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Phosphorylation of the p53 tumor suppressor at Ser20
(murine Ser23) has been proposed to be critical for dis-
rupting p53 interaction with its negative regulator, MDM2,
and allowing p53 stabilization. To determine the impor-
tance of Ser23 for the function of p53 in vivo, we generated
a mouse in which the endogenous p53 locus was targeted
to replace Ser23 with alanine. We show that, in mouse
embryonic fibroblasts generated from Ser23 mutant mice,
Ser23 mutation did not dramatically reduce IR-induced
p53 protein stabilization or p53-dependent cell cycle ar-
rest. However, in Ser23 mutant thymocytes and in the
developing cerebellum, p53 stabilization following IR
was decreased and resistance to apoptosis was observed.
Homozygous Ser23 mutant animals had a reduced life-
span, but did not develop thymic lymphomas or sarcomas
that are characteristic of p53—/— mice. Instead, Ser23
mutant animals died between 1 and 2 years with tumors
that were most commonly of B-cell lineage. These data
support an important role for Ser20/23 phosphorylation
in p53 stabilization, apoptosis and tumor suppression.
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Introduction

The p53 tumor suppressor becomes stabilized and activated
in response to diverse cellular stresses such as DNA damage,
hypoxia, ribonucleotide depletion and oncogene activation
(reviewed in Levine, 1997; Giaccia and Kastan, 1998).
Normally, p53 is present at low levels in the cell due to its
rapid turnover; however, in response to activating signals,
p53 becomes stabilized and enriched in the nucleus. p53 is
regulated by post-translational modifications including phos-
phorylation and acetylation events that contribute both to the
stabilization of p53 and to the conversion of p53 from a latent
to an active transcription factor. Activation of p53 can cause
either a cell cycle arrest or apoptosis, responses that are
largely mediated by activation of p53-responsive target
genes. The product of the p53 target gene MDM2 is involved
in p53 ubiquitination and destruction via the proteasome,
keeping p53 at low levels in unstressed cell (Haupt et al,
1997; Kubbutat et al, 1997). MDM2 also inhibits p53 by
binding to the transactivation domain of p53 (Oliner et al,
1993).

Disruption of the negative regulation of p53 by MDM2 is
thought to be critical to stabilizing p53, and phosphorylation
of p53 has been thought to contribute to the disruption of
p53/MDM2 interaction (Shieh et al, 1997; Chehab et al, 1999;
Unger et al, 1999a). Human p53 is phosphorylated on multi-
ple N-terminal residues following DNA damage, including
serines 6, 9, 15, 20, 33, 37, 46 and threonine 18 (reviewed in
Appella and Anderson, 2001). The physiological role of most
of these phosphorylation events has not been clearly defined.
It has been shown in vivo that the ataxia-telangectasia
mutated (ATM) Kkinase is important for p53 stabilization, as
in cells lacking functional ATM there was a delay in p53
stabilization and reduced Ser15 phosphorylation following
ionizing radiation (Siliciano et al, 1997). Data from in vitro
systems suggest that the phosphorylation of Serl5 of p53 by
ATM may be direct (Banin et al, 1998; Canman et al, 1998).
However, the functional consequences of Ser15 phosphoryla-
tion are controversial, with reports supporting an effect of
Ser15 phosphorylation on the p53/MDM?2 interaction (Shieh
et al, 1997) and others concluding that Ser15 phosphorylation
does not block this interaction (Dumaz and Meek, 1999).
Phosphorylation of Ser15 has also been implicated in activat-
ing p53 for transcriptional transactivation (Dumaz and Meek,
1999). Effects of Ser15 phosphorylation independent of p53
stabilization may be critical in vivo; cells from mice with
germline point mutation of Serl5 exhibited normal p53
stabilization, but thymocytes exhibited partially impaired
p53-dependent apoptosis (Chao et al, 2003, Sluss et al 2004).

Ser20 of human p53 is also phosphorylated upon DNA
damage (Shieh et al, 1999; Unger et al, 1999a), and this
phosphorylation has been reported to be critical for p53
stabilization. Of the sites thought to be phosphorylated
upon DNA damage, Ser20 and Thr18 (but not Serl5) lie
directly in the segment of p53 that interacts with MDM2
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(Kussie et al, 1996). Transfection of the p53 Ser20Ala phos-
phorylation site mutant into various human cell lines com-
pletely prevented induction of p53 protein levels in response
to gamma or UV radiation (Chehab et al, 1999). Other
experiments involving the transfection of exogenous p53
point mutants have also demonstrated defects in p53 stability
as well as apoptosis when Ser20 was mutated (Unger et al,
1999a,b). However, similar experiments have shown that
multiple N-terminal phosphorylation sites, including Ser15
and Ser20, can be mutated to alanine without dramatic effect
on p53 stability (Ashcroft et al, 1999; Blattner et al, 1999).
Interpretation of the data from experiments using ectopically
expressed p53 is confounded by possible nonphysiological
regulation of p53 in this context. That is, the balance between
p53 and MDM2, which is likely to be critical for proper p53
regulation, may not be properly achieved when p53 or MDM2
is ectopically expressed. Indeed, in one report in which p53
point mutants were co-transfected with MDM2, the impor-
tance of Ser20 mutation for p53 stability differed depending
on the amount of p53 transfected (Dumaz et al, 2001). This
illustrates the importance of examining p53 phosphorylation
sites in vivo at endogenous levels to definitively determine
the function and importance of the phosphorylation site.
Importantly, while there is ample evidence for phosphoryla-
tion of human p53 on Ser20, phosphorylation of the equiva-
lent residue on murine p53 (Ser23) has been less rigorously
established due to the lesser quality of phospho-specific
antibodies for the mouse.

Chk2 has emerged as a critical regulator of p53 down-
stream of ATM, and it is phosphorylated and activated by
ATM in response to ionizing radiation (Matsuoka et al, 1998;
Melchionna et al, 2000). A genetic connection between Chk2
and p53 was revealed by the finding of Chk2 mutations in
patients with Li-Fraumeni syndrome (LFS), which predis-
poses patients to tumors in multiple tissues, including sarco-
mas, breast and brain tumors (Bell et al, 1999). LFS is
normally associated with germline mutations in p53; how-
ever, the patients with Chk2 mutation had wild-type germline
p53 (Bell et al, 1999). Studies of murine cells lacking Chk2
indicate that it is important for p53 function. Chk2—/—
animals show strong impairment in apoptosis in the irra-
diated nervous system and thymus (Hirao et al, 2000, 2002;
Takai et al, 2002). In one study, Chk2—/— thymocytes were
completely defective for p53 stabilization following DNA
damage (Hirao et al, 2000). However, more recently, germline
Chk2—/— animals that showed a mild defect in p53 stabiliza-
tion and strong defects in activation of p53 target genes were
generated (Takai et al, 2002). Ser20 phosphorylation has been
proposed to mediate the effects of Chk2 on p53 induction.
Chk2 can phosphorylate Ser20 of p53 in vitro (Chehab et al,
2000; Hirao et al, 2000; Shieh et al, 2000). Transfection of a
dominant-negative Chk2 inhibited Ser20 phosphorylation on
p53 following DNA damage (Chehab et al, 2000). In vitro,
Chk2 expression disrupted preformed complexes of p53 and
MDM2, except when Ser20 was mutated to alanine (Chehab
et al, 2000). However, Chk2 can phosphorylate multiple sites
on p53 in vitro, including Ser15, Thr18 and Ser20 as well as
undetermined sites in the C-terminus (Shieh et al, 2000); the
sites phosphorylated by Chk2 on p53 in vivo have not been
rigorously defined. Also, Chk2 may phosphorylate targets
other than p53 itself that help to regulate p53 stability.
Finally, recent data demonstrate that Chk2 function is not
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essential for Ser20 phosphorylation, as p53 can be efficiently
phosphorylated on Ser20 in Chk2—/— cells (Takai et al, 2002;
Jallepalli et al, 2003). In addition to Chk2, Chk1 (Shieh et al,
1999) and PLK3 (Xie et al, 2001) have been reported to
phosphorylate Ser20 in vitro. The specific kinase responsible
for Ser20 phosphorylation in vivo has yet to be determined.

Owing to many indications that Ser20 phosphorylation
is important for p53 function, we sought to determine the
effects of preventing phosphorylation at the murine equiva-
lent of this residue (Ser23). We targeted the endogenous p53
locus and mutated Ser23 to Ala, a residue that cannot be
phosphorylated. A similar approach was recently described
by Wu et al (2002), who also targeted the murine p53 locus
to generate Ser23 to Ala mutant ES cells. This group also
derived mouse embryonic fibroblasts (MEFs) and thymocytes
through blastocyst complementation approaches and con-
cluded from their studies that Ser23 phosphorylation is not
important for murine p53 function. Importantly, p53 function
was studied under cell culture conditions and germline Ser23
mutant animals were not generated. Here we report the
generation of germline Ser23 to Ala mutant mice. Our studies
of these mice suggest an important role for Ser23 phosphor-
ylation in p53 response to DNA damage in vivo and in tumor
suppression.

Results

Generation of mice with p53 S23A mutation

To generate a mouse with the endogenous serine 23 mutated,
we used homologous recombination to introduce a mutation
into the p53 genomic locus. The targeting construct contained
the Ser23 mutation in exon 2 and a puromycin gene flanked
by loxP sites in intron 1 (Figure 1A and B). ES cells were
targeted and homologous recombination was confirmed by
Southern blotting (Figure 1C, lane 2). Treatment of targeted
ES cells by transient transfection with a Cre-expression
plasmid led to excision of the puromycin cassette, which
was also confirmed by Southern blotting (Figure 1C, lane 3).
ES cells from four independently targeted ES lines were
injected into blastocysts to generate chimeras. Five chimeras
were generated from two of the independently targeted ES
lines. Four of these chimeras transmitted the mutant allele
(termed S23A) to the germline and their progeny were used in
the experiments described. S23A heterozygous mutant mice
were intercrossed to obtain S23A homozygotes. These ani-
mals were born at Mendelian ratios and had no overt
phenotypes at birth (similar to p53 null animals). RT-PCR
for p53 was performed on MEFs derived from S23A animals
and sequencing of the entire p53 open reading frame demon-
strated the presence of the targeted mutation and confirmed
that no additional mutations had occurred in the coding
sequence of the gene (data not shown). Animals described
here (and cells obtained from these) are of mixed (129/
sv x C57BL/6) background.

S23A MEFs stabilize p53 and undergo cell cycle arrest
in response to DNA damage

We generated S23A/S23A MEFs from embryonic day 13.5
(E13.5) embryos to determine if Ser23 phosphorylation was
required for p53 stabilization. Surprisingly, we found that p53
protein levels could clearly be induced in S23A/S23A MEFs
following 5 Gy gamma irradiation, although in some experi-
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Figure 1 Targeting of endogenous p53 locus to introduce a Ser23 to
Ala mutation. (A) The S23A mutation that is introduced by a single-
nucleotide substitution is represented. (B) Schematic representation
of targeting strategy. The targeting construct introduces the exon 2
point mutation and also introduces into intron 1 a puromycin
cassette in the reverse orientation flanked by loxP (<) sites, and
containing an EcoR1 site. The modified p53 locus following homo-
logous recombination is also shown. Following homologous recom-
bination, Cre recombinase was introduced by transient transfection
to delete the Puro cassette, leaving a single loxP site. The position of
the probe external to the targeting cassette is shown, and the EcoR1-
cut sites, internal and external to the cassette, are also indicated.
Abbreviations used are: R, EcoR1l; B, BamH]1; puro, puromycin-
resistance gene. (C) Genotyping of ES cell clones that survived
puromycin selection. Southern blot analysis was performed on
EcoR1-digested genomic DNA. The probe hybridizes to a 14.5kb
EcoR1 fragment from the unmodified locus (+/+). Correctly
targeted heterozygous ES cells surviving puromycin selection also
show the 10.4kb EcoR1 fragment (+ /S23Apuro). Following the
addition of Cre to the targeted ES cell, the Puro cassette is excised
(+/S23A).

ments at slightly decreased levels compared to wild-type
controls (Figure 2A). Similar results were found with a dose
of 10 Gy (not shown). Furthermore, p53 was fully functional
in its ability to induce expression of p21 and MDM2
(Figure 2B). p53 null MEFs are resistant to a G1 arrest in
response to gamma irradiation (Kastan et al, 1992), and this
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Figure 2 Ser23 phosphorylation is not required for p53-dependent
stabilization or cell cycle arrest in MEFs treated with ionizing
radiation. (A) Western blot analysis of p53 stabilization 1 h follow-
ing treatment with 5Gy IR. Two independent MEF lines are shown.
(B) Northern blot analyses of the p53 target genes p21 and MDM2 in
WT and S23A/S23A MEFs 1, 2 and 4 h following 5Gy IR. (C) Cell
cycle analysis of S23A/S23A and control MEFs following gamma
irradiation. G1, S and G2/M cell populations were sorted by flow
cytometry 14h following treatment with 5Gy IR. Numbers are
relative to those obtained from unirradiated cells. Data are from
three experiments and standard deviations are indicated (error
bars).

effect is in large part mediated by p21 (Brugarolas et al, 1995;
Deng et al, 1995). In contrast, S23A/S23A MEFs arrested in
G1 with no clear defect compared to wild-type cells when
assayed 14 h (Figure 2C) or 24 h (data not shown) following
gamma irradiation.

Defective apoptosis in S23A mutant thymocytes

While MEFs respond to gamma irradiation by undergoing
p53-dependent cell cycle arrest and not apoptosis, thymo-
cytes undergo apoptosis in response to the same stimulus.
p53 null thymocytes are completely resistant to gamma
irradiation-induced apoptosis under the experimental con-
ditions assayed (Clarke et al, 1993; Lowe et al, 1993).
Thymocyte apoptosis assays were performed on S23A thy-
mocytes to determine if phosphorylation of Ser23 is essential
for p53 induction and function in this system. Isolated
thymocytes were plated, treated with IR and apoptosis was
assessed 6, 12 and 24 h later. S23A/S23A thymocytes were
not completely resistant to IR-induced apoptosis, in contrast
to p53 null cells. However, they showed an intermediate level
of resistance at the 12 and 24 h time points (Figure 3A). This
partial resistance was also seen at each dose of radiation
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Figure 3 Decreased apoptosis and p53 stabilization in S23A mutant thymocytes following DNA damage. (A) Flow-cytometric analysis of
apoptosis in isolated thymocytes irradiated with 5Gy or treated with 100 nM dexamethasone. Cells were plated at 1 x 10° cells/ml prior to
treatments, and apoptosis was assessed at various time points using two-color cytometry following staining of cells with PI and annexin-FITC.
Viable cells were both annexin and PI negative. All values were expressed relative to the viability in untreated samples, which was 65-70% at
24 h and did not differ between the genotypes examined. For WT, S23A/ + and S23A/S23A data, littermates were used in each experiment. (B)
Thymocyte viability 24 h following varying doses of ionizing radiation, or dexamethasone. For all apoptosis experiments, values represent the
averages of five experiments, with error bars indicating the standard deviation. (C) p53 protein levels were determined by immunoblot in
isolated thymocytes irradiated in vitro with 5 Gy and then cultured for 1, 3, 5, or 8 h. (D) p53 protein levels were determined by immunoblot in
thymus extracts from WT, S23A/ + or S23A/S23A mice that had been irradiated with 5 Gy 5 h before thymus collection. One untreated and two
irradiated samples of each genotype are shown. (E) p53 stability in WT, S23A/ + or S23A/S23A isolated irradiated thymocytes. Cyclohexamide
was added to inhibit protein synthesis 2 h following 5 Gy irradiation. Band intensities were normalized to actin levels and levels relative to the
T=0 point for each genotype are shown. This figure is representative of four experiments.
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tested in a dose-response experiment (Figure 3B). It has been
previously shown that the induction of apoptosis in thymo-
cytes is sensitive to the levels of p53 induced, as p53 hetero-
zygotes were partially resistant to apoptosis in this assay
(Clarke et al, 1993; Lowe et al, 1993). S23A/ + thymocytes
showed an intermediate phenotype between -+ /+ and
S23A/S23A thymocytes (Figure 3A and B), supporting the
notion that apoptosis in this assay is sensitive to the dose of
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p53. In contrast to the resistance following gamma irradia-
tion, no resistance was shown to the p53-independent apop-
tosis induced by dexamethasone (Figure 3A and B). To
determine if the defect in IR-induced apoptosis correlated
with decreased p53 protein induction, we isolated thymo-
cytes, irradiated them under cell culture conditions and
performed a time course examining p53 stabilization in this
tissue. A modest but clear defect in p53 protein levels induced
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following irradiation was observed (Figure 3C). Examination
of p53 protein levels in the thymus following whole-body
irradiation in vivo revealed an even stronger difference be-
tween control and S23A heterozygous or homozygous mu-
tant cells (Figure 3D). Basal levels of p53 in uninduced
thymocytes was low; however, it was apparent that there
was decreased basal levels of p53 protein with the Ser23
mutation (Figure 3D). Importantly, mRNA levels of p53 in the
thymus were not changed with Ser23 mutation (not shown).
The decreased protein level of p53 induced in the thymus
following IR, either in vitro or in vivo, suggests that the
apoptotic defect is due to decreased p53 stability when
Ser23 is mutated. To investigate this further, we examined
p53 protein stability following DNA damage. The protein
synthesis inhibitor cyclohexamide was added to isolated
thymocytes 2 h following treatment with 5Gy gamma radia-
tion, and p53 protein levels were then followed over time.
As shown in Figure 3E, the half-life of pS3 in S23A/S23A
cells was significantly reduced compared to wild-type p53.
S23A/+ cells exhibited an intermediate phenotype. Thus,
S23A mutation reduces p53 stability following DNA damage
in thymocytes.

We also examined apoptosis in the splenic white pulp,
which contains both B- and T-lymphocytes and is a site
of p53-dependent apoptosis following irradiation in vivo
(Komarova et al, 2000). TUNEL assays showed that, 6h
following irradiation with 5 Gy in vivo, there were high levels
of apoptosis in both the control and S23A/S23A splenic white
pulp without dramatic differences between these genotypes
(Figure 4A). By 18-h post-irradiation, overall levels of apop-
tosis were lower in both the wild-type and S23A/A spleens,
facilitating quantification. There was a 3.6-fold decrease in
white-pulp apoptosis in S23A/S23A animals versus wild-type
controls (P<0.001; Student’s t-test) (Figure 4A and B). We
performed FACS analyses using the B-cell marker B220 to
quantify depletion of splenic B-lymphocytes 24 h following
irradiation in vivo. As shown in Figure 4C, while the propor-
tion of B220-positive splenocytes in untreated wild-type and
S23A/S23A animals was similar, by 24 h following irradiation
the S23A/S23A animals were significantly resistant to loss of
the B-cell population (P = 0.025; Student’s t-test). Thus, Ser23
mutation leads to partial resistance of splenic B-cells to
irradiation-induced apoptosis.

S23A developing cerebellum is resistant

to DNA damage-induced apoptosis

We next examined the effects of S23A mutation on p53
function in another cell population that undergoes p53-
dependent apoptosis in vivo. We focused our analysis on
gamma radiation-induced apoptosis in the external granule
layer in the developing cerebellum, a neuronal population of
cells that undergo apoptosis in both a p53- and ATM-depen-
dent manner (Herzog et al, 1998). Mice (5-days-old; P5) were
irradiated and we assessed apoptosis 18 h later by TUNEL
analysis. As shown in Figure 5A, significantly decreased CNS
apoptosis in S23A/S23A animals compared to wild type was
observed. Quantification of TUNEL-positive nuclei revealed
that there was 3.7-fold more apoptosis in the wild type
compared to S23A/S23A cerebellum (Figure 5B). As with
thymocytes, the phenotype seen with the point mutant
did not recapitulate the degree of resistance observed in
p53 null mice (Figure 5A and B). To determine if the defect
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in apoptosis is due to a defect in p53 stability, we irradiated
PS5 S23A/S23A, wild-type or p53 null mice and collected the
cerebellum 3 h later to examine p53 levels. pS3 protein levels
were strikingly decreased in the S23A/S23A samples
(Figure 5C).

Tumorigenesis in S23A/S23A animals

We examined whether mutation of Ser23 would contribute to
tumor formation by aging cohorts of S23A/S23A and wild-
type animals. p53—/— animals die between 4 and 6 months,
usually due to thymic lymphoblastic T-cell lymphomas and
sarcomas (Donehower et al, 1992, 1995; Jacks et al, 1994),
S23A/S23A mice lived to a much longer median survival time
of 444 days (Figure 6). Necropsies and histopathological
analyses were performed on moribund mice. Surprisingly,
none of these animals developed thymic T-cell lymphoblastic
lymphoma. In contrast, a wide spectrum of B-cell lineage
tumors were found in S23A/S23A animals, classified based
on histological criteria as follicular, diffuse large-cell and
splenic marginal zone lymphomas, as well as plasmacytomas
(Figure 7A-E, Table I). The most common of these tumors
was follicular lymphoma. Mice with this category of tumor
typically had predominantly nodal disease (often involving
the mesenteric lymph node), with less involvement of the
spleen. Extranodal tumor involvement in tissues such as
kidney and liver was often found. Most lymph nodes affected
by these tumors had a vaguely nodular architecture. In some
cases, the nodularity was highlighted by immunostaining for
plasma cells that are located at the periphery of the nodules
(Figure 7A). The infiltrate was composed predominantly of
small, irregular lymphocytes (centrocytes) with a variable,
but typically small, fraction of larger nucleolated lympho-
cytes (centroblasts) (Figure 7B). Occasional tumors had high-
er mitotic rates and increased fractions of large cells. In some
cases, plasma cells were abundant both within and outside
the infiltrate of lymphoma cells. In the spleen, lymphoma
cells largely replaced the white pulp. Follicular lymphomas
were positive for the B-cell marker B220 (not shown) and
exhibited clonal or oligoclonal IgJy rearrangements confirm-
ing their B-cell origin (Figure 7G). We suggest that the
plasmacytic cells, which were often atypical in morphology,
are part of the clonal tumor. However, we cannot rule out the
possibility that the plasmacytic component is a separate
lesion as other animals without lymphoma also exhibited
plasmacytic hyperplasia. In one animal, plasmacellular pro-
liferation and morphology was overtly cytologically malig-
nant, with extensive invasion of extranodal sites (Figure 7E).
This tumor was classified as a malignant plasmacytoma
(Table I). Spleens involved by marginal zone lymphoma
had a largely preserved architecture, with the periarteriolar
lymphoid area cuffed by small-to-intermediate-sized lympho-
cytes with oblong to slightly folded nuclei and a moderate
amount of pale cytoplasm. Numerous plasma cells were
located at the periphery of the infiltrate, often extending
into splenic the red pulp (Figure 7C and D). Two animals
had histiocytic sarcomas, which stained positively for the
macrophage marker F480 (not shown) and did not exhibit
clonal IgJy rearrangement (Figure 7F and G). We note that
both of these cases of macrophage tumors occurred in a
background of splenic red pulp hyperplasia, including the
myeloid, erythroid and megakaryocytic lineages, suggesting
that this hyperplasia may be a pre-malignant lesion. Marked
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Figure 4 Decreased apoptosis in splenic B cells of S23A/S23A mice exposed to gamma radiation in vivo. (A) TUNEL staining to assess
apoptosis in the splenic white pulp 6h, and 18 h following gamma irradiation in S23A/S23A or control animals. (B) Quantification of TUNEL-
positive cells in the splenic white pulp at 18-h time point post-irradiation or in untreated wild-type or S23A/S23A animals. (C) FACs analysis of
B220 positivity in wild-type and S23A/S23A splenocytes 24 h post 5 Gy irradiation or from untreated controls in vivo. Percentage of B220-

positive cells+s.d. from three independent experiments is indicated.

red pulp hyperplasia without histiocytic tumors was also
observed in four other S23A/S23A animals that did not
have lymphomas. Other nonhematopoietic tumors were
also observed in S23A/S23A animals (Table I). During the
course of the study, five wild-type mice died, one due to a
hemangioblastoma and the other with a hepatoma. Our
tumorigenesis study indicates that S23A/S23A animals are
prone to tumor development in a cell-type-specific manner.

Discussion

We demonstrate here that mutating Ser23 to alanine affects
both p53 stabilization and function. Mutant thymocytes were
partially defective in p53-dependent apoptosis in response to
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ionizing radiation, and strong resistance was observed in the
developing cerebellum. These data show in vivo the impor-
tance of this residue for p53 function and have helped define
the pathway leading to IR-induced apoptosis in these tissues.
Our finding that S23A/S23A animals are tumor prone sug-
gests that Ser23 phosphorylation is important for the tumor
suppressor function of p53. This is the first report of a p53
phosphorylation site mouse mutant that is prone to sponta-
neous tumorigenesis.

A previous report of p53 S23A mutant function in targeted
murine cells concluded that Ser23 phosphorylation is not
important for p53 stabilization and function in various cell
types, including ES cells, MEFs and thymocytes (Wu et al,
2002). While we have not found strong effects of this
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Figure 5 Decreased p53 levels and apoptosis in the developing
cerebellum of S23A/S23A mice exposed to gamma radiation. (A)
TUNEL staining to assess apoptosis in the external granule layer of
PS5 developing cerebellum collected 18 h following 4 Gy of gamma
radiation. (B) Quantification of apoptosis in external granule layer
cells. TUNEL-positive cells were quantified in equivalent areas.
Data are from eight S23A/S23A animals, eight WT animals and
four p53 null animals. S23A/S23A and WT mice used in this study
were littermates. *P=0.001 comparing WT to S23A/S23A. (C)
Western blot shows significantly decreased p53 protein levels in
S23A/S23A irradiated cerebellum. Postnatal day 5 (P5) mice were
treated with 4 Gy IR and their cerebellum was collected 3h post-
irradiation. Three wild-type and three S23A/S23A irradiated sam-
ples are shown along with untreated controls.
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Figure 6 Survival of S23A mutant mice. Kaplan-Meier analysis of
tumor-free survival in wild-type and S23A/S23A mice. Animals
were killed when moribund, or if tumor burden was apparent.
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Figure 7 B-cell tumors in S23A mutant mice. (A) Plasma cell
immunostaining (anti-Ig kappa light chain) of a follicular lympho-
ma at 40 x, showing nodular tumor architecture. (B) Follicular
lymphoma (H+E 1000 x ). (C) Splenic marginal zone lymphoma
(MZL) showing expanded marginal zone with pale eosinophilic
cells (H+E 200 x ). (D) High-power view of splenic MZL showing
the appearance of cells with plasmacytic morphology (H+E
1000 x ). (E) Malignant plasmacytoma (H+E 1000 x). (F)
Histiocytic sarcoma (H-+ E 1000 x ). (G) Southern blot analysis of
immunoglobulin heavy chain recombination. DNA from S23A/
S23A tumors (lanes 2-6) or wild-type lymph nodes (lane 1) was
digested with EcoR1 and hybridized with a Jy region probe. The
6.2kb germline band is indicated (GL). (1) Normal lymph node
from wild-type mouse; (2) follicular lymphoma; (3) follicular
lymphoma; (4) histiocytic sarcoma; (S, 6) follicular lymphoma in
different lymph nodes from same S23A/S23A animal. B-cell tumors
in lanes 2, 3, 5 and 6 show one or two novel bands indicating
tumors are monoclonal with one or both Jy alleles rearranged, or
biclonal.

mutation on p53 function in MEFs, we observe significant
defects in p53 stabilization and apoptosis in irradiated
thymocytes. The study by Wu et al (2002) was different in
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Table I Histological classification of spontaneous tumors in S23A/
S23A mice

Tumor type Number of cases (%)

B-cell lineage tumors 13 (62)
Follicular lymphoma 7 (33)
Splenic marginal zone lymphoma 2 (9.5)
Diffuse large B-cell lymphoma 2 (9.5)
Plasmacytoma—well differentiated 1 (4.8)
Malignant plasmacytoma—moderately 1(4.8)
differentiated

Other tumors

Histiocytic sarcoma 2 (9.5)
Hemangiosarcoma 1(4.8)
Lung adenoma 1(4.8)
Lung adenocarcinoma 1 (4.8)
Hepatoma 1(4.8)
Hair matrix tumor 1(4.8)

that germline S23A/S23A animals were not generated, and
the thymocytes they studied were generated through a RAG2-
deficient blastocyst complementation approach. In addition,
this group studied S23A/— cells in comparison to p53 + /—
controls, while we compared S23A/S23A and S23A/ + cells
to wild-type controls. As p53 + /— cells exhibit significant
resistance to apoptosis compared to wild-type cells (Clarke
et al, 1993; Lowe et al, 1993), it is possible that differences in
thymocyte apoptosis and p53 stabilization were not found
due to the smaller window these authors may have had for
detecting a subtle difference. Also, we found the strongest
effects of this mutation following irradiation in vivo. This was
especially true in the irradiated developing cerebellum, which
this group was unable to study, and in tumorigenesis.

Ser23 mutation did not have major effects on p53 stabili-
zation under some conditions. For example, in S23A/S23A
MEFs, IR-induced p53 stabilization was not dramatically
reduced and p53-dependent cell cycle arrest was intact.
This is in contrast to the strong defect in levels of p53 protein
induced in the thymus and cerebellum irradiated in vivo.
Tissue culture stress, including high oxygen concentrations,
may allow p53 to be sensitized to IR-induced stabilization
even in the absence of Ser23 phosphorylation. Indeed, in the
thymus irradiated in vivo, a stronger defect in induction was
observed compared to thymocytes irradiated in vitro (Figure
3C and D).

The defect in apoptosis in the irradiated Ser23 mutant
thymus and CNS clearly correlates with defective p53 induc-
tion. The Chk2 kinase has been implicated as a Ser23 kinase
in response to ionizing radiation and Chk2—/— mice are
defective for p53-dependent apoptosis in the irradiated thy-
mus and CNS (Hirao et al, 2000, 2002; Takai et al, 2002).
Much stronger resistance to thymocyte apoptosis was found
in Chk2—/— cells compared to our findings in S23A/S23A
thymocytes, indicating that in these cells Chk2 has effects on
p53 that are not mediated by Ser23 phosphorylation. Data
from targeted Chk2—/— cells suggested that Chk2—/— thy-
mocytes are defective for p53 stabilization following IR;
however, the extent of this effect differed from mild (Takai
et al, 2002) to a complete lack of induction (Hirao et al,
2000). Whether the defective apoptosis in Chk2—/— animals
is mediated through effects on p53 stabilization is not clear,
as defects in transactivation of p53 target genes in Chk2—/—
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cells have been reported in one study (Takai et al, 2002). In
vitro, Chk2 has been reported to phosphorylate multiple sites
on p53, including Ser15, Thr18 and Ser37 (Shieh et al, 2000).
Chk2 can also phosphorylate undetermined C-terminal sites
of p53 mutants lacking the N-terminus, which could mediate
effects of Chk2 independent of p53 stabilization (Shieh et al,
2000). It is also possible that Chk2 could affect p53 indirectly.
It is apparent that p53 can be efficiently phosphorylated on
Ser20/23 in Chk2—/— cells (Takai et al, 2002; Jallepalli et al,
2003), and it remains to be determined how much of the
effects of S23 mutation are due to an inability of Chk2 to
phosphorylate p53 on this residue. It will be important to
determine if older Chk2—/— animals show a tumor spectrum
similar to S23A/S23A mice.

It was striking that S23A/S23A mice developed B-cell
tumors but not T-cell lymphomas or frequent sarcomas. B-cell
tumors have been observed in p53—/— mice (Donehower
et al, 1995; Ward et al, 1999); however, fatal thymic lympho-
blastic T-cell lymphomas and sarcomas may have limited the
development and progression of B-cell tumors in p53—/—
animals. It is possible that there is a different threshold for
the amount of p53 signaling needed to suppress tumorigen-
esis in different tissues. For example, thymocytes may be
sensitized to p53-dependent apoptosis such that even low
levels of p53 are sufficient to induce apoptosis. Indeed, in
thymocytes, while there was resistance to apoptosis, a time
course showed that S23A/S23A thymocytes do eventually die
in response to radiation while, at those doses, p53—/— cells
were completely resistant (Figure 3A and B). In response to
tumor-initiating events, cells in other tissues may need a
higher degree of p53 signaling for apoptosis and tumor
suppression. Alternatively, the upstream pathways to p53
activation may differ in different cell types in response to
different stresses such that Ser20/23 phosphorylation is
critical in some but not other situations. The specific role
of Ser23 in tumor suppression in B cells could be due to
impaired apoptosis in Ser23 mutant B cells, as splenic B
cells showed partial resistance to irradiation-induced apop-
tosis. p53 function has also been implicated in B-cell prolif-
eration and maturation (Shaulsky et al, 1991; Aloni-Grinstein
et al, 1995; Shick et al, 1997). A close examination of the role
of the p53/Ser23 pathway in the B-cell differentiation pro-
gram, and study of differentiation marker expression in the
B-cell lineage tumors of Ser23 mutant mice is warranted. As
we observed a long latency to tumorigenesis in these animals,
it is likely that cells needed time to acquire genetic changes
to develop into B-cell tumors. It will also be important to
identify the genetic changes that lead to the B-cell lympho-
mas in this model, and to investigate how mutation of the
Ser23/p53 pathway cooperates with such events. Moreover,
based on these results, the role of p53 pathway mutations in
human B-cell lymphoma bears further examination.

While p53 undergoes numerous phosphorylation events,
the physiological role of these modifications has been diffi-
cult to assess. We have shown that p53 Ser23 phosphoryla-
tion is critical for p53 stabilization in response to ionizing
radiation in vivo, and for tumor suppression. In contrast,
Ser18 phosphorylation in mice is not required for tumor
suppression or, in thymocytes, for p53 stabilization, but
may have important roles in apoptosis and/or p53 target
gene induction (Chao et al, 2003, Sluss et al, 2004). Bruins
et al (2004) find that Ser389, a site phosphorylated after UV
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irradiation, is important for UV-induced p53 function, and
germline Ser389 mutants showed increased sensitivity to UV-
induced skin tumors. Collectively, these data demonstrate the
importance of generating germline phosphorylation site mu-
tants to dissect the roles of specific p53 phosphorylation
events in vivo.

These and other data suggest a model in which, in re-
sponse to ionizing radiation, p53 is stabilized via phosphor-
ylation of Ser20/23. This may be mediated by Chk2,
consistent with defective p53 stabilization in Chk2—/—
cells, or other Ser23 kinases may be critical. Identification
of the pathway upstream of Ser23 phosphorylation may lead
to the discovery of genes that could be mutated in tumors in
which p53 itself is intact. Given the importance of the p53
pathway in tumor development and the response of cells to
chemotherapy and other DNA-damaging agents, it is critical
to fully elucidate this pathway.

Materials and methods

Construction of targeting vector and generation

of S23A mutant mice

Fragments of mouse genomic p53 sequence extending from intron 1
through exon 6 were cloned into the vector pBSKII. Ser23 is
encoded in exon 2 and the single base pair mutation leading to an
Ala substitution was introduced by site-directed mutagenesis using
the QuikChange kit (Stratagene). A puromycin resistance gene
driven by the PGK promoter and flanked by loxP sites (pBS.DAT-
LoxStop) was introduced into an Xhol site in intron 1. p53 exons
and intron/exon boundaries in the targeting vector were sequenced
to confirm that no additional, unexpected mutations were
introduced during the cloning. The targeting vector was linearized
with Notl and electroporated into J1 ES cells (derived from strain
129/sv) before being selected for resistance to puromycin. Homo-
logous recombination was confirmed by Southern blot with EcoR1-
digested genomic DNA. The Southern probe was external to the
targeting vector and was derived from a Bsm1 digest of a fragment
of genomic DNA from intronl. GFP-Cre was transiently transfected
into ES cells to excise the puro cassette leaving a single loxP site in
intronl. Excision of the puro cassette was confirmed by Southern
blot. Heterozygous ES cells were injected into C57BL/6 blastocysts
that were then implanted into pseudopregnant CD1 females
essentially as described (Bradley, 1987). The p53 cDNA sequence
from S23A/S23A mice was determined by RT-PCR on RNA isolated
from three independent MEF lines generated from E13.5 embryos
using standard techniques. In each of the lines, the sequence was
the same as wild type, except for the single T-G base substitution
targeted to exon 2. All animals described are on a mixed 129/
Sv x C57BL/6 background. PCR genotyping was based on the
presence of a single loxP site remaining in intron 1 of the correctly
targeted locus. The following primers flanking the remaining loxP
site were used: dt020200.1 5'agcctgectagcttectcagg3’ and dt011200.3
5'cttggagacatagccacactgd’. These primers amplify a 540 bp mutant
band in the presence of a single loxP site, and a 420 bp wild-type
band.

Western blot analysis

For MEF or thymocyte experiments, cells were plated in DMEM
supplemented with 10% FCS, L-glutamine (2mM) and antibiotics.
Cells were irradiated using a GammacCell40 with 137Cs source. Cells
were lysed in lysis buffer (100 mM NaCl, 100 mM Tris (pH 8.0), 1%
NP-40, complete protease inhibitor cocktail (Roche), sodium
fluoride (10mM), sodium vanadate (1 mM)). For in vivo thymus
Western blots, whole mice were irradiated with a dose of 5 Gy, and
Sh later the thymus was collected for protein extraction. For half-
life experiments, thymocytes were suspended at 10 million cells/ml.
Cyclohexamide (40pg/ml) was added 2h post-irradiation and
samples collected for Western analysis at various time points
afterwards. For cerebellum Western blots, newborn mice 5 days
after birth were irradiated with 4 Gy and, 3 h later, the cerebellum
was dissected and frozen on dry ice before being lysed in lysis
buffer. Following SDS-PAGE, proteins were transferred to PVDF
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membranes (Immobilon P, Millipore). Membranes were blocked in
5% nonfat dry milk in TBST. For p53 Western blots on MEFs, p53
Ab-3 (Oncogene Research Products) was used at a 1/1000 dilution.
For p53 Western blots on thymus tissue and cerebellum tissue, the
sheep polyclonal antibody Ab-7 (Oncogene Research Products) was
used at a 1/2500 dilution, or the rabbit polyclonal antibody FL393
(Santa Cruz) at 1/1000 dilution. Blots were stripped and reprobed
for actin (Santa Cruz) at a 1/1000 dilution. Enhanced chemilumi-
nescence was used for signal detection (ECL Plus, Amersham) and
blots were exposed to film (X-OMAT). For thymocyte half-life
experiments, band intensities were quantified by scanning densito-
metry using NIH Image software.

Northern blot analysis

Exponentially growing cells were plated at a density of 1 x 10° cells/
10cm dish, and treated 24 h later with 5Gy IR. At various time
points, cells were lysed directly on the plate with TRIZOL reagent
(Gibco BRL) and RNA was isolated following the manufacturer’s
protocol. RNA was denatured and run on a 1% agarose in 1 x
MOPS with 6% formaldehyde and transferred to a Hybond N
membrane (Amersham). The membrane was crosslinked using a
UV Stratalinker (Stratagene) and hybridized with a 32p_labeled
probe. Probes were made to MDM2, p21 and, p53 and ARPP PO
cDNAs using the Prime-It II random primer labeling kit (Strata-
gene). Blots were hybridized in ExpressHyb (Stratagene) solution at
65°C.

Cell cycle analysis
Cells were plated at 8 x 10° cells/10cM plate and irradiated with
5Gy IR 24h later. Analysis of samples was performed 14 or 24h
after IR. Samples were processed with a FACScan (Becton
Dickinson). Data analysis was carried out using ModFit LT software
(Becton Dickinson).

Thymocyte apoptosis assay

Fresh thymocytes were isolated from 5-8-week-old mice and plated
at a density of 1 x10%cells/ml, and then incubated at 37°C. For
time-course experiments, cells were treated at T=0 with either
100nM dexamethasone or with 5Gy of IR. For dose-response
curves, thymocytes were also plated a 1 x10°cells/ml, treated at
T=0 and collected for apoptosis analysis 24 h later. Apoptosis was
assessed using annexin-FITC (Becton Dickinson) and propidium
iodide (PI; 50pg/ml) staining of cells followed by two-color
cytometry using a FACScan (Becton Dickinson) and CellQuest
software (Becton Dickinson). Cells scored as viable were those that
were negative in staining for both annexin and PI. All data were
normalized to the viable fraction in the untreated cells at the given
time point.

In vivo analysis of apoptosis

For CNS apoptosis studies, S23A/S23A or wild-type littermates were
irradiated 5 days after birth with 4 Gy. Mice were killed 18 h later, at
which time when their brains were removed and fixed in 10%
formalin (3.7 % formaldehyde solution in PBS) for 24 h. For analysis
of apoptosis in the adult spleen, 6-8-week-old animals were
irradiated with 5Gy and killed 24 h later. Spleens were fixed in
10% formalin for 24 h. Tissues were processed and embedded in
paraffin blocks. Sagittal sections were cut at 4 pm. Tdt dUTP-biotin
Nick End Labeling (TUNEL) assays were performed to assess
apoptosis. For quantification of CNS apoptosis, TUNEL-positive
nuclei in equivalent areas of the cerebellar external granule layer of
S23A/S23A and control animals were counted. For quantification of
B-cell depletion following DNA damage, animals were irradiated
with 5Gy 24h before collection of spleens and isolation of
splenocytes. Splenocytes were stained with anti-B220 coupled to
flourescein-isothiocyanate (Pharmingen) using standard protocols
and subject to fluorescence-activated cell sorting analysis.

Tumor analysis

S23A/S23A and wild-type controls were aged. Mice were killed
when moribund, or if visible tumor burden was apparent. Inner
organs were fixed in 10% neutral buffered formalin. Bones were
fixed in Bouins fixative. Tissue was embedded in paraffin and 4 pm
sections were cut and stained with hematoxylin and eosin for
pathological analysis. For a subset of tumors, immunohistochemical
staining was performed with the antibodies B220 (Becton Dick-
inson), Ig kappa (Southern Biotechnology), and F480 (Serotec) on
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formalin-fixed, paraffin-embedded tissue. B220 and Ig kappa
staining were performed with a citrate buffer unmasking step.
F480 staining was performed with a trypsin unmasking step, and
for F480 staining, all incubations and washes were carried out in
0.05% Triton X-100.

Southern blotting

Tumor tissue was digested with proteinase K overnight, and DNA
was isolated following phenol chloroform extraction. Following
EcoR1 digest, DNA was loaded on a 0.8% agarose gel and
transferred to a nylon membrane N+ (Amersham). Membrane
was hybridized to a 32P-labeled probe of a 1.9 kb BamH1-EcoR1 Jy
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