in tumor
suppression is best epitomized by the fact
that this gene is mutated with remark-
ably high frequency (>50%) in human
tumors. Other members of the p53 path-
way are also mutated in human cancer.
For example, the negative regulator of p53,
MDM2, is amplified and overexpressed in
certain cancers. Additionally, the negative
regulator of MDM2, ARF, is mutationally
inactivated in a significant percentage of
human tumors.’ While the role of p53 as
a tumor suppressor gene garners the major-
ity of attention, it is important to note that
p53 also plays an integral role in a diversity
of biological processes, including reproduc-
tion, metabolism and innate immunity.

A distinctive feature of genes in the p53
pathway is that several functionally sig-
nificant polymorphisms have been identi-
fied in these genes that affect the ability
of p53 to induce apoptosis or senescence.
For example, in the p53 gene itself there is
an intensively investigated polymorphism
at codon 72, which encodes either proline
(P72) or arginine (R72). Experimental
studies in cell lines suggest that the P72
variant possesses increased ability to
induce growth arrest and senescence due
to increased ability to transactivate p21/
wafl.58 Conversely, the R72 variant pos-
sesses increased ability to induce apoptosis,
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factors to cooperate in transcription.

Figure 1. Model for the differential cooperation between P72 and R72 variants of p53 with NF«kB.
In the model on the left, p53 and NFkB bind to the promoter of Caspase 4, and the increased abil-
ity of these two proteins to interact causes a looping out of chromatin, potentially favorable for
recruitment of other transcription factors or the basal transcription machinery. On the right, the
decreased ability of the R72 variant to bind to NF«B limits the potential for these two transcription

due to increased mitochondrial localiza-
tion, and in some cases superior ability
to transactivate a subset of pro-apoptotic
genes.”"" At codon 47, p53 encodes either
proline (wt) or serine (S47). The S47 vari-
ant has reduced phosphorylation of serine
46, along with decreased transcriptional
and apoptotic function.”” Another com-
mon polymorphism lies in the promoter
of the Mdm?2 gene. SNP309 (single nucle-
otide polymorphism at base pair 309) in
the Mdm?2 promoter encodes either “G”
or “T” alleles; the “G” allele produces an
Sp1 site that increases the level of MDM2,
thereby reducing the overall level of p53
protein.”® Studies on the association of
these polymorphic variants with cancer
risk have been controversial. Correlations
between the codon 72 polymorphism and
cancer incidence have produced conflict-
ing results in different tumor types.”
Correlations between SNP309 of the
MDM2 gene have held true only in cer-
tain tumor types, and in certain ethnic
groups.” Finally, the low frequency of
the S47 polymorphism (1-5% of African
Americans and Brazilians) precludes the
ability to associate this polymorphism
with cancer risk in a statistically sig-
nificant way.'>" These facts constitute a
compelling argument for modeling these
polymorphisms in the mouse.

Mouse Models
of Human Polymorphic Variants
Mimic Human Phenotypes

Recently Johnson et al. described two
mouse models for the codon 72 polymor-
phism of p53; because amino acid 72 in
mouse encodes alanine, this group opted
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to use homologous recombination to
knock in exon 4 of the human p53 gene
into the mouse. In the second model they
generated transgenic mouse for the bac-
terial artificial chromosome (BAC) con-
taining the human p53 gene, and crossed
this mouse to the p53 knockout mouse.
Consistent with the data on P72 and R72
accumulated in human cell lines, this
group found increased apoptotic potential
associated with the R72 variant in the two
cell types they analyzed, the skin epider-
mis and the small intestine. Somewhat
surprisingly, these apoptotic differences
did not lead to differences in skin cancer
incidence in a UV-induced model, suggest-
ing that, at least in this cell type, apoptosis
might not be the prevailing contributor to
p53-mediated tumor suppression.!!
Lozano and colleagues recently created
a model for the SNP309 polymorphism
in mouse. Like the codon 72 polymor-
phism, the region of the Mdm2 promoter
containing SNP309 is not conserved in
the mouse. Therefore, this group knocked
the human intron 3, containing either
allele of SNP309 (“G” or “T”), into the
mouse Mdm?2 locus. Remarkably, this
SNP functioned the same in mouse as
in human, and in the thymus the “G”
allele of SNP309 was associated with
4-fold increased Mdm2 mRNA levels.
Interestingly, in other tissues this poly-
morphism had significantly less effect on
Mdm2 mRNA level, suggesting possible
tissue-specific impact. Unlike the case
for the codon 72 polymorphism mouse
model, the impact of SNP309 on cancer
was unequivocal: the SNP309 “G” allele
had increased incidence of spontaneous
cancer (p = 0.015), and in a mouse model
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of Li Fraumeni syndrome, decreased sur-
vival (p = 0.0005). Even more remarkable
was the impact of this SNP on tumor
type: mice with the SNP309 “G” allele
developed mammary adenocarcinomas;
this is an unusual tumor type in mice, and
one not seen for “T” mice.!

The Codon 72 Polymorphism
of p53 Regulates Interaction
with NFxB

In our investigations on the biology of the
p53 codon 72 polymorphism, we made use
of the humanized knock-in model for p53
(Humanized p53 knock-in or Hupki). In
this model, the murine p53 sequences from
exon 4 through exon 9 have been replaced
with the corresponding human p53 seg-
ment. There are 2 Hupki strains that have
wild-type human p53 sequences, one with
the codon 72 (in exon 4) encoding argi-
nine and one encoding proline.”* In both
strains the chimeric human-mouse p53
protein is functional and tumor suppres-
sive.®?2! In analyzing the DNA damage
response of inbred Hupki P72 and R72
mice, we noted that the P72 allele was con-
sistently able to induce 2.5-fold increased
apoptosis in the thymus, compared to
R72. Micro-array analyses revealed that
the overwhelming majority of p53-induced
genes were identically regulated in P72 and
R72 thymuses. However, we found that a
small subset of 12 genes were upregulated
to greater extent in thymocytes from P72
mice. The majority of these genes in this
subset were NFkB target genes, and many
played roles in innate immunity. One of
these genes, Caspase 4 (also called Caspase
11 in mouse), possesses canonical bind-
ing sites for both p53 and NFkB; we used
chromatin immunoprecipitation to prove
that both p53 and NFkB bind to this
promoter, and that silencing of the p65
subunit of NFkB rendered p53 unable to
bind. Similar cooperativity between p53
and NFkB has been seen in the regula-
tion of the Skp2 promoter.?> These stud-
ies led to our finding that the P72 variant
of p53 possesses significantly increased
ability to interact with p65, compared to
R72, in both murine and human cells. The
combined data favor a model whereby the
codon 72 polymorphism regulates interac-
tion and cooperation with NF«kB (Fig. 1).
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Figure 2. Tissue-specific effects of the codon 72 polymorphism on apoptosis. (A) Immunohistochemistry using antisera for p53 and cleaved caspase 3
was performed on the small intestine of P72 and R72 mice that were untreated (UNT) or 4 h after 10 Gy gamma radiation. Increased levels of cleaved
caspase 3 staining are visible in the crypt of R72 mice 4 hours after gamma radiation while the levels of p53 staining are comparable between P72 and
R72 mice. The data depicted are representative of five independent experiments. Arrowheads: apoptotic cells. Scale bar: 50 um. (B) Quantification

of cells positive for cleaved caspase 3 and cleaved lamin A in the small intestine of P72 and R72 mice 4 h after 10 Gy. The number of positive cells per
30 mm of crypt was counted and tabulated; the results shown are averaged from three independent experiments, and standard deviation bars are
shown. p values were calculated using the Student’s two-tailed t-test. Scale bar: 50 um. (C) Immunohistochemistry using antisera for p53 and cleaved
caspase 3 was performed on the spleens of untreated (UNT) P72 and R72 mice or 4 hours after 10 Gy gamma radiation. The data depicted are repre-

Tissue-Specific Effects
of the Codon 72 Polymorphism

One of the compelling reasons for modeling
the codon 72 polymorphism in mice was the
potential for analyzing the impact of these
variants in normal tissues, and the possibility
that tissue-specific differences might exist in
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the activity of these variants. Whereas our
studies indicated that gamma radiation led
to a 2.5-fold increase in programmed cell
death in the P72 thymus, the opposite cor-
relation held true in the small intestine (Fig.
2A and B). In the small intestine, consis-
tent with the findings by Johnson, we found
that the R72 variant induces approximately
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two- to three-fold increased apoptosis.!!
This finding was consistent in five inde-
pendent experiments, and was statistically
significant (p < 0.001). Interestingly, in the
spleen, where p53-dependent apoptosis also
occurs, there was no difference in the induc-
tion of apoptosis between P72 and R72
variants (Fig. 2C).
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In terms of cancer risk, we found
no difference in the tumor suppressive
capabilities of P72 and R72 in the back-
ground of P/- and R/- mice. However, in
the background of the Eu-myc model of
Burkitt’s lymphoma, where p53-mediated
senescence is known to play a pivotal
role,® we found that the P72 variant,
which possesses superior ability to induce
senescence in human and murine cells,®
this
model.® The combined data suggest that

conferred increased survival in
the codon 72 polymorphism is likely to
influence apoptosis and tumor suppres-
sion in a tissue- and/or tumor-specific
manner; this may explain the controver-
sial findings in human studies. These data
also suggest that the pathways through
which p53 induces apoptosis may be dif-
ferent in different cell types, a concept not
fully appreciated until now; for example
in the thymus p53 may functional pri-
marily through the transcriptional path-
way, via cooperation with NFkB, while
in the small intestine other pathways may
predominate. Therefore, mouse models
of these polymorphic variants in the p53
pathway have the potential to increase our
understanding for how p53 induces apop-
tosis in different cell types.

Concluding Remarks

It is nothing short of remarkable that two
human-specific polymorphisms in the p53
pathway have been modeled successfully
in the mouse, with phenotypes relevant
to humans as the result. Interestingly,
recently two other human-specific poly-
morphisms have been modeled success-
fully in the mouse. A common SNP in the
gene encoding brain-derived neurotropic
factor (Val66Met) was recently modeled
in the mouse, and in both mouse and
human this SNP was found to regulate
learning.?* Similarly, a common SNP
in the FGFR4 gene, Arg385, which was
loosely associated with breast cancer in
humans, was found to significantly pro-
mote breast tumor progression in mice.”
Taken together, these findings indicate
that, while these polymorphisms may not
be conserved in mouse, the relevant path-
ways and protein-protein interactions that
they affect are conserved. These mouse
models also serve as discovery tools with
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the potential to reveal other disease types
where these polymorphisms can have
impact. For example, the codon 72 poly-
morphism has been associated with other
diseases, including ulcerative colitis and
diabetes;228

els should clarify the contribution of these

studies in these mouse mod-

polymorphic variants to disease.
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