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Studies in mice have yielded invaluable insight into our understanding of the p53 pathway.
Mouse models with activated p53, no p53, and mutant p53 have queried the role of p53 in
development and tumorigenesis. In these models, p53 is activated and stabilized via redun-
dant posttranslational modifications. On activation, p53 initiates two major responses: inhi-
bition of proliferation (via cell-cycle arrest, quiescence, senescence, and differentiation) and
induction of apoptosis. Importantly, these responses are cell-type and tumor-type-specific.
The analysis of mutant p53 alleles has established a gain-of-function role for p53 mutants
in metastasis. The development of additional models that can precisely time the oncogenic
events in single cells will provide further insight into the evolution of tumors, the importance
of the stroma, and the cooperating events that lead to disruption of the p53 pathway.
Ultimately, these models should serve to study the effects of novel drugs on tumor response

as well as normal homeostasis.

he p53 tumor suppressor is a master regula-

tor of transcription, positively and nega-
tively regulating a plethora of genes with roles
in cell-cycle arrest, quiescence, senescence, dif-
ferentiation, and apoptosis. Because these activ-
ities are so potent at preventing cell proliferation
or causing cell death, p53 is normally kept at
very low levels. p53 levels and activity increase
dramatically in response to DNA damage, on-
cogenic stress, and other stimuli that are viewed
by a cell as anomalous. Animal models have
allowed us to examine the in vivo effects of p53
activation, p53 deletion, and the role of p53
missense mutations in tumorigenesis. This
article focuses on the important role of animal
models in deciphering p53 activities and their

implications for survival, development, and
tumorigenesis.

IN VIVO REDUNDANCY IN UPSTREAM
SIGNALS THAT STABILIZE AND
ACTIVATE p53

The activity of p53 is carefully restrained in nor-
mal cells. In response to numerous signals, p53
becomes stabilized and activated (Horn and
Vousden 2007) (Fig. 1). In response to these
various signals, phosphorylation of p53 occurs
at both amino and carboxyl termini of the pro-
tein (Appella and Anderson 2001). The phos-
phorylation events at the amino terminus
occur in the p53 transactivation domain, some
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Figure 1. The cell views DNA damage, inappropriate
oncogene activation, hypoxia, and ribosomal stress as
anomalous signals, which activate p53 to inhibit
proliferation or induce apoptosis.

of which disrupt interactions with the p53
negative regulators Mdm2 and Mdm4. Phos-
phorylation also allows p53 to recruit additional
transcriptional cofactors to coordinate tran-
scription of its target genes. Molecularly, the
ATM and Chk2 kinases phosphorylate murine
p53 at serines 18 and 23, respectively (Lozano
and Zambetti 2005). Mice lacking Atm or
Chk2 still stabilize and activate p53 in response
to y-irradiation, although the response is de-
layed. These in vivo data suggest redundancy
in the signals that activate p53.

To directly test the hypothesis that phos-
phorylation of p53 is required to stabilize and
activate its tumor-suppressive function, substi-
tutions of serines 18 and 23 to alanines were
made in the endogenous p53 locus (i.e., knock-
in alleles) (Sluss et al. 2004; Armata et al. 2007;
MacPherson et al. 2004; Chao et al. 2006).
Knockin alleles create alterations within the lo-
cus and thus preserve the normal regulatory
components of the gene. Thymocytes from
mice expressing p53S18A stabilize and activate
p53 strongly upon +-irradiation, similar to
wild-type thymocytes, but show a partial defect
in apoptosis (Sluss et al. 2004). B cells also have
a partial defect in p53-dependent apoptosis
(Armata et al. 2007). Consistent with these
data, homozygous mutant mice for the
Pp53S18A mutation develop late-onset tumors,
the majority of which are B-cell lymphomas
(Armata et al. 2007). In contrast, mutation of
P53 serine 23 to alanine impairs both stabiliza-
tion and activation of p53 following whole-
body +y-irradiation, with a diminished apop-
totic response in both B cells and thymocytes
(MacPherson et al. 2004). p53S23A mice have
a more pronounced tumor phenotype and

develop tumors earlier than p53S18A mice,
with a median survival similar to p53+/ B
mice. Again, the tumor spectrum of these
mice was very different than that of p53+/ B
mice. p53S23A homozygous mutant mice do
not develop T-cell lymphomas typical of
p53+/ ~ and p53_/ ~ mice, but instead develop
B-cell lymphomas that are positive for a B-cell-
specific marker (MacPherson et al. 2004). In a
third study, homozygous double-mutant mice
with alanine substitutions at both serines 18
and 23 completely lack p53-dependent apopto-
sis in <y-irradiated thymocytes like those of
p53-null mice, but are tumor prone with a sim-
ilar survival curve to that of p53+/ ~ mice (Chao
etal. 2006). Thus, despite impaired apoptosis in-
duction in thymocytes, the in vivo phenotype of
mice with two alanine mutations was B-cell
lymphoma. These data indicate that apoptosis
assays in thymocytes do not predict tumor
suppression in the whole mouse. Moreover,
phosphorylation may be important in tumor
suppression in only certain tissues (B cells, for
example) and not others (T cells).

Other phosphorylation events occur at the
carboxyl end of p53 in response to some DNA
damage signals (Appella and Anderson 2001;
Toledo and Wahl 2006). The carboxyl end of
p53 has a dual function in tetramerization and
in regulation of DNA binding. Acetylation of
this domain of p53 also occurs in response to
DNA damage. Mice with a serine-to-alanine
mutation at p53 amino acid 389 have been
made (Bruins et al. 2004). This serine is phos-
phorylated in response to UV but not y-irradi-
ation, suggesting a potential role in regulating
downstream events (Kapoor and Lozano 1998;
Lu et al. 1998). Disappointingly, these mice
do not show a tumor phenotype. The lack of
a tumor defect again supports the concept
that redundancies in p53 activation exist such
that posttranslational modifications at individ-
ual amino acids do not strongly affect p53
tumor suppressor activity. However, with expo-
sure to ultraviolet light, skin tumors are more
readily observed in p53S389A homozygous mu-
tant mice than in wild-type mice (Bruins et al.
2004). These data suggest that when the mouse
is challenged by exposure to a DNA damaging
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agent, lack of phosphorylation at amino acid
389 contributes to a tumor phenotype in mice.

The carboxyl domain of p53 is also modi-
fied via acetylation. Wahl and colleagues gener-
ated knockin mice with the seven acetylated
lysines mutated to arginines to test the impor-
tance of acetylation on p53 tumor suppressor
function (Krummel et al. 2005). Surprisingly,
these mice lacked a tumor phenotype as well,
suggesting that redundancies, perhaps at both
ends of the p53 protein, and multiple backup
signals stimulate p53 activity sufficiently to in-
hibit tumor development.

Together, these in vivo data suggest that
multiple kinases phosphorylate p53, and that
loss of phosphorylation at individual amino
acids per se only modestly affects p53 activities
and tumor suppression. Importantly, at least
seven serines in the transactivation domain
and two in the carboxyl end of p53 are phos-
phorylated and may serve to ensure some level
of p53 phosphorylation and activation. The
modest effects of alanine substitutions on p53
tumor suppressor function in vivo are also
supported by the lack of specific mutations
of these amino acids in human tumors
(http://www-p53.iarc.fr). Another important
concept derived from these studies is the tissue-
specific nature of phosphorylation as mice
that lack phosphorylation of p53 serines 18
and/or 23 develop a tumor spectrum different
from that of other phosphorylation mutants.
Additionally, though, the modest effects of
these alterations on p53 activity may serve to
modify a tumor phenotype in combination
with other more potent tumor alterations.

THE IN VIVO EVIDENCE FOR THE ROLE OF
p53 IN APOPTOSIS

The generation of p53-null mice led to a myriad
of experiments to assess p53 functions in vivo by
comparison to wild-type mice (Lozano and Liu
1998). That p53-null mice succumb to a tumor
phenotype established the mouse as a viable
model to study tumor suppressors (Donehower
et al. 1992; Jacks et al. 1994; Clarke et al. 1993).
As a possible mechanism of tumor suppression,
the ability of p53 to initiate apoptosis was

Mouse Models of p53 Functions

examined. In response to y-irradiation, or drugs
such as etoposide, normal thymocytes show a
p53-dependent apoptosis response (Clarke et al.
1993; Lowe et al. 1993). The central nervous
system of the developing embryo at E12.5 also
shows a radiation- and p53-dependent cell-death
phenotype (Lee et al. 2001), as does the intestine
(Merritt et al. 1994; Clarke et al. 1994). These
experiments established the role of p53 in initiat-
ing apoptosis in response to DNA damage, and
predicted that loss of apoptosis would contribute
to tumor development.

Further studies using the p53-null mouse
highlight the significance of p53-dependent
apoptosis in tumor suppression in vivo. Choroid
plexus papillomas, initiated by inhibiting the
activity of the retinoblastoma protein, develop
rather slowly because of a high rate of apoptosis
(Symonds et al. 1994). p53 loss eliminates
apoptosis in these tumors and dramatically
accelerates tumorigenesis. In another cell type,
inactivation of the retinoblastoma protein in
photoreceptors leads to massive cell death and
degeneration of the retina (Howes et al. 1994).
Again, deletion of p53 rescues the apoptotic
defect and allows development of a poorly differ-
entiated tumor of the photoreceptor cell. Thus,
the p53-null mouse was instrumental in showing
the importance of p53-dependent apoptosis in
tumor suppression.

The data discussed above indicate that p53
induces apoptosis in response to DNA damage,
and that p53-dependent apoptosis inhibits
tumor growth. However, these data do not ad-
dress whether the p53-dependent apoptosis
that occurs after DNA damage contributes
to tumor suppression. Although intuitively,
the ability of p53 to initiate apoptosis after
DNA damage would seem to be a clear tumor-
suppressive mechanism, recent experiments in
the mouse suggest differently (Christophorou
et al. 2006). A p53-ER fusion was generated at
the endogenous p53 locus so that p53 activ-
ity could be turned on and off at will using
tamoxifen (Christophorou et al. 2005). Mice
were irradiated and p53 activity transiently
restored 1 week post-radiation. Mice lacking
P53 activity develop lymphomas. Importantly,
restoring p53 long after recovery from radiation
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delays the development of lymphomas and sug-
gests that induction of apoptosis by radiation
per se is not tumor suppressive. In these experi-
ments, the p53-dependent apoptosis initiated
by vy-irradiation is not necessary for tumor
suppression.

p53 CELL-CYCLE ARREST/SENESCENCE
FUNCTIONS CONTRIBUTE TO TUMOR
SUPPRESSION

The first p53 target gene identified was p21,
which encodes a cell-cycle inhibitor (el-Deiry
et al. 1993; Harper et al. 1993; Noda et al.
1994). p21 overexpression in cells inhibits prolif-
eration (Harper et al. 1993; el-Deiry et al. 1993)
andinduces senescence (Nodaetal. 1994). These
data suggest that the ability of p53 to induce cell-
cycle arrest and/or senescence might also
contribute to tumor suppression. A human
tumor-specific mutation in the p53 gene that al-
ters arginine 175 to proline produces a mutant
protein that is unable to induce apoptosis but re-
tains the ability to activate p21 and initiate a par-
tial cell-cycle arrest (Rowan et al. 1996; Ludwig
et al. 1996). p53 mutant knockin mice with the
equivalent mutation at amino acid 172 clearly
show an important role of p53 cell-cycle arrest
function in tumor suppression (Liu et al.
2004). Thymocytes and cells of the developing
central nervous system of homozygous mutant
mice lack an apoptotic response after y-irradia-
tionand are thus indistinguishable from p53 /=
mice, indicating that the p53R172P is defective
in apoptosis. In contrast, mouse embryo fibro-
blasts from p53R172P mice retain a partial cell-
cycle arrest phenotype. p53R172P-homozygous
mice developed tumors with a median of 11.5
months as compared with p53-null mice that
die with a median of 5.5 months, clearly indicat-
ing an important role of cell-cycle arrest in tu-
mor suppression. The generation of p53S18/
23A mice also support the importance of cell-
cycle arrest in tumor suppression (Chao et al.
2006). Thymocytes from p53S18/23A mice
lack apoptosis in response to y-irradiation, but
mouse embryo fibroblasts retain a partial cell-
cycle arrest and senescent phenotype. These
mice also show a delayed tumor phenotype as

compared with p53-null mice, clearly indicating
that p53 activities other than apoptosis also con-
tribute to tumor suppression. An analysis of the
lymphomas and sarcomas that eventually devel-
oped in p53R172P-homozygous mice showed
that they remained diploid, suggesting that the
ability of p53 to initiate cell-cycle arrest contrib-
uted to the maintenance of genomic stability in
vivo (Liu et al. 2004).

The importance of p21I in p53-mediated tu-
mor suppression and genomic stability was
further explored in compound mutant mice
homozygous for the p53R172P mutation that
lacked p21 (Barboza et al. 2006). These mice de-
velop tumors with almost the same survival
curve as p53-null mice. Additionally, the lym-
phomas and sarcomas in these mice are aneu-
ploid in this context. These data suggest an
important role of p21 in p53-mediated tumor
suppression and maintenance of chromosome
stability. Thus, the ability of p53 to initiate
both cell-cycle arrest and apoptotic programs
contributes to tumor suppression.

The importance of p53-mediated senes-
cence in tumor suppression also became clear
from studies in other mouse models. Senes-
cence contributes to treatment outcome as Ep.-
Myc induced lymphomas that cannot undergo
apoptosis because of expression of bcl2 initiate
a senescence program on treatment with cyclo-
phosphamide (Schmitt et al. 2002). Cyclophos-
phamide treatment produces a senescent
phenotype that is tumor suppressive and p53-
and pl6-dependent. The importance of senes-
cence as a tumor suppressive mechanism also
became clear from the development of mouse
models to restore p53 activity in various tu-
mors. Restoration of p53 functions in sarcomas
from p53-null mice and in hepatocellular carci-
nomas induced by HrasV12 results in tumor re-
gression via a senescence phenotype (Ventura
et al. 2007; Xue et al. 2007). On the other
hand, restoration of p53 function in T-cell lym-
phomas lacking p53 and in B-cell lymphomas
induced by the Myc oncogene results in apopto-
sis and tumor regression (Ventura et al. 2007;
Martins et al. 2006). These data indicate that
p53 loss is required for maintenance of the
tumor phenotype, and that the myriad of
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Figure 2. Too much or too little p53 in the mouse
results in lethal phenotypes.

changes that accumulate in tumors does not
alter the vulnerability to p53 activation. Just as
significant is the finding that specific tumors
respond differently to reactivation of p53. These
mouse models have thus identified several p53
activities that contribute to tumor suppression.

DIFFERENTIATION/DEVELOPMENT

Analyses of p53-null mice have also led to an
understanding of the importance of p53 in
embryo development, and in differentiation and
quiescence of particular cell types (Fig. 2).
Although most p53-null mice are viable during
development, p53-null females are highly suscep-
tible to exencephaly, an outgrowth of the brain
that results from failure of the neural tube to close
(Armstrong et al. 1995; Sah et al. 1995). The
process of neural tube closure is very sensitive to
changes in cell proliferation and migration and
this may account for the defect. Other cranial fa-
cial abnormalities that include fusion of upper in-
cisors and ocular abnormalities of the retina and
lens are also apparent in p53-null embryos (Arm-
strong et al. 1995).

The first mouse generated that indicated a
role of p53 in differentiation overexpressed
wild-type p53 in mesenchymal cells of the de-
veloping kidney. Kidneys of transgenic mice
are smaller and express markers of differentia-
tion throughout the ureteric bud, suggesting

Mouse Models of p53 Functions

increased differentiation of these cells (Godley
et al. 1996). These mice eventually succumb to
renal failure. In many other mouse models
with elevated p53 activity (described later),
the effects of p53 on induction of apoptosis
and inhibition of cell proliferation are so pro-
found that they preclude the possibility of
examining effects on differentiation. Thus, tar-
geted activation of p53 shows increased differ-
entiation of mesenchymal cells in vivo.

Analysis of p53-null mice has also shown the
importance of p53 in differentiation. p53-null
mice have a slight increase in bone mineral
density (Wang et al. 2006). Absence of p53 accel-
erates the differentiation of osteoblasts, the cells
that make bone, leading to increased mineral
deposition. Tissue culture data support these
findings as treatment of mouse embryo fibro-
blasts with BMP2, an inducer of bone differen-
tiation, leads to increased mineral deposition in
p53-null cells as compared with wild-type cells
(Lengner et al. 2006; Molchadsky et al. 2008).
Similar in vitro experiments show the impor-
tance of p53 in inhibition of adipogenesis, but
this role has not yet been analyzed in vivo (Mol-
chadsky et al. 2008). These data may appear
conflicting at first because increased p53 in the
kidney allows cells to differentiate earlier than
normal, whereas loss of p53 also increased
differentiation of osteoblasts. The effect of
p53 on differentiation is real and probably de-
pends on the relationship of perturbed cells to
surrounding normal cells and the timing of
environmental cues that signal differentiation.
Thus, differentiation of a cell with high p53 lev-
els in a normal environment (kidney model)
may occur before that cell reaches its proper lo-
cation or before sufficient cell numbers have
been generated. On the other hand, as in bone
morphogenesis, p53 loss may increase prolifera-
tion of specific cell types that reach their desti-
nation more quickly and differentiate sooner
than normal. Timing of p53 activation and tis-
sue/cell fate specificity may thus regulate differ-
entiation (Molchadsky et al. 2008). These ideas
need to be addressed in vivo by precisely delet-
ing p53 at different stages of differentiation at
various times using conditional loss-of-func-
tion alleles.
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Lastly, p53-null female mice also have infer-
tility problems, but males are normal (Hu et al.
2007). The infertility is caused by the failure of
blastocysts, regardless of their genotype, to im-
plant into the p53_/ ~ uterus. The clever deci-
sion to look for p53 binding sites in genes
involved in reproduction led to the identifica-
tion of a p53-responsive sequence in the pro-
moter of the Lif gene. Lif, leukemia inhibitory
factor, is an essential cytokine for implantation.
Mechanistically then, p53 normally activates Lif
in females, which then promotes embryo im-
plantation. The infertility defect in p53-null fe-
males is rescued by the injection of Lif during
pregnancy. The activation of Lif by p53 high-
lights the tissue-specific nature of the p53 re-
sponse. The transcriptional activation of p53
target genes is likely a combination of p53 bind-
ing sites, the availability of other cooperating
transcription factors, and the state of chromatin
structure, the latter two of which may be tissue
specific. These data highlight some of the subtle
defects observed in p53-null mice (Fig. 2). De-
spite these minor abnormalities, the p53-null
mouse is amazingly normal.

A ROLE FOR p53 IN STEM CELLS

A role for p53 in hematopoietic stem cells
(HSCs) has also recently been identified by
analysis of p53-null mice. The HSC consists of
two stem-cell types called LT-HSC (long term-
hematopoietic stem cell) and ST-HSC (short
term-hematopoietic stem cell). The ST-HSC
quickly matures into the common progenitor
cells for myeloid (CMP) and lymphoid (CLP)
pathways (Orkin and Zon 2008). HSCs are
identified using numerous markers, and one
population known as LSK cells are Lin ,
Sca-17, and c-Kit". p53-null mice have a two-
to threefold increase in LSK cells (Chen et al.
2008; Liu et al. 2009). An analysis of the prolif-
eration status of LSK cells from bone marrow
shows that 60% of p53-null cells incorporate
bromodeoxyuridine in contrast to 30% for
wild-type bone marrow cells (Liu et al. 2009).
Thus, hematopoietic stem cells from p53-null
mice appear to enter the cell cycle more readily,
suggesting that p53 functions in stem cells as a

block to cell-cycle entry. It would be interesting
to determine if this difference in HSC composi-
tion affects life span of the animal. Unfortu-
nately, the p53_/ “mice die very young as they
are predisposed to tumor development.

P53, in cooperation with Pten, also regulates
neural stem cell (NSC) differentiation as mice
lacking both genes have NSCs with increased
proliferation and self-renewal abilities (Zheng
et al. 2008). In culture, NSCs lacking p53 and
Pten do not respond to differentiation signals
and retained stem-cell properties consistent
with a role of p53 in differentiation. It is inter-
esting to note that two cell types that are very sen-
sitive to increased p53 levels via general Mdm?2
loss are hematopoietic cells and neural cells of
the developing cerebellum (Terzian et al. 2007;
Liu et al. 2007).

MOUSE MODELS WITH CONSTITUTIVELY
ACTIVE p53

Most of the mouse models described previously
are ones in which the p53 gene is deleted. Other
models have been developed in which p53 levels
are elevated. Given the role of p53 in inhibition
of proliferation and induction of apoptosis, it is
not surprising that mouse models that constitu-
tively activate p53 are, in general, not viable. The
best examples of the detrimental effects of high
P53 activity on development are the Mdm2-null
and Mdm4-null mice (Jones et al. 1995; Montes
de Oca Luna et al. 1995; Parant et al. 2001; Mi-
gliorini et al. 2002). Both Mdm2 and Mdm4 are
critical negative regulators of p53 (see Perry
2010). Loss of either of these genes leads to em-
bryo lethal phenotypes that are caused by con-
stitutive activation of p53 as concomitant
deletion of p53 rescues these phenotypes. Con-
ditional alleles of Mdm2 and Mdm4 have been
used to delete these genes in numerous cell
types (Marine et al. 2006). Deletion of Mdm?2
in all cell types examined results in cell-lethal
phenotypes. Loss of Mdm?2 in the central nerv-
ous system causes hydraencephaly and embryo
death (Francoz et al. 2006; Xiong et al. 2006).
In cardiomyocytes, it leads to the absence of a
heart (Grier et al. 2006). In smooth muscle cells
of the mouse, Mdm2 loss leads to abnormalities
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of the stomach and intestine that result from ir-
regularities in architecture of smooth muscle
cells (Boesten et al. 2006). Mdm?2 is also required
in primitive erythropoiesis to inhibit p53-
dependent apoptosis (Maetens et al. 2007). In
the intestine, as well, Mdm?2 loss results in cell
death, but the animal survives because the organ
has the capacity to increase proliferation
(Valentin-Vega et al. 2008). The organ recovers
as it selects against cells that lose Mdm?2. In a
model that restores p53 activity in the absence
of Mdm2 throughout all cells of the adult mouse,
Evan and colleagues show an almost complete
ablation of radio-resistant tissues that include
the bone marrow, thymus, spleen, small intes-
tine, and colon via apoptosis that results in le-
thality (Ringshausen et al. 2006). In the testis
and liver, defects in proliferation are observed
without pathological changes probably because
of short survival time of the animal.

The effects of Mdm4 loss are less severe in
general. In the central nervous system, Mdm4
loss results in cell death and a proenchephalic
phenotype (Francoz et al. 2006; Xiong et al.
2006). In erythropoiesis, Mdm4 is required
during the rapidly growing phase of definitive
erythropoiesis (Maetens et al. 2007). Mice lack-
ing Mdm4 in the heart are born but die between
3 and 8 months of age because of a decrease in
the number of cardiomyocytes, and a compen-
satory increase in muscle mass resulting in car-
diomyopathy (Grier et al. 2006; Xiong et al.
2007). Minor effects of Mdm4 loss are seen in
smooth muscle cells and in the intestinal epithe-
lium (Boesten et al. 2006; Valentin-Vega et al.
2009). All phenotypes because of Mdm2 or
Mdm4 loss are rescued by loss of p53. These
data underscore the important physiological
role of regulating p53 via Mdm2 and Mdm4 in
numerous cell types and shows that even in the
absence of DNA damage, p53 can be activated
through loss of either of these two inhibitors.
The data suggest that Mdm?2 is the major inhib-
itor of p53 activities, but in some situations may
need to partner with Mdm4 to maintain appro-
priate p53 levels. These observations have im-
portant implications for the use of drugs that
have been designed to disrupt the p53-Mdm in-
teractions in tumors with high levels of Mdm2

Mouse Models of p53 Functions

and/or Mdm4. Proliferating normal cells may
be extremely sensitive to increased wild-type
p53 activities via Mdm?2 and Mdm4 inhibition.
Another knockin mouse generated that also
conditionally expresses high levels of p53 is
one that contains two amino acid changes in
the p53 transactivation domain. This mutant
has little transcriptional activity, and cannot
bind Mdm?2 (Johnson et al. 2005). In vivo, the
Pp53L25Q W26S protein is selectively impaired
for p53 transcriptional activation and shows a
differential apoptotic response to different stim-
uli. Thus, although doxorubicin treatment or
UV-C exposure did not induce apoptosis in
p53L25Q W26S expressing cells as compared
with wild-type cells, serum deprivation and hy-
poxia induce substantial levels of apoptosis. As
a heterozygote, the p53L.25Q W26S mutant is
dead very early in embryogenesis. Either select
p53 transcriptional activities coupled with stabi-
lization is sufficient to induce embryonic lethal-
ity, or functions other than transcriptional
activation are important for cell viability.
Although completeloss of Mdm2and Mdm4
have dramatic effects on cell survival, heterozy-
gous mice are normal. However, in combination
with other tumor-specific events, these subtle
modifications in the levels of Mdm2 and
Mdm4 proteins affect tumor outcome. For ex-
ample, Mdm?2 haploinsufficiency significantly
delays the development of Ew-Myc driven
B-cell lymphomas (Alt et al. 2003). The same is
true for Mdm4 heterozygous mice (Terzian
et al. 2007). In another tumor type, decreased
Mdm?2 levels lead to a delay of intestinal tumors
in APC mice (Mendrysa et al. 2006). Thus,
although the loss of one allele of either Mdm?2
or Mdm4 does not affect normal development
and life span, it does delay tumor development
most likely through elevated p53 activities in re-
sponse to abnormal cell proliferation. Mdm2/
Mdm4 double heterozygous mice cannot be an-
alyzed for effects on a tumor phenotype because
they die by 15 days after birth due to ablation of
hematopoiesis. That this is a p53-dependent
phenotype was shown by survival of the
Mdm2*~ Mdm4™/~ mice by deletion of a sin-
gle p53 allele (Terzian et al. 2007). These experi-
ments highlight the exquisite balance between
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p53 and Mdm proteins in maintaining homeo-
stasis. Too much p53 kills the cell and in some
casesthe mouse, whereas not enough p53 enhan-
ces tumorigenesis. In some cases, increased p53
activity causes an aging phenotype and these
data are reviewed by Larry Donehower (Done-
hower 2009).

The p53R172P mutant described previously
that has partial p53 tumor suppressor activity
also has detrimental defects on cell survival
in the absence of Mdm2 (Liu et al. 2007).
p53R172P-homozygosity rescues the Mdm2-
null embryo lethality but postnatal develop-
ment is perturbed. p53R172P-homozygous
mice null for Mdm2 are born at the expected
Mendelian ratio and appeared normal at birth
but became severely growth retarded and died
by 2 weeks of age. These mice develop several
abnormalities, which include ablation of hema-
topoiesis, cerebellar atrophy, severe atrophy of
the retina, kidney defects, and vacuolation of
the liver. These data thus identify additional tis-
sues and cell types that are sensitive to increased
P53 activity. In summary, it appears that actively
proliferating cells are the most sensitive to acti-
vation of p53 via loss of Mdm2 or Mdm4.

MUTANT p53 FUNCTIONS

Because human cancers in general have p53
missense mutations and not deletions of p53,
many investigators have postulated gain-of-
function and dominant—negative activities for
mutant p53 (see Oren and Rotter 2010). Nu-
merous mouse models have been generated to
study the consequences of missense mutations
on p53 activities in vivo (Iwakuma and Lozano
2007; Donehower and Lozano 2009). Specifi-
cally, some of the missense mutations generated
as knockin alleles mimic the hot spot mutations
found in human p53 (Lang et al. 2004; Olive
et al. 2004; Song et al. 2007). Two of these mu-
tations, p53R172H and p53R270H, were gener-
ated in the mouse gene that correspond to
amino acids 175 and 273 in human p53, respec-
tively (Lang et al. 2004; Olive et al. 2004). The
third mutation, p53R245W, was generated in
the hupki mouse, which carries a mouse/
human hybrid p53 gene (Song et al. 2007).

These studies have led to major findings regard-
ing mutant p53 activities.

First, all three mutants show a gain-of-func-
tion phenotype in vivo manifested as increased
metastasis and genetic instability as compared
with mice lacking p53. Secondly, the analyses
of these mice indicates that mutant p53 is unsta-
ble in normal tissues, but is stabilized in tumor
cells, and in cells under the stress of culture.
These data connote that tumor-specific altera-
tions stabilize mutant p53. This hypothesis
was directly tested by deletion of Mdm?2.
Mdm?2 deletion leads to stabilization of mutant
p53R172H and enhancement of the metastatic
gain-of-function phenotype (Terzian et al
2008). This experiment is a proof of principle
that stabilization of mutant p53 leads to
gain-of-function phenotypes in vivo. Because
Mdm?2 loss does not occur in human cancers
(quite the opposite), this experiment did not
address what tumor-specific changes might reg-
ulate mutant p53 stability. The cell-cycle inhib-
itor, p16, dampens p53 activity via the Rb/E2F
pathway (Sherr and McCormick 2002). Thus,
loss of p16 results in stabilization of wild-type
p53. In combination with p53R172H, p16 loss
also stabilizes mutant p53R172H in some cells
and enhances the metastatic phenotype (Ter-
zian et al. 2008). Because Mdm2 and pl16 loss
stabilize and activate wild-type p53, these ob-
servations also indicate that mutant p53 is post-
translationally regulated like wild-type p53,
such that the same signals that stabilize wild-
type p53 may stabilize mutant p53. Indeed,
v-irradiation also stabilized mutant p53 (Ter-
zian et al. 2008).

Thirdly, the analysis of p53 mutant mice also
suggests that the dominant—negative phenotype
associated with mutant p53 requires stabiliza-
tion of mutant p53. For example, the domi-
nant—negative phenotype is manifested upon
v-irradiation of cells of the central nervous sys-
tem, but not by Mdm2 loss (Lang et al. 2004).
However, once stabilized, mutant p53 has a
longer half life than wild-type p53 and thus
basically overwhelms wild-type p53 function
(Terzian et al. 2008). Lastly, these p53 mutant al-
leles are true loss-of-function alleles as they have
no wild-type p53 activity in numerous assays.
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DISRUPTING THE p53 PATHWAY BY
MULTIPLE MECHANISMS

The initial observation that p53 ™/~ mice devel-
op awide range of tumors similar, although not
identical, to Li-Fraumeni syndrome patients
with p53 mutations contributed to our under-
standing of the importance of p53 in tumor
suppression. It is now clear that multiple mech-
anisms cooperate to disrupt the p53 pathway
in tumor development. The mouse has served
as a model to directly examine some of those
mechanisms.

A tumor suppressor gene is classically de-
fined as the inheritance of one mutant allele
and loss of the remaining wild-type allele (loss
of heterozygosity [LOH]) during the process of
tumor evolution (Knudson 2001). A detailed
study of LOH in tumors from p53*/ ™ mice indi-
cates that 50% of the mice showed LOH when the
mouse developed a tumor before 18 months of
age, but only 15% in mice older than 18 months
of age (Venkatachalam et al. 1998). These data
indicate that although loss of both p53 alleles oc-
cursin many tumors, loss of the wild-type p53 al-
lele is not a requirement of tumorigenesis. More
importantly, the data imply that older mice have
more time to acquire additional alterations that
undermine the p53 pathway.

What other changes contribute to inactiva-
tion of the p53 pathway? Many human tumors
have high levels of p53 and Mdm?2 (Valentin-
Vega et al. 2007). Clearly, increased Mdm2
and Mdm4 levels should inactivate the p53
pathway in tumorigenesis given what we know
about the regulation of p53 by Mdm2 and
Mdm4 in mice. Data from mouse tumor models
supports this hypothesis. Lymphomas from
Mdm?2 /Ep.-myc double transgenic mice show
a dramatic reduction in p53 alterations as com-
pared with lymphomas in Ep-myc single trans-
genic mice (Wang et al. 2008). An Mdm4
transgenic mouse also has a tumor phenotype
that is exacerbated by p53 heterozygosity, em-
phasizing the cooperative nature of different
molecular changes to inactivate the p53 path-
way (Xiong and Lozano, in prep).

LOH in mice with a mutant p53 knockin al-
lele ranges from 23% to 67% in the few animals

Mouse Models of p53 Functions

that were studied (Lang et al. 2004; Olive et al.
2004). A more careful analysis should be per-
formed to determine if those tumors with stable
mutant p53 are those that do not need to lose
the wild-type p53 allele because of p53 inactiva-
tion via dominant—negative interactions with
mutant p53. The timing of the second event
that stabilizes mutant p53 may be the determin-
ing factor of whether tumor cells lose the wild-
type p53 allele or not.

CONCLUSION

P53 is a potent regulator of cell proliferation and
death. Altering p53 levels in vivo has conse-
quences on organismal survival. Increased p53
activity results in cell-cycle arrest, senescence,
early differentiation, or apoptotic cell death.
Survival of the organism depends on the extent
of p53 activation, the cell type affected, and the
timing of p53 activation. The ability of p53 to
enact these functions is important for tumor
suppression. On the other hand, cells tolerate
p53 loss extremely well. Cells lacking p53 are
for the most part normal and do not necessarily
become tumorigenic. Given the total number of
cells in a mouse, it is most surprising that
p53-null mice do not develop many more tu-
mors more rapidly. The DNA damage that accu-
mulates in a cell in the absence of p53 is likely
insufficient for tumor formation. Cooperating
changes in cell behavior seem to be required
for tumor formation. For example, low dose
ionizing radiation and carcinogen exposure
contribute to an enhanced tumor phenotype
in p53-null mice (Kemp et al. 1994; Harvey
etal. 1993), but the molecular events that coop-
erate and contribute to inactivation of the p53
pathway remain largely unknown. Additionally,
tissue and tumor specificity of cooperating
events are different. Not all p53 targets are acti-
vated in one specific tissue or in response to the
same signal in different tissues. The reactivation
of p53 in tumors induces senescence in some and
apoptosis in others. The cell and tissue-specific
nature of p53 function needs to be addressed in
more detail. Determination of the events required
for tumor maintenance must also be more fully
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explored. Lastly, the signals responsible for p53
stabilization in tumors must be understood
more fully as it is stabilization that contributes
to the gain-of-function and dominant—negative
activities that cooperate in tumorigenesis. The
mouse has only begun to shed light on the tissue
specificity, timing, and order of events that
contribute to tumorigenesis in general, and to in-
activation of p53 in particular.
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