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The p53 tumor suppressor is often disrupted in human cancers by the acquisition of missense mutations. We
generated mice with a missense mutation at codon 172 that mimics the p53R175H hot spot mutation in
human cancer. p53 homozygous mutant mice have unstable mutant p53 in normal cells and stabilize mutant
p53 in some but not all tumors. To investigate the significance of these data, we examined the regulation of
mutant p53 stability by Mdm2, an E3 ubiquitin ligase that targets p53 for degradation, and p16INK4a, a
member of the Rb tumor suppressor pathway. Mice lacking Mdm2 or p16INK4a stabilized mutant p53, and
revealed an earlier age of tumor onset than p53 mutant mice and a gain-of-function metastatic phenotype.
Analysis of tumors from p53 homozygous mutant mice with stable p53 revealed defects in the Rb pathway.
Additionally, ionizing radiation stabilizes wild-type and mutant p53. Thus, the stabilization of mutant p53 is
not a given but it is a prerequisite for its gain-of-function phenotype. Since mutant p53 stability mimics that
of wild-type p53, these data indicate that drugs aimed at activating wild-type p53 will also stabilize mutant
p53 with dire consequences.
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DNA damage, oncogene activation, and hypoxia stabi-
lize wild-type p53 to induce cell cycle arrest, apoptosis,
or senescence (Prives and Hall 1999; Vousden 2006;
Helton and Chen 2007). Because of these potent activi-
ties, the p53 tumor suppressor is a frequent target for
mutagenesis in tumor development. The most common
p53 alterations are those with missense mutations in the
DNA-binding domain rather than gene deletions. Single
amino acid changes in p53 that disrupt DNA binding
also impair transcriptional activity. Additionally, mu-
tant p53 has an increased half-life and thus accumulates
in tumor cells, resulting in the emergence of gain-of-
function phenotypes (Dittmer et al. 1993; Sigal and Rot-
ter 2000; Lozano 2007; Weisz et al. 2007).

Various signals regulate wild-type p53 at multiple lev-
els (Giaccia and Kastan 1998; Lavin and Gueven 2006;
Horn and Vousden 2007). Regulation is mainly at the
protein rather than the transcriptional level and alters
p53 stability. p53 stability is mainly mediated by post-
translational modifications such as phosphorylation,
methylation, sumoylation, ubiquitination, and acetyla-

tion (Meek 1994; Gu and Roeder 1997; Sakaguchi et al.
1998; Appella and Anderson 2001; Brooks and Gu 2003;
Chuikov et al. 2004). These post-translational modifica-
tions occur in response to typical cellular stresses such
as DNA damage and oncogene activation. For example,
in response to DNA damage, p53 becomes phosphorylat-
ed at Ser 15, disrupting its interaction with Mdm2, an E3
ubiquitin ligase that targets p53 for proteasomal degra-
dation (Haupt et al. 1997; Honda et al. 1997; Kubbutat et
al. 1997; Shieh et al. 1997; Canman et al. 1998). An al-
ternative mechanism of increasing p53 levels in response
to radiation is an increase in translation of p53 mRNA
(Takagi et al. 2005). Oncogenic signals such as activating
Ras mutations or increased c-Myc expression also stabi-
lize p53 in normal cells and result in senescence or ap-
optosis, respectively (Hermeking and Eick 1994; Wagner
et al. 1994; Serrano et al. 1997; Ferbeyre et al. 2002).
Oncogenic activation of p53 is in part mediated via the
tumor suppressor p19ARF (Palmero et al. 1998; Sherr
1998; Eischen et al. 1999). In general, p19ARF levels are
undetectable in normal tissues, but upon disruption of
normal signaling and proliferation, p19ARF levels in-
crease. p19ARF interacts with Mdm2 and this interaction
releases inhibition of p53, leading to its activation (Ka-
mijo et al. 1998; Pomerantz et al. 1998; Zhang et al.
1998).
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p19ARF is produced from use of an alternative first
exon at the INK4a locus (Quelle et al. 1995). This same
locus encodes p16INK4a, an inhibitor of the Cyclin-D/
Cdk complexes that phosphorylate Rb. Inhibition of Rb
phosphorylation induces cell cycle arrest (Medema et al.
1995). Deletion of p16INK4a, overexpression of Cyclin-D,
or mutations of Rb contribute to activation of p19ARF

and sequestration of Mdm2, and thus activation of p53
(Sherr and McCormick 2002). The impact of these regu-
latory signals on mutant p53 has not been explored.

Recently, knock-in alleles of murine p53 have been
generated in mice to study the functions of mutant p53
in tumorigenesis in vivo. Mice with mutations at amino
acids 172 or 270, corresponding to the human hot spot
mutations at amino acids 175 and 273, respectively,
show gain-of-function phenotypes (Lang et al. 2004; Ol-
ive et al. 2004). Heterozygous mice with these mutations
exhibit a metastatic phenotype that is rarely observed in
p53+/− mice. In tumor cells in culture, mutant p53 binds
and inhibits the functions of p63 and p73. Furthermore,
p53-null cells mimic the gain-of-function phenotypes of
mutant p53 cells upon down-modulation of p63 and p73
(Lang et al. 2004). Importantly, p53+/− mice, upon con-
comitant deletion of one allele of either p63 or p73, show
an increase in metastasis, emphasizing the importance
of this mechanism in vivo (Flores et al. 2005). Additional
gain-of-function phenotypes include changes in tumor
spectrum. Mice with one mutation at amino acid 270
and one null allele show a significant increase in carci-
nomas (Olive et al. 2004). Moreover, mice homozygous
for a murine/human fusion p53 protein with a mutation
at amino acid 248 had a greater number of tumor types
when compared with p53−/− mice (Song et al. 2007).
These changes in metastases and tumor spectrum sup-
port the hypothesis that mutant p53 leads to gain-of-
function phenotypes in vivo.

Despite these findings, tumor incidence and survival
of mice heterozygous or homozygous for a p53 missense
mutation did not vary from p53+/− and p53−/− mice, re-
spectively. In this study, we show that mutant p53 is
inherently unstable in normal cells and that tumor-spe-
cific changes stabilize mutant p53. Mutant p53 is also
regulated by Mdm2 in a manner similar to wild-type p53.
Accordingly, homozygous mutant mice lacking Mdm2
exhibited increased mutant p53 levels, increased tumor
incidence, decreased survival, and a metastatic pheno-
type when compared with mice homozygous for mutant
p53 alone and with p53/Mdm2 double-null mice. Lastly,
p16INK4a loss, a common event in human cancers (Kamb
et al. 1994; Nobori et al. 1994), also stabilized mutant
p53 in vivo and yielded a metastatic phenotype. We also
found that radiation stabilized mutant p53. Thus, mu-
tant p53 is regulated like wild-type p53 and its stabili-
zation contributes to its gain-of-function phenotype.

Results

Mutant p53 is often stable in human cancers, and im-
munohistochemistry (IHC) to detect stable p53 is used as
a diagnostic indicator (Hall and Lane 1994). We therefore

performed an analysis of mutant p53 levels in tumors
from mice carrying the p53515A allele (abbreviated p53H

because this mutation changes arginine to histidine at
amino acid 172) (see Lang et al. 2004 for details). Homo-
zygous mutant p53H/H mice expressed detectable p53 in
79% of tumors, indicating that 21% of tumors had no
detectable mutant p53 (Fig. 1A; Table 1). Analysis of tu-
mors from heterozygous mutant p53H/+ mice indicated
that only 70% of these primary tumors had detectable
p53 (Table 1). p53 was also not detected in surrounding
normal tissues of tumors from p53H/H and p53H/+ mice
(Fig. 1A; data not shown). These data suggest that tumor-
specific alterations lead to detectable p53 protein levels
in most but not all tumors that develop in p53H mutant
mice.

We next characterized p53 stability in normal tissues
from p53H/H and p53H/+ mice by IHC. p53 was undetect-
able by immunostaining in normal tissues examined in
homozygous mutant p53H/H mice and in p53H/+ mice,
similar to wild-type mice (Fig. 1B; Supplemental Fig. S1;
data not shown). Normal tissues examined include lung,
spleen, thymus, heart, brain, bone marrow, pancreas,
liver, kidney, and intestine. Spleen and thymus tissues
showed occasional sporadic staining. These data indicate

Figure 1. Tumor-specific changes stabilize mutant p53. (A)
p53 IHC of hemangiosarcomas and sarcomas from p53H/H mice.
Dark nuclear staining denotes high mutant p53 levels. (B) Mu-
tant p53 is inherently unstable in normal tissues but stabilized
in the absence of Mdm2 or p16INK4a. p53 IHC of several tissues
from wild-type, p53H/H, p53H/H Mdm2−/−, and p53H/H

p16INK4a−/− mice. Nonspecific staining in the lumen of the in-
testine is sometimes observed as in the p53H/H sample.
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that the mutant p53R172H protein in vivo in normal
tissues is undetectable, similar to wild-type p53 protein.

Mdm2, a negative regulator of p53, is an E3 ubiquitin
ligase that targets wild-type p53 for degradation (Haupt
et al. 1997; Honda et al. 1997; Kubbutat et al. 1997).
Mdm2-null mice are embryonic lethal due to stabiliza-
tion of p53 and massive apoptosis, a phenotype that is
rescued by loss of p53 (Jones et al. 1995; Montes de Oca
Luna et al. 1995; Chavez-Reyes et al. 2003). To address
the in vivo significance of Mdm2 in regulating the sta-
bility of mutant p53, we crossed mice containing the
Mdm2-null allele with mice containing the p53H allele.
p53H/H Mdm2−/− mice were born at the expected Men-
delian ratio and appeared normal, demonstrating the true
loss-of-function nature of this missense mutation. Of 88
mice born from p53H/H Mdm2+/− intercrosses, 24 were
Mdm2-null, 41 were Mdm2 heterozygous, and 23 were
Mdm2 wild type. To assay the levels of mutant p53 in
the absence of Mdm2, we performed p53 IHC on normal
tissues from double-mutant p53H/H Mdm2−/− mice at 5
wk of age. Mutant p53 was clearly visible in lung, spleen,

thymus, heart, brain, bone marrow, pancreas, kidney, in-
testine, and female genitals (Fig. 1B; Supplemental Fig.
S1; data not shown). In some tissues, staining was local-
ized. For example, in the pancreas and kidney, mutant
p53 was localized to the islets of Langerhans and the
glomerulus, respectively (Supplemental Fig. S1). The
only tissue examined lacking detectable mutant p53 was
the liver (data not shown). Thus, in p53H/H mice, endog-
enous levels of Mdm2 regulate the stability of the
p53R172H mutant protein in specific cell types of most
tissues. The data also suggest that other factors contrib-
ute to p53 stability as some, but not all, cells of various
tissues stabilized mutant p53.

The viability of p53H/H Mdm2−/− mice allowed us to
examine tumor incidence and survival. The survival
curves of p53−/−, p53−/− Mdm2−/−, and p53H/H control
mice are indistinguishable (Fig. 2A; data not shown), as
published previously (McDonnell et al. 1999; Lang et al.
2004; Olive et al. 2004). However, p53H/H mice lacking
Mdm2 died significantly earlier than p53H/H mice
(P = 0.0036) with median survival of 130 and 170 d, re-

Table 1. p53 IHC analysis of tumors from p53H/+ and p53H/H mice

Tumor types

p53 staining

p53H/+ (N = 37) primary p53H/+ (N = 8) metastases p53H/H (N = 19) primary

Positive Negative Positive Negative Positive Negative

Lymphoma 60% 40% 83% 17%
Sarcoma 76% 24% 71% 29%
Carcinoma 67% 33% NA NA
Total 70% 30% 87.5% 12.5% 79% 21%

(NA) Not applicable. These mice did not develop carcinomas.

Figure 2. Increased tumorigenesis in mutant p53 mice lacking Mdm2 or p16INK4a. (A) Kaplan-Meier survival curves of p53H/H

Mdm2−/− compared with p53H/H and p53−/− mice. (B) Kaplan-Meier survival curves of p53H/H mice compared with p53H/H Mdm2−/− and
p53H/H Mdm2+/− mice. (C) Kaplan-Meier survival curves of p53H/H p16INK4a−/− mice compared with p53H/H and p16INK4a−/− mice.
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spectively (Fig. 2A,B). p53H/H mice heterozygous for
Mdm2 had an intermediate survival curve (Fig. 2B).
p53H/H mice, regardless of Mdm2 status, developed
mostly lymphomas and sarcomas, and no significant dif-
ferences were observed in the tumor spectrum or in tu-
mor number per mouse between these genotypes (Table
2). Thus, loss of Mdm2 altered tumor onset but not the
type of tumors that developed in p53H/H mutant mice.

The one obvious in vivo phenotype of p53H/+ mice
missing in p53+/− mice is the metastatic phenotype (Lang
et al. 2004; Olive et al. 2004). In contrast, p53H/H mice
never developed metastases, perhaps due to the timing of
acquisition of other alterations required to stabilize mu-
tant p53R172H (Table 2; Lang et al. 2004). We therefore
postulated that stabilization of p53R172H protein con-
tributed to the metastatic phenotype. We monitored the
metastatic frequency in p53H/H mice with zero, one, or
two null alleles of Mdm2. While p53H/H mice never de-
veloped metastases, a dose-dependent increase in the fre-
quency of metastasis occurred upon deletion of one or
two alleles of Mdm2. Hence, p53H/H Mdm2+/− mice had
a 9% frequency of metastasis, while p53H/H Mdm2−/−

mice had a 17% frequency of metastasis (Table 2). Thus,
loss of Mdm2 stabilized the p53R172H protein and un-
veiled a metastatic phenotype in these mutant mice.

As indicated above, the regulation of p53R172H was
similar to that of wild-type p53 in vivo in the absence of
Mdm2, suggesting that mechanisms that regulate wild-
type p53 regulate mutant p53 as well. Since DNA dam-
age stabilizes wild-type p53 (Kastan et al. 1991), we ex-
amined whether DNA damage stabilized mutant p53.
These experiments were performed in vivo, as mutant
p53 became stable within two to three passages in tissue
culture (data not shown). p53H/H and p53H/H Mdm2−/−

mice were subjected to 5 Gy whole-body ionizing radia-
tion (IR) and sacrificed 5 h after treatment. p53R172H
was stabilized by IR in the spleen and thymus of homo-
zygous mutant mice (Fig. 3A,B). Moreover, deletion of
Mdm2 resulted in increased basal levels of p53R172H (as
predicted from IHC experiments), which did not further
increase after IR (Fig. 3A,B).

To examine the stability of p53 in vivo with time, we
irradiated four wild-type, four p53H/+, and four p53H/H

mice with 5 Gy and sacrificed the mice at 2, 5, 7, and 15
h after IR (Fig. 3C,D). Nonirradiated mice were used as
controls. Protein extracts were prepared from thymuses
and spleens and p53 levels were assayed by Western blot
analysis (Fig. 3C,D; data not shown). In wild-type
spleens, p53 levels rose as expected at the 2-h time point
(Fig. 3C,D). By 7 h post-irradiation, the wild-type p53
levels had returned to basal levels. p53H/H mice also
showed increased mutant p53 levels at the 2-h time
point, but in contrast to wild-type p53, p53R172H levels
reached a plateau at the 5-h time point. At 15 h,
p53R172H levels were still elevated. A study of p53H/+

mice revealed that p53 levels were also elevated at the
2-h time point, similar to wild-type and mutant p53 in
response to radiation (Fig. 3C,D). However, the levels of
a mixed wild-type/mutant p53 tetramer remained higher
for a longer time than wild-type p53, but not as long as
mutant p53, confirming the mixed nature of this p53
tetramer. These data indicate that p53R172H is stabi-
lized like wild-type p53 in response to DNA damage.
However, unlike wild-type p53, p53R172H remains
stable for a significantly longer time.

One possible explanation for the increased stability of
mutant p53 is that Mdm2 levels do not increase in the
presence of mutant p53 and that basal Mdm2 levels can-

Table 2. Tumor spectrum of mutant mice with zero, one, or two Mdm2 alleles

Tumor type

Genotypes

p53H/H Mdm2−/−

(n = 54)
p53H/H Mdm2+/−

(n = 49)
p53H/H Mdm2+/+

(n = 34)

Lymphomaa 42 36 28
Sarcoma
NOSb 8 10 (1) 7
Hemangiosarcoma 16 (4)c 15 (2) 13
Histiocytic sarcoma 2 1
Osteosarcoma 2 2
Fibrosarcoma 1
Carcinoma 1 (1)
Teratoma 1 1
Adenocarcinoma 1
Glioblastoma 1
Seminoma 1
MPNSTd 1
Number of tumors 71 68 51
Number of metastasis 5 (17%) 3 (9%) 0 (0%)
Number of tumors per mouse 1.3 1.4 1.5

aLymphomas were excluded for analysis of metastasis.
bNot otherwise specified.
cNumber of tumors that metastasized is shown in parentheses.
dMalignant peripheral nerve sheath tumor.

Terzian et al.

1340 GENES & DEVELOPMENT



not compensate for the increased p53. We therefore ana-
lyzed RNA samples of spleens from control and irradi-
ated wild-type, p53H/+, and p53H/H mice for Mdm2 ex-
pression at 0, 2, 5, 7, and 15 h after 5 Gy of IR. Mdm2
mRNA levels increased with IR treatment and were
highest in wild-type mice (Fig. 3E). p53H/+ mice also
showed increased Mdm2 mRNA levels in response to IR
but were about half that of wild-type mice. p53H/H mice
showed basal levels of Mdm2 expression with no change
after IR. Another p53 target, p21, followed a similar pat-
tern of expression (Fig. 3E). Thus, wild-type mice acti-
vated Mdm2 after IR, but mutant p53 mice were com-
promised for Mdm2 expression.

Both p16INK4a/Rb and p53 are critical tumor suppres-
sor pathways that engage in cross-talk at different levels
(Sherr and McCormick 2002). Loss of p16INK4a results in
increased Cyclin-D1/cdk activity, increased phosphory-
lation of Rb, and release of the E2F1 transcription factor,
ultimately resulting in stabilization and increased activ-
ity of wild-type p53 in normal cells. To directly address
the role of p16INK4a in mutant p53 stability, we crossed
p53H/H mice to p16INK4a−/− mice that retain the p19ARF

allele (Sharpless et al. 2001) to generate p53H/H

p16INK4a−/− mice. Some cells from normal tissues from
these mice—including bone marrow, intestine, and
spleen—showed detectable levels of mutant p53 by IHC
(Fig. 1B; Supplemental Fig. S1). These data indicate that
p16INK4a also regulates mutant p53 levels in vivo. The
cohort of p53H/H p16INK4a−/− mice developed tumors
with an earlier age of onset (median survival 114 d;
P < 0.0001) than p53H/H mice, demonstrating coopera-
tion between this p53 mutation and loss of p16INK4a in
tumorigenesis (Fig. 2C). Of 22 tumors that have devel-
oped thus far in p53H/H p16INK4a−/− mice, 13 were lym-

phomas, eight were sarcomas, and one was identified as
a seminoma. Three of the eight (33%) sarcomas (one he-
mangiosarcoma and two histiocytic sarcomas) metasta-
sized, whereas metastasis was never observed in p53H/H

or p16INK4a−/− mice.
Since the absence of p16INK4a stabilized mutant p53 in

normal tissues, we asked whether p16INK4a loss contrib-
uted to mutant p53 stability in tumors from p53H/H

mice. All 10 tumors from p53H/H p16INK4a−/− mice ex-
amined were positive for mutant p53 by IHC (data not
shown). We next probed the expression of p16INK4a in
tumors from p53H/H mice with stable p53 by quantita-
tive RT–PCR to determine if p16INK4a loss was a com-
mon event in the genesis of these tumors. Five of eight
lymphomas from p53H/H mice showed decreased
p16INK4a mRNA levels when compared with wild-type
thymus control (Fig. 4A). One of these tumors (#431)
completely lacked p16INK4a expression. In summary,
some tumors with stable mutant p53 were compromised
for p16INK4a expression.

Lastly, loss of p16INK4a is not the only defect in the Rb
pathway seen in human tumors. Increased Cyclin-D1/
cdk levels and phosphorylation of Rb are also observed
and lead to release of the E2F1 transcription factor, re-
sulting in stabilization and increased activity of wild-
type p53. We therefore examined tumor samples from
p53H/H mice to determine if they had alterations in Cy-
clin-D1 levels or Rb phosphorylation. Tumors with de-
tectable p53R172H showed up-regulation of Cyclin-D1
(eight of 10 tumors), and phosphorylation of Rb (two of
10 tumors) (Fig. 4B). As a control, a thymus from a wild-
type mouse had undetectable levels of both proteins on
Western blots. We also examined a thymus from a
p53H/H mouse (#342) prior to the onset of cancer and a

Figure 3. IR stabilized mutant p53 similar to
Mdm2 loss in vivo. (A) p53-null, p53H/H, and
p53H/H Mdm2−/− mice were irradiated with 5
Gy and sacrificed 5 h after treatment. Spleens
were isolated from irradiated and nonirradiated
mice, and protein extracts from these tissues
were subjected to Western blot analysis with
p53 and vinculin (control) antibodies. (B) As in
A, irradiated and nonirradiated p53-null, p53H/

H, and p53H/H Mdm2−/− mice were sacrificed
and protein extracts from thymuses were sub-
jected to p53 and �-actin (control) antibodies.
(C) Wild-type, p53H/+, or p53H/H mice were ir-
radiated with 5 Gy and sacrificed at 2, 5, 7, and
15 h after irradiation. Protein extracts were
made from spleens of nonirradiated and irradi-
ated mice and subjected to Western blot analy-
sis with p53 and �-actin (control) antibodies.
(D) Quantification of p53 protein levels after
IR. (E) Wild-type, p53H/+, or p53H/H mice were
sacrificed at 2, 5, 7, and 15 h after 5 Gy of IR.
Control mice were not irradiated. Mdm2 and
p21 expression levels were measured in spleen
RNA samples by real-time RT–PCR. Each bar
depicts fold induction from triplicate samples
after normalization to Gapdh. Wild-type samples
without IR were set at 1.
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p53-null tumor. These showed slightly elevated levels of
Cyclin-D1. In summary, most tumors with stable mu-
tant p53 had a defect in the Rb pathway.

Discussion

Our studies indicate that p53H/H mice do not have de-
tectable mutant p53 in normal cells. The data also show
that Mdm2 and DNA damage regulate mutant p53 as
well as wild-type p53. DNA damage signals, however,
resulted in a longer half-life for mutant p53. Since mu-
tant p53 cannot activate Mdm2, the basal levels of
Mdm2 may be insufficient to reduce mutant p53 levels
as quickly as wild-type p53. Additionally, perhaps a cir-
cuit exists in cells that measures the wild-type p53 re-
sponse. In the absence of wild-type p53 activity, signals
inducing p53 persist but stabilize mutant p53. Another
possibility is that once stabilized, mutant but not wild-
type p53 interacts with other proteins that modify its
stability. Mutant but not wild-type p53, for example,
binds p53 family members p63 and p73 (Lang et al. 2004;
Lozano 2007). These studies imply that secondary alter-
ations are required to stabilize mutant p53 in tumors and
are supported by the observation that 11% of human
breast cancers have p53 missense mutations that are not
IHC-positive (Sjogren et al. 1996).

The second observation from these studies is that the
metastatic gain-of-function phenotype invariably associ-
ates with a stabilized mutant p53. The survival curves of
mice inheriting two different mutant p53 alleles versus a
p53-null allele do not vary, presumably because of rate-
limiting events required to stabilize that mutant p53
(Lang et al. 2004; Olive et al. 2004). In contrast, when
mutant p53 is stabilized by loss of Mdm2 or p16INK4a,
these mice die earlier than p53 mutant mice and develop
a metastatic phenotype. These data categorize tumors
into two classes: less aggressive tumors with an unstable
mutant p53 comparable with tumors lacking p53, and
more aggressive tumors that accumulate alterations that
stabilize mutant p53. The earlier tumor-specific alter-
ations occur to stabilize mutant p53, the greater the op-
portunity for metastasis.

One other pathway that impacts p53 is the p16INK4a/
Rb pathway. In a variety of human tumors, both tumor
suppressor genes p16INK4a and p53 are commonly inac-
tivated by different mechanisms (Levine 1997; Rocco
and Sidransky 2001). p16INK4a loss leads to stable wild-
type p53; conversely, overexpression of p16INK4a de-
creases p53 stability through Rb signaling in human
mammary epithelial cells (Zhang et al. 2006). In our
studies, mutant p53 mice lacking p16INK4a had stable
mutant p53 in some but not all cells. The same is true in
tissues analyzed with Mdm2 loss, suggesting cell con-
text also contributes to mutant p53 stability. These ob-
servations indicate that while the same signals regulate
wild-type and mutant p53, different cell types stabilize
p53 by different mechanisms.

In conclusion, our data show that mutant p53 is regu-
lated by the same signals as wild-type p53, and suggest
that other pathways or signals may feed into this path-
way to affect the stability of mutant and wild-type p53.
The importance of this study cannot be overemphasized.
Drugs that disrupt the interaction of Mdm2 with wild-
type p53 will also disrupt interaction of Mdm2 with mu-
tant p53 and thereby have adverse effects on tumor me-
tastases in vivo. Moreover, chemotherapeutic agents
that stabilize wild-type p53 may also stabilize mutant
p53. Our studies raise the possibility that eliminating
mutant p53 stability (a more feasible option than making
mutant p53 wild type) may suppress the metastatic phe-
notype.

Material and methods

Mice

Mdm2 heterozygous mice were crossed to p53H/H (Lang et al.
2004) to generate p53H/+ Mdm2+/−, which we intercrossed to
generate p53H/H Mdm2−/− and control littermates. These mice
were maintained on a mixed 129S6/SvEv × C57BL/6 back-
ground. To determine mouse genotypes, PCR analysis was per-
formed on tail DNA using published primer sets for Mdm2
(Montes de Oca Luna et al. 1995), p53H/H (Lang et al. 2004), and
p53−/− (Jacks et al. 1994). p16INK4a−/− mice (Sharpless et al. 2001)
were crossed to p53H/H mice to generate p53H/+ p16INK4a+/−

mice, which were intercrossed to generate p53H/H p16INK4a−/−

mice. Mice of different genotypes were treated with 5 Gy radia-

Figure 4. p16INK4a, Cyclin-D1, and Rb status in lymphomas
from homozygous p53H/H mutant mice. (A) Quantitative
RT–PCR analysis was performed to examine expression of
p16INK4a in tumors from p53H/H mice. Each data point is de-
picted as the fold induction from triplicate samples after nor-
malization to Gapdh. Tumor sample from mouse #380A did not
have detectable p53 levels and is used as a negative control.
Sample #342 is from a histologically normal thymus from a
p53H/H mouse. (B) Western blot analysis of tumors from p53H/H

mice using p53, Rb, and Cyclin-D1 antibodies.
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tion (Cs137 source). All animal studies were approved by the
Institutional Animal Care and Use Committee.

Statistics

Log-rank tests and Kaplan-Meier analyses were performed to
assay statistical differences. A factor was considered statisti-
cally significant if it had a two-sided P-value of <0.05.

p53 immunohistochemical assay

Immunohistochemical analysis of p53 was performed as de-
scribed previously (Evans et al. 2001) on 5-µm paraffin-embed-
ded sections using a commercially available polyclonal rabbit
antibody (CM5; Vector Laboratories, VP-P956) at 1:200 dilution
overnight at 4°C.

Western blotting

Tissue lysates (80 µg of total protein) were prepared from either
the thymus or spleen. Proteins were resolved by SDS-PAGE and
transferred for 1 h and 30 min to PVDF membrane (Bio-Rad,
162-0177) using a semidry transfer apparatus. After blocking for
1 h at room temperature in 7.5% skim milk in 1× PBS–0.1%
Tween (PBS-T), membranes were incubated with p53 (CM5;
Vector Laboratories, VP-P956; 1:500 dilution), Cyclin-D1 (72-
13G; Santa Cruz Biotechnologies, SC-450; 1:1000 dilution), and
Rb (Ab-1; Oncogene, OP-28; 1:1000) primary antibodies over-
night at 4°C. The next day, the membranes were washed with
PBS-T, incubated with horseradish peroxidase-conjugated sec-
ondary antibodies, and visualized with ECL plus (GE Health-
care, RPN2132). As a loading control, we used anti-�-actin
(Sigma, A5441; 1:2000) or anti-vinculin (Sigma, V4505; 1:1000)
antibodies.

RT–PCR

RNA was isolated from tumor or spleen samples using the
RNeasy kit (Qiagen, 74104). First-strand DNA was generated by
using First-strand cDNA synthesis kit from GE Healthcare (27-
9261-01). For PCR, the primer sequences to amplify p21,
p16INK4a, and Gapdh were described previously (Burns et al.
2001; Gannon et al. 2002; Iwakuma et al. 2004). Primer se-
quences for Mdm2 were forward 5�-AGCGGGAGACCGTCC
GGACAC-3� and reverse 5�-AGAGTCTCTTGTTCCGAAGC
3�. mRNA expression was normalized to the expression of
Gapdh in each reaction.
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