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Recent studies have suggested that phosphorylation of human p53 at Ser20 is important for stabilizing p53
in response to DNA damage through disruption of the interaction between MDM2 and p53. To examine the
requirement for this DNA damage-induced phosphorylation event in a more physiological setting, we intro-
duced a missense mutation into the endogenous p53 gene of mouse embryonic stem (ES) cells that changes
serine 23 (S23), the murine equivalent of human serine 20, to alanine (A). Murine embryonic fibroblasts
harboring the p53S23A mutation accumulate p53 as well as p21 and Mdm2 proteins to normal levels after DNA
damage. Furthermore, ES cells and thymocytes harboring the p53S23A mutation also accumulate p53 protein
to wild-type levels and undergo p53-dependent apoptosis similarly to wild-type cells after DNA damage.
Therefore, phosphorylation of murine p53 at Ser23 is not required for p53 responses to DNA damage induced
by UV and ionizing radiation treatment.

The p53 gene is the most commonly mutated tumor sup-
pressor gene in human cancers (20). Its role in tumor suppres-
sion is further highlighted by the creation of p53�/� mice,
which are highly cancer prone and develop a large spectrum of
tumors (15, 23). It has become clear that p53 plays several roles
in regulating cellular events after DNA damage and other
cellular stresses, including activating the arrest of cell cycle
progression in G1 or initiating apoptosis (reviewed in refer-
ences 24 and 32). These functions of p53, which depend in part
on the cell type and nature of the DNA damage, protect the
cellular genome from accumulating mutations and genome
rearrangements and from passing these mutations to daughter
cells, thus contributing to its tumor suppression activities.
Structural and functional analyses of p53 have shown that p53
is a transcription factor with a central sequence-specific DNA-
binding domain, a transcriptional activation domain at the N
terminus, and a C-terminal domain that is involved in regulat-
ing p53 activity (24).

In response to DNA damage and other cellular stresses, p53
protein levels increase significantly and its DNA-binding activ-
ity is activated. p53 protein levels are regulated posttranscrip-
tionally, and the increased levels observed following DNA
damage are due primarily to increased protein stability (24).
Degradation of p53 protein is mediated largely by the MDM2
oncoprotein, which targets p53 for ubiquitin-mediated degra-
dation (18, 21, 25). p53 is phosphorylated at multiple sites in its
N- and C-terminal domains after DNA damage, and it has
become evident that phosphorylation of p53 plays important
roles in regulating p53 stability and activity (reviewed in ref-
erence 2). In this context, the phosphorylation of human p53 at
Ser15, -20, -33, and -37 is induced after cells are exposed to
either UV light or ionizing radiation (IR), while the phosphor-
ylation of Ser392 is induced by UV light but not by IR (2). A

number of protein kinases have been found to phosphorylate
human and murine p53 in vitro, including ATM, ATR, Chk1,
Chk2, mitogen-activated protein kinase, Jun N-terminal ki-
nase, protein kinase C, casein kinases I and II, double-stranded
RNA activated protein kinase, and cyclin-dependent protein
kinases (cdk), and several phosphorylation events are believed
to be involved in p53 stabilization and activation (reviewed in
references 2 and 30). The phosphorylation of human p53 at
Ser15 (corresponding to Ser18 of mouse p53), which is medi-
ated by the ATM family of kinases, is an early event following
DNA damage and is reduced in ATM�/� cells after IR (4, 6).
Reduced phosphorylation of Ser15 correlates with the reduced
and delayed stabilization of p53 (38). In addition, we recently
showed that a missense mutation introduced into the endoge-
nous p53 gene of mouse cells that changed Ser18 to Ala im-
paired p53 stabilization after DNA damage (7). However, the
defect caused by mutating the Ser18 codon was only partial,
indicating that other phosphorylation events also must be in-
volved in stabilizing and activating p53.

Ser20 lies directly within the region of the p53 transactiva-
tion domain that interacts with MDM2 (26, 40), and this in-
teraction is required for MDM2-mediated degradation of p53.
Several recent studies have suggested that phosphorylation of
human p53 at Ser20 is important for stabilizing p53 after DNA
damage (10, 39, 41). Since MDM2-mediated ubiquitination
represents a major pathway for rapid p53 degradation, disrup-
tion of the MDM2-p53 interaction through phosphorylation of
Ser20 could be important for stabilizing p53. The Chk1 and
Chk2 kinases, which are activated by ATM after exposure to
IR, phosphorylate human p53 at Ser20 in vitro (9, 37). There-
fore, phosphorylation of human p53 at Ser20 by Chk1/2 kinases
might represent another ATM-dependent pathway that stabi-
lizes p53. Consistent with this notion, Chk2�/� mouse cells are
defective in p53 stabilization and activation after IR (19).

To investigate the physiological roles of p53 phosphorylation
at Ser20 in p53 responses to DNA damage, we introduced a
missense mutation into the endogenous p53 gene of mouse
embryonic stem (ES) cells that changes Ser23 (corresponding
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to Ser20 of human p53) to Ala. Various mutant primary cells,
including mouse embryonic fibroblasts (MEFs) and thymo-
cytes, were derived from the mutant ES cells and assayed for
p53 responses to DNA damage. Surprisingly, the p53S23A mu-
tation had no apparent effects on either the stability or the
activity of p53 after DNA damage in mutant ES, MEFs, and
thymocytes. Therefore, the Chk2-dependent stabilization and
activation of p53 in mouse cells after IR must be mediated
through pathways other than the phosphorylation of murine
p53 at Ser23.

MATERIALS AND METHODS

Generation of mutant ES cells harboring p53S23A mutation. Ser23 is encoded
by exon 2 of the mouse p53 gene. The strategy to introduce the Ser23Ala
mutation was the same as that used previously to introduce a mutation into the
endogenous p53 gene of murine ES cells that changed Ser18 to Ala (7). Briefly,
site-directed mutagenesis was performed to introduce the Ser23Ala mutation
into a mouse p53 genomic DNA fragment harboring exons 2 through 6. The
knock-in vector was constructed by inserting the LoxP-flanked PGK-neor gene
into an engineered unique SalI site within intron 4. An EcoRI site was introduced
into intron 1 to assist in screening for a replacement of wild-type exon 2 by the
targeting construct. The knock-in vector was electroporated into AY ES cells as
previously described (7). AY ES cells are p53�/�, with exons 2 to 4 of one p53
allele deleted while the other allele remains wild type. The mutant p53 allele
produced no truncated proteins, as confirmed by Western blot analysis (data not
shown). Homologous recombination events between the wild-type p53 allele and
the knock-in vector were screened by Southern blot analysis after EcoRI diges-
tion of the DNAs and hybridization with probe A. AY ES cells displayed a
14-kbp wild-type allele and a 6-kbp AY mutant allele (Fig. 1A, B, and E). Under
the same conditions, recombinant cells that had a mutant exon 2 and the intro-
duced EcoRI site incorporated into the wild-type allele from the targeting vector
displayed only a 6-kbp fragment, since both mutant alleles yielded a 6-kbp EcoRI
fragment (Fig. 1A and C). To delete the PGK-neor gene from the p53 allele with
the Ser23Ala mutation, 20 �g of a circular plasmid that drives expression of the
CRE enzyme was transiently transfected into the mutant ES cells as described.
ES cell transfectants were screened for the LoxP/Cre-mediated deletion by PCR
as indicated in Fig. 1. Neor-deleted ES cells identified by PCR were subcloned,
and the loss of the Neor cassette was confirmed by Southern blot analysis after
HindIII digestion and hybridization with probe B, which revealed a 3-kbp frag-
ment from the PGK-neor-inserted allele and a 7.1-kbp fragment from cells which
had the PGK-neor cassette deleted (Fig. 1C and D). The wild-type allele yielded
a 7-kbp fragment (Fig. 1A). Probe B also hybridized to a 7.8-kbp HindIII
fragment derived from the p53 pseudogene.

Culture and treatment of ES cells. Before UV radiation, ES cells were cul-
tured without a feeder layer in Dulbecco’s minimal essential medium (DMEM)
supplemented with 15% fetal calf serum (FCS), glutamine, nonessential amino
acids, antibiotics, 100 �M �-mecaptoethanol, and recombinant lymphocyte in-
hibitory factor. For the study of p53 induction after UV treatment, ES cells were
exposed to 60 J of UV light/m2 and harvested at different times after treatment.
For the study of p53-dependent apoptosis after UV treatment, ES cells were
treated with 10, 15, or 30 J of UV light/m2 and assayed for apoptosis 16 h after
treatment as described below.

Derivation of MEFs and thymocytes from mutant ES cells. We developed the
Hprt-deficient blastocyst complementation approach to derive MEFs from mu-
tant ES cells without a selectable marker (see Results). The MEFs were cultured
in DMEM supplemented with 10% FCS, glutamine, antibiotics, 50 mM
�-mecaptoethanol, and hypoxanthine-aminopterin-thymidine (HAT). After con-
firmation that all surviving MEFs were derived from ES cells, the MEFs were
cultured in normal medium without HAT. Mouse thymocytes were derived from
mutant ES cells by RAG2-deficient blastocyst complementation as previously
described (11).

Radiation treatment of MEFs and thymocytes. MEFs were treated with 60 J of
UV light/m2 or 10 Gy of IR and harvested at different times after treatment for
the analysis of p53 and p21 protein levels. Mouse thymocytes were resuspended
in DMEM supplemented with 5% FCS and 25 mM HEPES, pH 7.4, at a density
of 106 cells/ml. To assay for p53-dependent apoptosis after IR, thymocytes were
exposed to 5, 10, or 20 Gy of IR. To assay for p53 induction after IR, thymocytes
were exposed to 5 Gy of IR and harvested at the times indicated.

Western blot analysis of p53 and p21 and p53 Ser23 phosphospecific anti-

bodies. Protein extract from 4 � 105 ES or MEF cells or 107 mouse thymocytes
were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) on 8% (for Mdm2), 12% (for p53), or 15% (for p21) polyacryl-
amide gels and transferred to a nitrocellulose membrane. The membrane was
blocked with 5% dry milk and probed with a monoclonal antibody against p53
(Pab240; Santa Cruz Biotechnology, Inc.) or a rabbit polyclonal antibody against
p21 (Santa Cruz Biotechnology, Inc.) or a monoclonal antibody against Mdm2
(2A10; Oncogene Science). Then, the filter was incubated with horseradish
peroxide-conjugated secondary antibody and developed with Enhanced Chemi-
luminescence PLUS (ECL PLUS; Amersham Pharmacia Biotech). To determine
if the amounts of protein in each lane were comparable, the filter was stripped
and probed with a rabbit polyclonal antibody against actin (Santa Cruz Biotech-
nology, Inc.).

Rabbit polyclonal antibody specific for murine p53 phosphorylated at Ser23
was prepared essentially as described previously for other sites (7, 8, 36, 35).
Briefly, rabbits were immunized with the murine p53 phosphopeptide Ac-18-
29(23P)Cys, i.e., Ac-SETFS(P)-GLWKLLC, coupled to keyhole limpet hemocy-
anin, and the resulting p53S23(P)-specific antibodies were purified from the
hyperimmune sera by affinity chromatography using both the phosphospecific
and the unphosphorylated peptides coupled with SulfoLink (Pierce Chemical
Co.). The specificity of the purified antibodies was confirmed by enzyme-linked
immunosorbent assay and immunoblot assays using a panel of p53 phosphory-
lated and unphosphorylated peptides as previously described (7, 35). Phosphor-
ylation status was determined by Western immunoblot analysis of the immuno-
precipitated p53.

p53-Mdm2 immunoprecipitation. MEF cells with or without radiation treat-
ment were lysed in the lysis buffer (20 mM Tris-HCl [pH 7.6], 170 mM NaCl, 1
mM EDTA, 0.5% NP-40, 1 mM dithiothreitol [DTT], proteinase inhibitors). Cell
lysates were incubated with anti-p53 antibody (pAb421) conjugated to agarose
beads for 4 h at 4°C. After washing three times with washing buffer (20 mM
Tris-HCl [pH 7.6], 150 mM NaCl, 1 mM EDTA, 0.5% NP-40), p53 and Mdm2
in the immunoprecipitates were detected by Western blot analysis with mono-
clonal antibodies specific for p53 (pAb240) and Mdm2 (2A10).

Analysis of p53-dependent apoptosis in mouse ES cells and thymocytes. ES
cells were plated in six-well plates without a feeder layer at a density of 2 � 105

to 3 � 105 cells per well. Sixteen hours after UV treatment, ES cells were
harvested and apoptotic cells were identified by staining with fluorescein isothio-
cyanate (FITC)-conjugated Annexin V (Pharmingen) as previously described
(8). Thymocytes were recovered from p53�/� mice and AY-RAG2�/� and
p53S23A-RAG2�/� chimeric mice, and IR-induced apoptosis was analyzed as
previously described (27). The percentages of apoptotic thymocytes within the
CD4�CD8� and CD4� thymocyte populations were determined at 10 h after IR
by staining with phosphatidylethanolamine (PE)-conjugated anti-CD4 antibody
and FITC-conjugated Annexin V (Pharmingen).

RESULTS

Introduction of Ser23Ala mutation into endogenous p53
gene in mouse ES cells. Ser23 is encoded by exon 2 of the
mouse p53 gene. A mouse genomic DNA fragment containing
exons 2 to 6 was isolated, and site-directed mutagenesis was
used to introduce a mutation (Ser23Ala) into exon 2 of the
cloned p53 genomic DNA that changed serine 23 to alanine
essentially as previously described (7, 8). The knock-in con-
struct was generated by inserting the LoxP-flanked PGK-neor

gene into intron 4 of the cloned p53 genomic DNA harboring
the Ser23Ala mutation in exon 2 (Fig. 1B). To facilitate the
mutagenesis processes, the knock-in construct was electropo-
rated into a p53�/� ES cell line (AY ES cells), in which exons
2 to 4 of the p53 gene were replaced with a LoxP site on one
allele, leaving the remaining p53 allele wild type (Fig. 1A). The
mutant p53 allele in AY cells does not produce a truncated
protein, which was confirmed by using polyclonal antibodies
against p53 and a monoclonal antibody specific for the C ter-
minus (data not shown). Therefore, the p53 genotype and
phenotype of AY ES cells is p53�/�. Homologous recombina-
tion between the knock-in vector and the only germ line allele
in AY ES cells replaced the wild-type exon 2 with the mutant
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FIG. 1. Generation of p53S23A ES cells. (A) The endogenous configuration of the p53 gene in AY ES cells. AY ES cells have one wild-type
p53 allele and one mutant p53 allele (AY allele) with p53 exons 2 through 4 deleted. The initiation codon, ATG, of the p53 gene is located in exon
2, and the AY allele does not produce a truncated p53 protein. Open boxes represent the p53 exons, and the filled bars represent probes for
Southern blot analysis. The wild-type 14-kbp EcoRI and 7-kbp HindIII fragments are indicated by arrows, as are the mutant 6-kbp EcoRI and
5.8-kbp HindIII fragments on the AY allele. (B) The targeting construct. �, the Ser23-to-Ala mutation in exon 2. The PGK-neor gene flanked by
LoxP sites was inserted into an engineered SalI site within intron 4. (C) Targeted p53 locus after homologous recombination between the wild-type
p53 allele and the targeting vector. The positions of the PCR primer sets that were used to screen for LoxP/Cre-mediated deletion are shown by
arrowheads. The sizes of the mutant EcoRI and HindIII fragments are indicated. (D) Mutant p53 allele after the PGK-neor gene was deleted. The
size of the mutant HindIII fragment after the PGK-neor gene was deleted is indicated. (E) Southern blot analysis of genomic DNA derived from
the wild type (lane 1), AY ES cells (lane 2), and targeted AY ES cells (lane 3), in which homologous recombination had occurred between the
germ line allele and the targeting vector. Genomic DNA was digested with EcoRI and hybridized to probe A. Both the targeted allele and AY
allele yielded the same 6-kbp mutant EcoRI fragment. The positions of both germ line and mutant alleles are indicated with arrowheads.
(F) Southern blot analysis of genomic DNA derived from wild-type ES cells (lane 1), targeted AY ES cells with the PGK-neor gene inserted (lanes
2 and 3), AY ES cells (lane 4), and p53Ser23Ala ES cells (lane 5). Genomic DNA was digested with HindIII and hybridized to probed B. The 7-kbp
wild-type band, 7.1-kbp PGK-neor gene deleted band, 5.8-kbp AY mutant band, and 3-kbp PGK-neor gene inserted band as well as the 7.8-kbp
band derived from the p53 pseudogene are indicated.
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exon 2 harboring the Ser23Ala mutation (Fig. 1C). Homolo-
gous recombination events were verified by Southern blot anal-
ysis of EcoRI-digested genomic DNAs with a fragment from
p53 intron 1 (Fig. 1A, probe A). This probe detected a 14-kbp
wild-type, germ line fragment and a 6-kbp fragment from the
targeted allele and the AY mutant allele (Fig. 1C and E). The
LoxP-flanked PGK-neor gene was deleted from the mutant ES
cells through transient expression of the Cre enzyme as previ-
ously described (7, 8). The deletion event was screened by PCR
with primers indicated in Fig. 1C and confirmed by Southern
blot analysis with HindIII digestion and hybridization to probe
B (Fig. 1E). ES cells with the PGK-neor gene deleted are
denoted as p53S23A ES cells. p53 genomic DNA and cDNA
from p53S23A ES cells were sequenced to confirm that the only
p53 transcript present in these cells contained the Ser23Ala
mutation without any accompanying mutations.

Phosphorylation of mouse p53 at Ser23 after DNA damage.
Phosphorylation of Ser20 of human p53 is induced in human
cell lines exposed to UV light or IR treatment (10, 36, 37).
Therefore, we analyzed whether murine p53 can be phosphor-
ylated at Ser23, which is equivalent to Ser20 of human p53,
after UV or IR treatment. The irradiated and untreated con-
trols were cultured with proteosome inhibitor ALLN for 4 h
before harvest to ensure that samples of all time points had
similar amounts of p53 protein. Using an antibody specific for
murine p53 phosphorylated at Ser23, we found that murine
p53 was phosphorylated at Ser23 after the exposure of the ES
cells to UV radiation or IR similarly to its human counterpart
(Fig. 2).

Derivation of mutant MEFs by complementation of Hprt-
deficient blastocysts. To derive MEFs from ES cells without a
selectable marker, we developed a novel genetic approach
denoted as Hprt-deficient blastocyst complementation (see
Materials and Methods). ES cells without a selection marker
were injected into blastocysts recovered from Hprt�/� mice,
which were derived from Hprt-deficient ES cells (5). The in-
jected blastocysts then were implanted into pseudopregnant
females. At embryonic day 14, MEFs were recovered from the
embryos and cultured under the selection of HAT (0.016 mg of
hypoxanthine/ml, 0.01 mM aminopterin, 0.0048 mg of thymi-

dine/ml). Because MEFs derived from Hprt-deficient blasto-
cysts cannot survive in HAT-containing media, after two or
three passages, essentially all surviving MEFs are derived from
the Hprt-proficient ES cells. Using Hprt-deficient blastocyst
complementation, we were able to routinely obtain pure pop-
ulations of MEFs at passage 3 or 4 from AY and p53S23A ES
cells as confirmed by Southern blot analysis of genomic DNA
derived from these MEFs (Fig. 3). In addition to deriving
MEFs from ES cells without a selectable marker, Hprt-defi-
cient blastocyst complementation should be useful for obtain-
ing any other primary cell types that can be selected in HAT
medium.

p53-mediated responses to DNA damage in p53S23A MEFs.
p53 protein levels are significantly but transiently increased in
MEFs following exposure to DNA damage-inducing agents.
The activation of p53 subsequently induces the expression of a
number of genes, including p21CIP/WAF1. Employing Hprt-de-
ficient blastocyst complementation, we derived MEFs from
AY and p53S23A ES cells and examined the DNA damage
responses produced by exposure to IR or UV in these MEFs.
p53 protein levels at different times following exposure to UV
light or IR were evaluated by Western blot analyses of whole-
cell extracts from p53�/�, AY, and p53S23A MEFs. As ex-
pected, no p53 protein was present before or after DNA dam-
age in p53�/� MEFs (Fig. 4A); however, p53 protein levels
increased dramatically and similarly after UV (Fig. 4A) or IR
(Fig. 4B) treatment in both AY and p53S23A MEFs, indicating
that phosphorylation of mouse p53 at Ser23 does not signifi-
cantly affect p53 stability after DNA damage. To test whether
p53 activity was normal in p53S23A MEFs after exposure to
DNA damage, we also analyzed p21CIP/WAF1 and Mdm2 pro-
tein levels. Expression of both proteins are activated in a p53-
dependent manner after UV radiation. The kinetics and extent
of p21 and Mdm2 induction after UV radiation was similar
between AY and p53S23A MEFs, indicating that p53 is acti-
vated as a transcription factor in a normal manner after DNA
damage in p53S23A MEFs (Fig. 4C and D). Since previous
publications suggested that phosphorylation of human p53 at
Ser20 could stablize p53 through disruption of the p53-MdM2
interaction (10, 39, 41), we tested the p53-Mdm2 interaction
with or without DNA damage in p53S23A and control MEFs by

FIG. 2. Phosphorylation of murine p53 at Ser23 in ES cells at
various times after IR treatment (5 Gy) or UV treatment (60 J/m2).
Irradiated and untreated cells were treated with the proteosome in-
hibitor ALLN for 4 h before harvesting so that samples of all time
points would have similar levels of p53 protein. Cell extracts from
irradiated cells and untreated controls (0 h) were analyzed by Western
blotting with antibodies specific for p53 or p53 phosphorylated at
Ser23 (p53-S23p) as described previously (8, 33). The time after irra-
diation (in hours) is indicated at the top.

FIG. 3. Generation of AY and p53S23A MEFs by Hprt-deficient
blastocyst complementation. Southern blot analysis of genomic DNA
from passage 3 MEFs derived from embryos generated by injection of
AY or p53S23A ES cells into Hprt-deficient blastocysts. Genomic DNA
was digested with EcoRI and hybridized with probe A (see Fig. 1).
Lane 1, wild-type MEFs; lane 2, AY MEFs; lane 3, p53S23A MEFs.
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immunoprecipitation and Western blot analysis. Similar ratios
of Mdm2 versus p53 were observed in the p53 immunoprecipi-
tates from p53S23A and control MEFs at various time points
after UV radiation, indicating that phosphorylation of mouse
p53 at Ser23 does not significantly affect the p53-Mdm2 inter-
action in MEF cells (Fig. 4E).

p53 induction and p53-dependent apoptosis in p53S23A ES
cells after UV radiation. Murine ES cells undergo a typical
induction of p53 accumulation following exposure to UV light
(8, 13, 34). To confirm that the induction of p53 accumulation
was normal in p53S23A ES cells after DNA damage, we ana-
lyzed p53 levels in AY and p53S23A ES cells by Western blot
analysis at different times after exposure to UV light. Consis-
tent with the findings in MEFs, p53 accumulated at similar
rates and to similar levels in both AY and p53S23A ES cells
(Fig. 5A and B).

ES cells also undergo p53-dependent apoptosis after UV
radiation. To determine if the Ser23Ala mutation affected the
ability of p53 to activate apoptosis, we analyzed p53�/�, AY,
and p53S23A ES cells for Annexin V expression, which is a
sensitive indicator of apoptosis, after treatment with UV light.
Consistent with previous findings that UV-induced apoptosis
in ES cells is p53 dependent, little apoptosis was observed in
p53�/� ES cells exposed to UV light at a dosage of 10 to 30
J/m2 (Fig. 5B and C). In contrast, exposure of AY and p53S23A

ES cells resulted in strong staining with Annexin V as deter-
mine by flow cytometry; at all UV dosages tested, little if any
difference in the extent of apoptosis between the two cell lines
was observed (Fig. 5B and C). Therefore, phosphorylation of
mouse p53 at Ser23 is not required either for stabilizing or
activating p53 in response to DNA damage induced by UV
radiation.

p53 induction and p53-dependent apoptosis in p53S23A thy-
mocytes after IR. Mouse thymocytes undergo p53-dependent
apoptosis after IR (12, 27). To further confirm the absence of
an effect of p53Ser23Ala mutation on p53 stability and activity,
we also examined p53 accumulation and p53-dependent apo-
ptosis in mouse thymocytes derived from AY and p53S23A ES
cells. Mouse thymocytes were derived from AY and p53S23A

ES cells by RAG2-deficient blastocyst complementation as
previously described (8). Because thymocyte development is
blocked at the CD4�CD8� stage in RAG2-deficient mice, all
CD4�CD8� double-positive and CD4� or CD8� single-posi-
tive thymocytes in the chimeric mice, which together constitute
more than 90% of thymus cellularity, were derived from the
injected ES cells (Fig. 6A). To test the IR-induced apoptotic
responses in mouse thymocytes, thymocytes recovered from
p53�/� mice as well as AY-RAG2�/� and p53S23A-RAG2�/�

chimeric mice were treated with increasing dosages of IR and
analyzed for apoptotic cells by Annexin V staining 10 h later.
Because CD4�CD8� thymocytes are the ones undergoing p53-
dependent apoptosis after IR (14, 27) and to prevent contam-
ination by CD4�CD8� thymocytes derived from the RAG2�/�

blastocysts, we analyzed only CD4� thymocytes. As expected,
p53�/� thymocytes showed little IR-induced apoptosis (Fig.
6B). The overlap of the error bars for the percentage of apo-
ptotic cells in AY and p53S23A thymocytes indicated that IR-
induced p53-dependent apoptosis is similar in p53S23A thymo-
cytes and AY thymocytes (Fig. 6B). Consistent with these
findings, the kinetics and extent of p53 induction in p53S23A

thymocytes were very similar to those in AY thymocytes. To-
gether, these findings indicated that phosphorylation of mouse
p53 at Ser23 plays no significant role in p53 stability or activity
in mouse thymocytes after IR.

p53�/� mice mainly develop thymic lymphomas and sarco-
mas by 6 months of age (15, 23). Therefore, we examined the
chimeric mice for sarcomas and analyzed thymocytes derived
from eight 6- to 8-month-old p53S23A-RAG2�/� chimeric
mice. No tumors could be identified in these chimeric mice,
suggesting that p53 tumor suppression activity is not signifi-
cantly affected in p53S23A cells.

DISCUSSION

Human p53 is phosphorylated at several N-terminal serines,
including Ser20, following DNA damage, and murine p53 is

FIG. 4. Induction of p53 and p21 in AY and p53S23A MEFs after
DNA damage. Cell extracts were prepared from AY and p53S23A MEFs
at the times indicated and analyzed for p53 expression by Western
immunoblot analysis after exposure to 60 J of UV light/m2 (A) or 10
Gy of IR (B). The times after treatment (in hours) and genotypes are
labeled at the top of the lanes. p53 and actin are indicated on the right.
Shown is the induction of p21 (C) and Mdm2 (D) proteins in AY and
p53S23A MEFs after 60- and 30-J/m2 UV treatment, respectively. The
genotype and time points are indicated on top. p21, Mdm2, and actin
are indicated on the right. (E) Immunoprecipitation and Western blot
analysis of the p53-Mdm2 interaction in AY and p53S23A MEFs with or
without UV radiation (30 J/m2). The genotypes and time points after
radiation are labeled on top. p53 and Mdm2 are indicated on the right.
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similarly phosphorylated at an equivalent residue (2). Several
biochemical studies utilizing purified glutathione S-transferase
(GST)–p53 fusion protein or in vivo studies employing tran-
sient transfection of wild-type or mutant p53 into cell lines
have concluded that the phosphorylation of human p53 at
Ser20 is important for p53 stabilization after DNA damage
through disruption of the p53-MDM2 interaction (10, 39, 41).
In addition, Ser20 phosphorylation has been shown to affect
the apoptotic activity of the p53 protein and is correlated with
the induction of p21 and MDM2 after DNA damage in human
tumor cell lines (22, 42). However, another study showed no
such effect by expression of p53 lacking all N-terminal phos-
phorylation sites in human tumor cell lines through transient
transfection (3). It is known that high levels of the p53 protein
may dictate the apoptotic response of the cell (33); therefore,
one possible explanation for these different results is that dif-
ferent expression levels of the transfected proteins are present
in the cells. In addition, two reports provided biochemical
evidence suggesting that phosphorylation of human p53 Ser20
did not directly interrupt p53-MDM2 interaction (22, 36). To
elucidate the physiological importance of phosphorylation of
p53 at Ser23 in p53 responses to DNA damage, we introduced
a missense mutation (Ser23 to Ala) into the endogenous p53
gene of mouse embryonic stem cells through homologous re-

combination and LoxP/Cre-mediated deletion. These mutant
cells express a p53 from their endogenous gene that cannot be
phosphorylated at Ser23. Extensive analysis of the p53 re-
sponses to DNA damage in the mutant ES cells and other
primary cells derived from them, including MEFs and thymo-
cytes, showed no apparent defects in p53 stabilization or ac-
tivity. Therefore, we conclude that phosphorylation of murine
p53 at Ser23 is not required for these classical p53-dependent
responses to DNA damage. The possibility that Ser23 phos-
phorylation is required for more subtle DNA damage re-
sponses or for p53 responses to other forms of stress will await
the derivation of knock-in mice that harbor this mutation.

The apparent discrepancy between our conclusion and those
from previous publications could be explained by several pos-
sibilities. First, it is possible that the roles of p53 phosphory-
lation in regulating p53 stability and activity are different be-
tween mice and humans. Several lines of evidence argue
against this possibility, however. The N-terminal amino acid
sequences of human and mouse p53 are highly conserved with
residues Pro13 to Pro27 (human numbering) being identical.
The patterns of N-terminal phosphorylation after DNA dam-
age as well as signaling pathways involved also are highly con-
served. Furthermore, knock-in mice in which the mouse p53
gene was largely replaced with the human p53 sequence have

FIG. 5. Induction of apoptosis in p53�/�, AY, and p53S23A ES cells after UV treatment. (A) p53 protein levels in AY and p53S23A ES cells at
different times after UV treatment. Time after treatment is indicated at the top, genotypes are indicated on the left, and p53 and actin are indicated
on the right. (B) Flow cytometric analysis of AY, p53�/�, and p53S23A ES cells harvested 16 h after exposure to 30 J of UV light/m2. Cell number
is plotted as a function of the intensity of staining for Annexin V. Cells staining positive for Annexin V are apoptotic. The percentages of
nonapoptotic cells are shown. (C) The percentage ratio of nonapoptotic cells in irradiated AY, p53�/�, and p53S23A ES cells relative to
nonapoptotic cells in unirradiated controls 16 h after exposure to 10, 20, or 30 J of UV light/m2. Mean values from four independent experiments
are presented with error bars. Percentages (y axis) were determined as follows: (no. of nonapoptotic cells in irradiated ES cells/no. of nonapoptotic
cells in untreated control) � 100%.
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normal p53 responses to DNA damage and p53 tumor sup-
pression activity (28). Therefore, the DNA damage-activated
signaling pathways leading to p53 activation must be conserved
between humans and the mouse. In support of this notion,
phosphorylation of human p53 at Ser15 and at the murine p53
equivalent site (Ser18) is required for efficient p53 responses to
DNA damage (7, 16). Second, phosphorylation of mouse p53

at Ser23 and at other sites may serve redundant functions in
regulating p53 stability and activity. Therefore, in the absence
of Ser23 phosphorylation, perhaps other p53 phosphorylation
events activate p53 responses to the normal level. In this con-
text, several phosphorylation events, including phosphoryla-
tion of human p53 at Ser15 and Thr18, also have been shown
to activate p53 activity and cause disruption of the p53-MDM2

FIG. 6. Induction of p53 and apoptosis in p53�/�, AY, and p53S23A mouse thymocytes after IR. (A) Mouse thymocytes were recovered from
AY-RAG2�/� and p53S23A-RAG2�/� chimeric mice, stained for CD4 and CD8, and analyzed by flow cytometry. Cells residing in the lymphocyte
gate were analyzed, and the percentages of total cells in a particular gate are indicated. (B) The percentage ratio of nonapoptotic CD4� thymocytes
in AY, p53�/�, and p53S23A thymocytes treated with 2.5, 5, 10, 15, and 20 Gy of IR to the nonapoptotic CD4� thymocytes from untreated controls.
Mean values from four independent experiments are presented with error bars. (C) p53 protein levels in AY and p53S23A thymocytes at different
times after IR treatment were determined by Western blot analysis. Time after treatment and genotypes are indicated at the top; p53 and actin
are indicated on the right.
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interaction (14, 36, 38). Nevertheless, this scenario would re-
quire that when the previous studies of p53-MDM2 interac-
tions were performed, the hypothesized redundant pathways
were not operative, thus revealing the importance of Ser20
phosphorylation. Third, most previous in vivo assay systems
involved overexpression of various mutant p53s in tumor cell
lines. It is possible that certain signaling pathways leading to
p53 phosphorylation at other N-terminal sites are defective in
these tumor cells, contributing to the more apparent require-
ment of p53 phosphorylation at Ser20 in p53 stabilization after
DNA damage or that overexpression of p53 somehow en-
hances an effect of Ser20 phosphorylation on p53 stability.

Phosphorylation of human p53 at Ser20 after DNA damage
is believed to be mediated by the Chk1 and Chk2 protein
kinases, which are activated in response to DNA damage by
ATM family kinases (1, 29, 31). Chk2�/� mouse thymocytes do
not accumulate p53 protein after IR treatment, consistent with
the notion that Chk2-dependent phosphorylation of p53 at
Ser20 might be involved in p53 stabilization after DNA dam-
age (19). Our findings that p53 stabilization and activity are
normal in p53S23A thymocytes after IR do not argue against the
notion that Chk2-dependent pathways are required for p53
stabilization in mouse thymocytes after IR. However, our find-
ings indicated that Chk2 functions to activate p53 through
pathways that are independent of Ser23 phosphorylation.

Hprt-deficient blastocyst complementation. The knock-in
ES cell technology, which allows the introduction of subtle
mutations into the endogenous genes in mice so that the mu-
tant gene is expressed under the control of its own promoter
and regulatory elements, has become a powerful tool for in-
vestigating gene functions. Because the PGK-neor gene, which
is uniformly used as the selection marker for ES cell transfec-
tants, can affect chromatin remodeling and thus transcription
through the locus, it is necessary to excise it from the genome
after homologous recombination to allow expression of the
mutant gene under physiological control (17). Therefore, the
mutant ES cells with the knock-in mutation will not have a
selection marker. While mice with germ line transmission of
the mutant gene can be generated to study its effects, often it
is worthwhile to first assay for effects by using chimeric mice
generated from the ES cells. This approach is particularly
useful when the mutation leads to embryonic lethality in germ
line-transmitted mice. While RAG2-deficient blastocyst
complementation can be employed to derive lymphocytes from
mutant knock-in mutant ES cells, the derivation of other pri-
mary cells from chimeric mice with the mutant ES cells is
difficult because the mutant ES cells do not have a selection
marker to distinguish them from blastocyst-derived cells. The
Hprt-deficient blastocyst complementation method we de-
scribed here can solve this problem, and it enabled us to effi-
ciently select for primary embryonic fibroblasts derived from
mutant ES cells. This approach potentially can be used to
derive any other type of primary cells that can be grown in a
cell culture system.
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