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Introduction 

p53 acts as the guardian of genome. Following DNA damage, p53 protein level is 

increased and its activity induced, leading to cell-cycle Gi arrest or apoptosis depending 

on cell type (Ko and prives, 1996). Our research is focused on two aspects of p53 

biology: (1) Elucidation of signaling pathways activating p53 following DNA damage; 

(2) Understanding the importance of p53 transcriptional activity in p53-dependent 

apoptosis and tumor suppression. Employing homologous recombination technique and 

LoxP-Cre-mediated deletion, we are introducing various mutations of the 

phosphorylation sites of p53 or p53 transcriptional activation domain into the endogenous 

p53 genomic loci of ES cells. These mutant ES cells and other cell types derived from 

them, such as thymocytes, will be assayed for the p53 responses to various DNA 

damages and other cellular stresses. In addition, these mutations will be introduced into 

mouse germline to test the importance of these phosphorylation sites and transcriptional 

activity in p53-dependent tumor suppression. 

Body of research. 

During the past year, we have made significant progress in the proposed research. 

Aim 1: We have introduced missense mutations at three phosphorylation sites of p53. 

Since the phosphorylation of p53 by JNK and MAP kinases might have overlapping 



functions in regulating p53 responses to DNA damage, to avoid potential functional 

redundancy of phosphorylation of p53 at Ser34 (corresponding to Ser33 of human p53) 

by JNK and Thr73/83 by MAP kinases, we initially introduced mutations at all three 

phosphorylation sites into the endogenous mouse p53 gene of ES cell so that nucleotides 

encoding Ser34/Thr73/Thr83 are all changed to those encoding Ala. Ser34, Thr73 and 

Thr83 are all encoded by exon 4 of the mouse p53 gene (Bienz et al., 1984). Site-directed 

mutagenesis was used to introduce the missense mutations into the cloned p53 genomic 

DNA containing exon 4 so that nucleotides encoding Ser34, Thr73 and Thr83 were 

changed to nucleotides encoding Ala. The p53 genomic DNA with the mutated exon 4 

was used to construct the knock-in construct by inserting the LoxP-flanked PGK-neor 

gene into unique Sail site within intron 4 (Fig. 1 in Methods of original grant proposal). 

Homologous recombination between the targeting construct and endogenous loci 

replaced the germline exon 4 with the exon 4 harboring three Ser/Thr to Ala mutations. 

Homologous recombination event was screened by Southern blot with EcoR I digestion 

and hybridization with probe A, which revealed a 14 kb germline fragment from wild- 

type allele and a 6.5 kb fragment from homologous recombinants (Fig. 1A, B, C; Fig. 

PIA). To generate homozygous mutant ES cells, heterozygous mutant ES cells were 

cultured under increasing concentrations of G418 as described (Xu et al., 1996). ES cell 

colonies surviving 4.8 mg/ml G418 selection were expanded and screened by Southern 



blotting (Fig. PIA). Since the PGK-neor gene could suppress transcription through the 

mutant allele, the PGK-neor gene from both alleles of the homozygous mutant ES cells 

have been deleted by transient transfection of 20 ug of a circular plasmid that drives the 

expression of the Cre enzyme into the PGK-neor-inserted homozygous mutant ES cells as 

described (Xu et al., 1996). Transfectants were plated and cultured in normal ES medium. 

Surviving ES cell colonies were screened for the cre-mediated deletion by PCR using the 

primers indicated in Fig. 1C. Positive ES cells identified by PCR were subcloned and 

subsequently confirmed by Southern blotting after BamH I digestion and hybridization 

with probe B, which reveals a 5.6 kb germline fragment, a 4.8 kb PGK-neor-inserted 

fragment, or a 5.7 kb PGK-neor-deleted fragment (Fig. ID, Fig. P1B). We analyzed the 

p53 mRNA and genomic DNA derived from the homozygous mutant ES cells to confirm 

that the mutant ES cells express a p53 with the Ser34Ala, Thr73Ala and Thr83Ala 

mutations but no other mutations. These mutant ES cells are denoted p53TM. Since it has 

been suggested that phosphorylation of mouse p53 at Ser34 occurs after DNA damage 

induced by UV and might be involved in the p53 responses to UV radiation (Milne et al., 

1995). We tested the effects of these mutations on the p53 responses to various DNA 

damages as described in Research Design. Our analysis indicated that the p53TM ES 

cells undergo normal p53 induction as well as p53-dependent apoptosis following UV 

treatment (Fig. PIC, PID). Therefore, UV-induced phosphorylation at Ser34 is not 
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Figure PI: (A) and (B) Introduction of missense mutations (Ser34Thr73/83Ala) into the endogenous p53 gene of ES cells. 
(A) Southern blotting analysis of genomic DNA derived from wild-type (lane 1), heterozygous mutant with the PGK-neor 
gene inserted (lane 2), homozygous mutant with the PGK-neor gene inserted (lanes 3 and 4). (B) Southern blot 
analysis of genomic DNA derived from wild-type (lane 1), homozygous mutant with the PGK-neor gene inserted 
(lane 2) and homozygous mutant with the PGK-neorgene deleted (lanes 3, 4). (C) p53 protein levels at different time points 
after UV radiation in wild-type. Genotypes of ES cells are indicated on the left and p53/actin indicated to the right. (D) 
Induction of p53-dependent apoptosis in wild-type, p53TM and p53-/- ES cells after UV radiation. The ratio of 
non-apoptotic cells in irradiated wild-type, p53TM and p53-/- ES cells relative to non-apoptotic cells in untreated controls. 
The mean value from three independent experiments are presented with error bars. (E) Cellular proliferation of 
wild-type and p53TM differentiated ES cells. (F) Cellular proliferation of wild-type and p53TM MEFs. Consistent data 
were obtianed from three independent experiments. 



required for p53-dependent apoptosis following UV radiation. The mutant p53TM ES 

cells were also differentiated with retinoid acid as described (Cha et al., 2000). 

Interestingly, these mutant differentiated ES cells showed defective cellular proliferation, 

suggesting that these phosphorylation events might play roles in regulating p53 stability 

and activity during cell-cycle progression or during cellular differentiation process (Fig. 

PIE). We are investigating the basis of the proliferating defects in the mutant cells as 

described in the Research Design. In addition, we have generated mutant mice harboring 

either Ser34Ala or Thr73/83Ala mutations in their p53 genes to identify which 

mutation(s) is responsible for this cellular proliferation defect. 

(2) To determine the roles of phosphorylation of mouse p53 at Serl8 in the p53 responses 

to DNA damage. Last progress report described some data to study the roles of 

phosphorylation of Serl8 by ATM family kinases in p53 responses to DNA damage, 

indicating that phosphorylation of murine p53 at Serl8 was required for a full p53- 

mediated responses to DNA damage induced by both IR and UV radiation. In addition, 

we showed that efficient acetylation of p53 at C-terminus following DNA damage did not 

require phosphorylation of murine p53 at Serl8 (Chao et al, 2000; paper appended). In 

order to determine the effects of Serl8A mutation on the p53 responses to DNA damage 

in other primary cell types as well as p53 tumor suppression activity, this mutation has 

been introduced into mouse germline during the past year. Primary cells such as 

embryonic fibroblasts and thymocytes are being derived from homozygous mutant mice 



and analyzed for their p53 responses to DNA damage. More importantly, these mutant 

mice will be monitored for tumorigenesis and compared with that in wild-type and p53-/- 

mice to correlate the effect of the Serl8Ala mutation on p53 responses to DNA damage 

with that on p53-dependent tumor suppression activity. 

(3) We are in the process of introducing Ser/Thr to Ala mutations at other p53 

phosphorylation sites, including Ser389, Ser312, Ser376/378 as described in the grant 

proposal. These targeting vectors to introduce these mutations have been generated. 

Aim 2: p53-mediated transcription activity is essential for cell cycle arrest, but its 

importance for apoptosis has been controversial. To address this question, we employed 

homologous recombination and LoxP/Cre-mediated deletion to produce homozygous 

mutant ES cells that express p53 with Gin and Ser in place of Leu25 and Trp26 

(corresponding to Leu22 and Trp23 of human p53), respectively. Previous progress 

report has described that p53Gln25Ser26 was stable but not induced after DNA damage due 

to the lack of MdM2 in these cells. Analysis of the expression of a number of p53 target 

genes indicates that p53Gln25Ser26 js completely defective in p53 transcriptional activity. 

Here we show that, after DNA damage by UV radiation, p53Gln25Ser26 was 

phosphorylated at ser 18 but was not acetylated at C-terminal sites, and its DNA binding 

activity did not increase, further supporting a role for p53 acetylation in the activation of 



sequence specific DNA-binding activity (Fig. P2). Together with our findings in section 1 

of Preliminary Data, our results indicate that phosphorylation of mouse p53 at Serl8 

(corresponding to Serl5 of human p53) is neither necessary nor sufficient to activate p53 

acetylation at C-terminal. 
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Figure P2: (A) Phosphorylation of p53 at serl5 in wild-type and p53gln25ser26 ES cells 2 and 4 hours 

following UV irradiation. The genotypes are labeled on the top and the phosphorylated as well as total p53 

are indicated with arrowheads. (B) Acetylation of p53 at mouse Lys317 and Lys 383 (corresponding to 
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human Lys 320 and 386) in wild-type and P53gln25ser26 ES cells 18 and 24 hours following UV 

irradiation. The genotypes are labeled on the top and acetylated or total p53 indicated with arrowheads. 

To determine whether p53Gln25Ser26 js impaired in p53-dependent tumor suppression, we 

have introduced the Gln25Ser26 mutation into mouse germline during the past year so 

that we can monitor the tumorigenesis in p53Gln25Ser26 mice. If p53Gln25Ser26 mice 

develop tumors at the same frequency and onset as p53-/- mice, this will indicate that 

transcriptional activity of p53 is essential for p53-dependent tumor suppression. 

Key research accomplishment 

1. Completed the analysis of the p53 responses to DNA damage in p53Serl8Ala ES 

cells and other primary cells derived from them and published the paper describing 

these findings. 

2. Introduced the p53serl8Ala, p53Gln25Ser26 and p53Thr73/83Ala mutations into 

mouse germline, and started analysis of p53 responses to DNA damage in various 

primary cells derived from them. 

3. Constructed mutant ES cells harboring p53Ser34Thr73/83Ala mutation and analyzed 

the effects of these mutations on the p53 activities. 

4. Initiated construction of other mutant ES cells harboring p53Ser312Ala, 

p53Ser376/378Ala and p53389Ala mutations. 

11 



5.   Reportable outcome 

Publication: 

Chao, C, Saito, S., Anderson, C.W., Appella, E. and Xu, Y. (2000). Phosphorylation of 

Murine p53 at Serl8 regulates the p53 Responses to DNA Damage. Proc. Natl. Acad. 

Sei. USA 97, 11936-11941. 

Presentations: 

1. 2001 Gordon Research Conference on Cancer. Newport, Rhode Island. July 29-August 

2001 

2. The 9th SCBA International Symposium on Frontiers on Biotechnology and 

Biomedical Sciences in the New Millennium. Taipei, Taiwan. August 5-10, 2001. 

3. Salk/EMBO meeting on Oncogenes and Growth Control, The Salk Institute, August 

18-22,2001. 

4. UCLA Cancer Center seminar Series, Los angeles, CA. Oct. 4, 2001, 2001. 

Cell lines: various mutants ES cells lines described in detailed in Body of Research. 

Conclusions: 

During the past year of research, we have introduced a number of Ser/Thr to Ala 

missense mutations into the phosphorylation sites of p53 and our analysis has indicated 

12 



that certain phosphorylation event of p53 is required for p53 response to DNA damage 

but some other phosphorylation event is not required. In addition, we have created a 

mouse model to study the importance of p53 transcriptional activity in p53-dependent 

apoptosis and tumor suppression. These mouse models will be valuable for us to dissect 

the signaling pathways activating p53 responses to DNA damage. The future work will 

be devoted to the analysis of p53 responses to DNA damage and tumorigenesis in these 

established mouse models. Additional phosphorylation site mutations will be introduced 

as described in the grant proposal. 
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Phosphorylation of murine p53 at Ser-18 regulates 
the p53 responses to DNA damage 
Connie Chao*, Shin'ichi Saitoh Carl W. Anderson*, Ettore Appellat, and Yang Xu*§ 

*Division of Biology and Cancer Center, University of California, San Diego, 9500 Gilman Drive, La Jolla, CA 92093-0322; tLaboratory of Cell Biology, 
National Cancer Institute, National Institutes of Health, Bethesda, MD 20892; and *Biology Department, Brookhaven National Laboratory, 
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Ser-15 of human p53 (corresponding to Ser-18 of mouse p53) is 
phosphorylated by ataxia-telangiectasia mutated (ATM) family 
kinases in response to ionizing radiation (IR) and UV light. To 
determine the effects of phosphorylation of endogenous murine 
p53 at Ser-18 on biological responses to DNA damage, we 
introduced a missense mutation (Ser-18 to Ala) by homologous 
recombination into both alleles of the endogenous p53 gene in 
mouse embryonic stem (ES) cells. Our analyses showed that 
phosphorylation of murine p53 at Ser-18 in response to IR or UV 
radiation was required for a full p53-mediated response to these 
DNA damage-inducing agents. In contrast, phosphorylation of 
p53 at Ser-18 was not required for ATM-dependent cellular 
resistance after exposure to IR. Additionally, efficient acetyla- 
tion of the C terminus of p53 in response to DNA damage did not 
require phosphorylation of murine p53 at Ser-18. 

Activation of the tumor suppressor protein p53 as a tran- 
scription factor in response to DNA damage is postulated 

to be a critical event in preventing cancer. In response to DNA 
damage or other cellular stresses, p53 protein levels and its 
activity as a transcription factor increase. The stabilization and 
activation of p53 results in the arrest of cell-cycle progression in 
late G] or in apoptosis in a manner that depends on cell type and 
the severity of cellular damage; however, our understanding of 
the mechanisms by which these responses occur is incomplete (1, 
2). Recent studies show that DNA damage-activated signaling 
pathways lead to the phosphorylation of p53 at both N- and 
C-terminal sites, and accumulating evidence suggests that p53 
phosphorylation plays an important role in regulating both the 
stability and activity of p53 (3). 

One event that is postulated to be critical for p53-mediated 
DNA damage responses is phosphorylation of serine 15 (Ser- 
15) in human p53 (4, 5). Ser-15 is an evolutionarily conserved 
residue, corresponding to Ser-18 in murine p53, that can be 
phosphorylated in vitro by several related protein kinases 
belonging to the ataxia-telangiectasia mutated (ATM) family 
(8); these include DNA-PK (6), ATR (7), and ATM itself 
(8-11). ATM is the product of a tumor suppressor gene that 
is mutated in the autosomally recessive human genetic disease 
ataxia-telangiectasia (A-T). A-T patients exhibit pleiotropic 
defects, including hypersensitivity to ionizing radiation (IR) 
and a high incidence of cancer (8). Cells derived from A-T 
patients, as well as those from ATM-deficient mice, exhibit 
delayed or reduced responses to IR, including defects in both 
S-phase and G2/M cell-cycle checkpoints (12, 13). Recent 
studies have shown that the rapid phosphorylation of human 
p53 at Ser-15 after IR-induced DNA damage requires the 
ATM protein kinase (9-11). Furthermore, cells lacking the 
ATM kinase are hypersensitive to IR (8). In contrast, ATM- 
deficient cells respond normally to DNA damage caused by 
exposure to UV light and to other physical and physiological 
stresses; however, Ser-15 may be phosphorylated by another 
ATM family member, ATR, in response to UV treatment (7). 
These findings suggest that Ser-15 phosphorylation may be a 
master regulator of p53's responses to DNA damage. 

Although the delayed and reduced phosphorylation of human 
p53 at Ser-15 in ATM-deficient cells exposed to IR is correlated 
with a reduced accumulation of p53 and suggests that phosphor- 
ylation of Ser-15 is responsible, at least in part, for p53 stabili- 
zation (9-11), the roles of Ser-15 phosphorylation in p53- 
mediated responses to DNA damage have remained 
controversial. Although one study reported that phosphoryla- 
tion of p53 at Ser-15 disrupted its interactions with Mdm2, which 
would stabilize p53 (4), others have presented contrary evidence 
and argue instead that Ser-15 phosphorylation is required for the 
acetylation of p53 at C-terminal Lys residues (14, 15). Acetyla- 
tion is believed to activate the sequence-specific DNA binding 
ability of p53, a step that is necessary for most, if not all, p53 
responses. Yet others argue that phosphorylation of Ser-20 is 
critical for inhibiting Mdm2-mediated degradation of p53 (16, 
17). Ser-20 of human p53 recently was shown to be phosphor- 
ylated by Chkl and Chk2 (18, 19), which are activated by ATM 
and required for p53 stabilization after IR (19-21). Therefore, 
phosphorylation of p53 at Ser-20 through this indirect ATM- 
dependent pathway also may contribute to ATM-dependent p53 
stabilization. 

To address the importance of Ser-15 phosphorylation for 
these processes in a physiological context, we used genetic 
approaches to introduce a missense mutation into the endoge- 
nous p53 gene of mouse embryonic stem (ES) cells that changes 
Ser-18 of mouse p53 to alanine, a residue that cannot be 
phosphorylated. Analysis of the mutant murine ES cells before 
and after differentiation indicated that phosphorylation of 
mouse p53 at Ser-18 is required for a full p53-mediated response 
induced by exposure to either IR or U V light. Thus, our findings 
support a role for Ser-18 phosphorylation in p53 stabilization 
after DNA damage; however, we also show that this phosphor- 
ylation is not required for ATM-dependent cellular sensitivity to 
IR nor for acetylation at the two C-terminal sites after DNA 
damage. 

Materials and Methods 

Construction of the Targeting Vector. Ser-18 of p53 is encoded 
within exon 2 of the mouse p53 gene (ref. 22; and Fig. L4). A 
mouse p53 genomic DNA fragment containing exon 2 was 
isolated, and the nucleotides encoding Ser-18 were changed to 
encode Ala by site-directed mutagenesis using a kit (Stratagene). 
The mutated p53 genomic segment was used to construct a 
targeting vector by inserting the phosphoglycerol kinase (PGK)- 
neomycin resistance gene (PGK-neor gene) flanked by two LoxP 

This paper was submitted directly (Track II) to the PNAS office. 

Abbreviations: IR, ionizing radiation; ES, embryonic stem; PGK, phosphoglycerol kinase; 
ATM, ataxia-telangiectasia mutated. 
§To whom reprint requests should be addressed. E-mail: yangxu@ucsd.edu. 

The publication costs of this article were defrayed in part by page charge payment. This 
article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. 
§1734 solely to indicate this fact. 

Article published online before print: Proc. Natl. Acad. Sei. USA, 10.1073/pnas.220252297. 
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Fig 1 Introduction of a missense mutation into the endogenous p53 gene of ES cells to change Ser-18 to Ala. (A) The mouse germ-line p53 locus. Blank boxes 
represent the p53 exons and two filled bars represent the probes for Southern blot analysis of the mutant/deleted allele. The germ-line 14-kb fcoRI fragment 
and 5 6-kb ßamHI fragment are indicated, (ß) Mutant p53 allele with the PGK-neo' segment deleted. The size of the PGK-neo'-deleted mutant BamHI fragment 
and the positions of PCR primers (arrows) flanking the remaining LoxP site are indicated. (0 Southern blotting analysis of the genomic DNA derived from 
wild-type (lane 1) heterozygous mutant (with the PGK-neo' segment inserted; lane 2), and homozygous mutant (with the PGK-neo' segment inserted; lanes 3 
and 4) ES cells Genomic DNA was digested with FcoRI and hybridized with probe A. The positions of restriction fragments from the germ-line and mutant alleles 
are indicated with arrowheads. (D) Southern blotting analysis of genomic DNA derived from wild-type (lane 1), heterozygous mutant (with the PGK-neor segment 
inserted- lane 2) homozygous mutant (with the PGK-neo' segment inserted; lane 3), and p53MND ES cells (Ianes4 and 5). Genomic DNA was digested with ßamHI 
and hybridized with probe B. The positions of the BamHI fragments derived from the wild-type/PGK-neo'-deleted mutant allele and the PGK-neo'-mserted 
mutant allele are indicated. (5) Western blotting analysis of the constitutive p53 protein level in wild-type and p53MND ES cells. To ensure that equal amounts 
of protein were loaded, the blot was stripped and probed with anti-actin antibody. Lanes are labeled on the top; the primary antisera used (p53 or actin) is 

indicated at the right. 

sites into a unique Sail site in intron 4, and the thymidine kinase 
gene was inserted at one end of the p53 genomic DNA to allow 
negative selection of randomly integrated inserts. An EcoRI site 
also was introduced into intron 1 by site-directed mutagenesis as 
an aid to determine that the wild-type exon had been replaced 
(Fig. Iß). 

Generation of Heterozygous, Homozygous, and p53MND Mutant ES 
Cells. The targeting construct was linearized with Xbal and 
electroporated into 20 X 106 J-l ES cells as described (13). 
Transfectants were selected with G418 (0.3 mg/ml) and gancy- 
clovir (1 juM). Homologous recombination events were con- 
firmed by Southern blotting with probe A after EcoRI digestion, 
which gives a 14-kb germ-line band and a 6.5-kb mutant band 
(Fig. 1 A and B). To generate homozygous mutant ES cells, 
heterozygous mutant ES cells were cultured under the selection 
of increasing concentrations of G418 as described (13). ES cell 
colonies surviving 4.8 mg/ml G418 were expanded and screened 
for homozygous mutants by the Southern blot method. To delete 
the PGK-neo1 gene from both alleles of the homozygous mutant 
ES cells, 20 /xg of a circular plasmid that drives expression of the 
Cre enzyme was transiently transfected into the PGK-neor- 
inserted homozygous mutant ES cells as described (23). Trans- 
fectants were plated at a density of 500-1,000 colonies per 6-cm 
plate, and ES cell colonies were screened for the Cre-mediated 
deletion by PCR with primers indicated in Fig. LB. Positive ES 
cells identified by PCR were subcloned and subsequently con- 
firmed by Southern blotting after digestion with BamHI and 
hybridization to probe B, which revealed a 5.6-kbp germ-line 
band, a 4.8-kbp PGK-neor-inserted band, or a 5.7-kbp PGK- 
neo'-deleted band. 

Culture and Treatment of ES Cells and Differentiated ES Cells. Before 
irradiation treatment, ES cells were cultured without a feeder 
layer in DMEM supplemented with 15% FCS, glutamine, non- 
essential amino acids, antibiotics, 100 /J,M ß-mercaptoethanol, 
and recombinant lymphocyte inhibitory factor (LIF). ES cells 
were irradiated with 5,10, or 20 Gy y-ray or exposed to 30 or 60 
J/M2 UV radiation and harvested at various times after treat- 
ment. Differentiation of ES cells in vitro with retinoic acid was 
performed as described (24). Briefly, subconfluent ES cell 
culture were trypsinized, and individual ES cells were plated 
onto gelatinized 10-cm plates at a density of 2 million cells per 
plate in ES cell culture medium supplemented with 3 X 10"' M 
retinoic acid but without LIF and a feeder layer. Most cells in the 
culture were differentiated after 4-5 days of treatment with 
retinoic acid. 

Western Blot Analysis. Protein extract from 4 X 105 cells per 
sample was separated by 12% SDS/PAGE 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) or a polyclonal antibody 
against p21 (Santa Cruz Biotechnology). The filter subsequently 
was incubated with horseradish peroxide-conjugated secondary 
antibody, developed with enhanced chemiluminescence PLUS 
(ECL PLUS), scanned with a Storm system (Molecular Dynam- 
ics), and quantitated by using the IMAGEOUANT program (Mo- 
lecular Dynamics). The filter subsequently was exposed to x-ray 
film. To standardize the amount of protein in each lane, the filter 
was stripped and probed with a polyclonal antibody against actin 
(Santa Cruz Biotechnology), developed with ECL Plus, and 
quantitated as described above. 

Cell Cycle Analysis. Differentiated ES cells were irradiated with 20 
Gy y-irradiation. The p53-dependent cell-cycle Gi arrest after 
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irradiation was analyzed by staining with propidium iodide 
(Sigma) for DNA content and with anti-BrdUrd antibody 
(Southern Biotechnology Associates) for DNA synthesis as 
described (13). 

Clonogenic Survival and Proliferation Assay. Wild-type, p53MND, 
ATM_/", and p53~'~ ES cells were plated on mouse embryonic 
fibroblast feeder layers in 6-well plates at a density of 1 X 103 

cells/well. Twenty-four hours after plating, ES cells were ex- 
posed to different doses of y-irradiation. The irradiated cells 
were cultured with a change of medium every 2 days. Colonies 
were counted after 8 days of culture, and the ratio of the number 
of surviving colonies in the irradiated sample to those in the 
untreated control was calculated. Proliferative assays were per- 
formed essentially as described (13). Briefly, wild-type, 
p53MND, and p53_/~ differentiated ES cells were plated in 
35-mm plates at a density of 1 X 105 cells/plate. Three plates 
were trypsinized and counted each day afterward. 

Phosphorylation- and Acetylation-Specific Mouse p53 Antibodies. 
PAbSer(P)15 rabbit polyclonal antibody specific for mouse p53 
phosphorylated at Ser-18 (human Ser-15) has been described 
(25, 26). PAbLys(Ac)317 M and PAbLys(Ac)379 M antibodies 
specific for mouse p53 acetylated at Lys-317 or Lys-379 were 
prepared similarly. Rabbits were immunized with the mouse p53 
acetylated peptide Ac-310-322(317Ac)C [i.e., Ac-Ser-Ala-Ser- 
Pro-Pro-Gln-Lys-Lys(Ac)-Lys-Pro-Leu-Asp-Gly-Cys-NH?] or 
Ac-374-386(379Ac)C [i.e., Ac-Thr-Ser-Arg-His-Lys-Lys(Ac)- 
Thr-Met-Val-Lys-Lys-Val-Gly-Cys-NH2], and acetylation site- 
specific antibodies were affinity purified by use of the corre- 
sponding SulfoLinked acetylated peptides. The specificity of 
each antibody was confirmed by ELISA and immunoblot assays. 
The detection of acetylated p53 was performed as described 
(26). 

Results 

Construction of ES Cells with a Germ-Line Missense Mutation That 
Changes Ser-18 to Ala. To introduce a missense mutation into exon 
2 of the endogenous p53 gene of mouse ES cells that changed 
Ser-18 to alanine, nucleotides AGC encoding Ser-18 were 
changed to GCC encoding alanine. The mutated genomic DNA 
fragment then was used to construct a targeting vector (Fig. 1A 
and B). Homologous recombination between the endogenous 
p53 locus and the targeting vector led to the replacement of the 
germ-line exon 2 with the mutant exon 2 harboring the missense 
mutation (Ser-18 to Ala), and this event was confirmed by 
Southern blot analysis (Fig. 1C). Homozygous mutant (both 
alleles mutated) ES cells were generated by culturing the het- 
erozygous mutant ES cells in increasing concentrations of G418 
as described (21), and the result was confirmed by Southern 
blotting (Fig. 1C). The PGK-neor gene in the mutant p53 alleles 
can suppress expression of the mutant p53 allele (data not 
shown); therefore the PGK-neor gene was excised from the 
genome through transient expression of the Cre enzyme (23) 
(Fig. 1 B and D). Deletion of the PGK-neor gene from both 
alleles was confirmed by Southern blot analysis (Fig. \A,B, and 
D); we refer to these as p53 mutant-neor-deleted (p53MND) ES 
cells. That these cells expressed only p53 with Ala in place of 
Ser-18 was confirmed by sequence analysis of amplified exon 
segments and the p53 cDNA. In addition, analysis of p53 protein 
levels in p53MND and wild-type ES cells indicated that the 
missense mutation did not affect the basal expression level or 
stability of the p53 protein (Fig. IE). 

Phosphorylation of p53 at Ser-18 in ES Cells After DNA Damage. Ser-15 
of human p53 was shown to be phosphorylated in human cell lines 
after UV and IR treatment (4,9,10). Therefore, we tested whether 
murine p53 becomes phosphorylated at Ser-18, the equivalent site 

IR UV 

0   12   0   2   4(hrs) 

#* —       mm   p53-serl8p 

"'' WHfc 'Qk   ■' " 4P'^P p53 

Fig. 2. Phosphorylation of mouse p53 at Ser-18 in ES cells at various times 
after IR or UV treatment. ES cells were exposed to 5 Gy IR or 60 J/M2 UV light. 
Cell extracts from irradiated cells and untreated controls were analyzed by 
Western blotting with antibodies specific for p53 or p53 phosphorylated at 
Ser-18. The phosphorylated p53 (Top) and total p53 are indicated. Time after 
irradiation is indicated at the top of each lane. 

to Ser-15 in human p53, after damage induced by UV and IR 
treatment. Using an antibody specific for murine p53 phosphory- 
lated at Ser-18, our results indicated that Ser-18 becomes phos- 
phorylated in murine p53 in response to DNA damage, which is 
analogous to the behavior of human p53 (Fig. 2). 

Accumulation of p53 and p21 After DNA Damage Is Defective in 
p53MND Cells. Similar to other cell types such as mouse embry- 
onic fibroblasts, wild-type ES cells showed rapid, but transient, 
induction of p53 after IR with a 4- to 5-fold increase in protein 
levels 1 h after treatment (13, 27) (Fig. 3 A and B). p53 levels in 
mock-treated ES cells did not increase (data not shown). The p53 
induction in response to IR in ES cells also depends on ATM 
because there was a delayed and greatly reduced accumulation 
of p53 in response to IR in ATM"'- ES cells (13) (Fig. 3 A and 
B). Analysis of the kinetics and extent of p53 induction in 
p53MND ES cells indicated that there was essentially no induc- 
tion of the p53 protein levels 1 h post-IR (Fig. 3 A and B). In 
addition, the maximum accumulation of p53 in the p53MND ES 
cells after IR was only about half that seen in the wild-type ES 
cells (Fig. 3 A and B). A similar reduction in accumulation also 
was seen after exposure to 10 or 20 Gy (data not shown), 
indicating that the reduction is independent of dose. These 
findings indicate that p53 accumulation in p53MND ES cells 
after IR is delayed and reduced as seen in the ATM"'- ES cells. 

Ser-18 of p53 also is phosphorylated by ATM-family kinases 
after UV treatment (7). Because ES cells show typical p53 
accumulation after DNA damage induced by UV treatment (27, 
28), we also analyzed the kinetics and extent of p53 induction in 
wild-type and p53MND ES cells after UV treatment. Similar to 
p53 responses to IR in p53MND ES cells, the increase in p53 
protein after UV treatment was attenuated, and the maximum 
increase was only 50-60% ofthat seen in wild-type ES cells (Fig. 
3 C and D). Consistent with the above results, p53 induction in 
differentiated ES cells also was reduced after UV treatment 
(data not shown). Therefore, these findings support the notion 
that phosphorylation of p53 at Ser-18 is required for efficient p53 
accumulation after UV treatment. 

Differentiated ES cells undergo typical p53-dependent p21 
induction after DNA damage (27). To test the effects of the 
Ser-18 to Ala change on p53-dependent Gi cell-cycle arrest, we 
differentiated wild-type and p53MND ES cells in culture as 
described (24, 27) and examined their ability to induce p21 after 
UV treatment. As expected, p21 induction in differentiated ES 
cells after DNA damage depended on p53 because there was no 
p21 induction in p53_/" differentiated ES cells post-UV radia- 
tion (Fig. 3E). The level of p21 increased significantly in 
wild-type cells at 16 and 24 h after UV irradiation, whereas 
induction of p21 at 16 h after UV radiation in the p53MND cells 
was attenuated significantly compared with that in wild-type 
cells (Fig. 3E). In addition, there was little induction of p21 in 
p53MND cells at 24 h after UV radiation (Fig. 3£). These results 
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Fig 3 p53 and p21 expression in p53MND cells after IR (A and ß) or UV (Cand D). (A and 0 Protein levelsof p53 at differenttimes after irradiation. No difference 
was seen in the constitutive basal level of p53 in the untreated ES cells at various time points. Genotypes of ES cells are indicated on the left and primary antibody 
(p53 or actin) is indicated on the right. (S and D) Quantitative analysis of p53 induction at the indicated times after IR or UV treatment in ES cells. The blot was 
developed with ECL Plus, scanned, and quantitated as described in Materials and Methods. Mean values with standard deviations from three independent 
experiments are plotted. (E) p21 expression in wild-type, p53MND, and p53"'- differentiated ES cells. Times aftertreatment, genotypes, and the primary antibody 

used (p21 or actin) are given. 

are consistent with the findings that activation of p53 is impaired 
in the p53MND mutant cells after UV treatment (Fig. 3£). 

Role of Ser-18 Phosphorylation in Gi Arrest, ATM-Dependent Hyper- 
sensitivity to IR and Cellular Proliferation. Differentiated ES cells 
undergo p53-dependent cell-cycle Gi arrest after DNA damage. 
To test the effects of the Ser-18 to Ala change on p53-mediated 
Gi arrest, we differentiated wild-type, p53~/-, and p53MND ES 
cells in culture and examined their ability to undergo Gi/S 
cell-cycle arrest after IR as described (13). Because synchroniz- 
ing cells at Gi/Go through serum starvation might introduce 
additional cellular stresses that activate signaling pathways af- 
fecting p53 stabilization, the differentiated ES cells were asyn- 
chronously growing at the time of irradiation treatment. In 
wild-type differentiated ES cells, there was a 35% decrease in 
S-phase cells whereas Gi/G0-phase cells more than doubled at 
12 h after IR treatment, indicating that the differentiated 
wild-type ES cells arrest their cell cycle at the Gi/S border after 
DNA damage (Fig. A A and B). This cell-cycle G] arrest depends 
on p53 because there was no Gi arrest in the p53"/_ differen- 
tiated ES cells after the same irradiation treatment (Fig. A A and 
B). In differentiated p53MND ES cells, S-phase cells decreased 
by only 15% at the same time, whereas the extent of accumu- 
lation of Gi/Go-phase cells was correspondingly less than that in 
wild-type cells (Fig. 4 A and B). Therefore, consistent with the 
finding that p53 induction in p53MND ES cells is reduced after 
DNA damage, differentiated p53MND ES cells are impaired in 
their p53-dependent cell-cycle arrest after exposure to IR. 

Both human and mouse ATM-deficient cells are hypersensi- 
tive to IR (8). To test whether ATM-mediated phosphorylation 
of p53 at Ser-18 is required for this event, we compared the 
hypersensitivity of wild-type, p53^/_, p53MND, and ATM"/_ ES 
cells to IR as described (13). Although ATM"'" ES cells are 
hypersensitive to IR, p53w-, p53MND, and wild-type ES cells 
snowed a similar sensitivity to IR (Fig. AC). 

Human and mouse ATM"'" cells are defective in their cellular 
proliferation partly because of the impaired cell-cycle Gi/S 
transition (8,13). Because p53 is involved in regulating the Gi/S 
transition, we examined the cellular proliferation characteristics 
of wild-type, p53MND, and ATM"7" differentiated ES cells. 
Although ATM"'" differentiated ES cells proliferated very 
slowly, p53MND and wild-type differentiated ES cells prolifer- 
ated with the same rapid kinetics (Fig. AD). Taken together, 
these results indicate that phosphorylation of p53 at Ser-18 does 
not contribute to hypersensitivity to IR nor to ATM-dependent 
cell cycle progression. 

Phosphorylation of p53 at Ser-18 Does Not Affect the Acetylation of 
p53 at Lys-317 and Lys-379. Several reports have suggested that 
phosphorylation of p53 at Ser-15 might activate the acetylation 
of human p53 at Lys-320 and Lys-382 (corresponding to mouse 
Lys-317 and Lys-379) through increased recruitment of tran- 
scription coactivators such as p300 and CBP (14, 15). To 
determine whether phosphorylation of murine p53 at Ser-18 
regulates the acetylation of C-terminal sites in a similar way, we 
analyzed the acetylation of p53 at Lys-317 and Lys-379 in 
wild-type and p53MND differentiated ES cells after UV treat- 
ment. In both wild-type and p53MND cells, p53 was acetylated 
to a similar extent at 16 and 24 h after UV treatment, indicating 
that phosphorylation of p53 at Ser-18 is not essential for 
acetylation of p53 at the C terminus in response to DNA damage 
(Fig. 5). 

Discussion 
To determine the importance of phosphorylation of human p53 
at the ATM phosphorylation site (Ser-15), we used homologous 
recombination and LoxP/Cre-mediated deletion to create mu- 
tant murine ES cells that express an endogenous p53 that cannot 
be phosphorylated at this site (Ser-18 of murine p53). This 
genetic approach has several advantages. First, only primary cells 
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Fig. 4. Cell cycle analysis, survival, and proliferation of wild-type, p53"'-, and p53MND cells after DNA damage. (A) A representative FAC5 analysis of untreated 
or irradiated differentiated wild-type, p53~'-, and p53MND ES cells at 12 h after treatment with 20 Gy IR. (ß) Summary of the percentage of cells in various 
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p53MND differentiated ES cells. The cell number represents the average from three plates for each time point. Consistent data were obtained from'two 
independent experiments. Genotypes are indicated. 

with defined genetic backgrounds are used, which minimizes 
genetic variability and the possibility that inadvertent mutants 
may contribute to the phenotype. Second, expression of the 
mutant p53 is driven by its own promoter and regulatory 
elements; thus, the problem of deregulated expression of p53 
that is typical of transient transfections and nonhomologous, 
stable transformations is avoided. Using this system, we show 
that phosphorylation of murine p53 at Ser-18 is required to 
achieve an efficient and maximum p53 DNA damage response 
after exposure to either IR or UV light. This conclusion is 
supported by our finding that p53-dependent functions, includ- 
ing the induction of p21/Wafl expression and Gi cell-cycle 
arrest, were partially defective in mutant differentiated ES cells 
expressing p53, which could not be phosphorylated at Ser-18. 

wild-type   p53MND 

0 12 24 0 12 24(hr) 
-p53Lys(Ac)317 

■p53Lys(Ac)379 

_^_ ^^^^ ^^^ ^^^ ^mm|c ^i^Mw 
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Fig. 5. Acetylation of p53 at Lys-317 and -379 in wild-type and p53MND 
differentiated ES cells at 12 and 24 h after UV radiation. Differentiated ES cells 
were exposed to 60 J/M2 UV light and treated with 5 /xM trichostatin A for 4 h 
before harvesting. Cell extracts from the irradiated and untreated controls 
were analyzed by Western blot with antibodies specific for p53 or p53 acety- 
lated at Lys-317 or Lys-379. Acetylated p53 (Top and Middle) and total p53 
(Bottom) are indicated with arrowheads. 

Disruption of the ability of Mdm2 to target p53 degradation is 
the primary cause of p53 induction after DNA damage in both 
undifferentiated and differentiated ES cells (29). Our findings 
are consistent with a contribution of phosphorylation at Ser-18 
to that process; however, our results do not distinguish between 
a direct effect of Ser-18 phosphorylation on p53 stability and 
indirect effects Ser-18 phosphorylation might have by, e.g., 
affecting other modifications that regulate p53 stability. In 
addition, knock-in mice with this Ser-18A mutation are being 
generated to test the effects of this mutation on the tumor 
suppression activity of p53. 

Several previous in vitro studies have examined the effects of 
mutating one or several phosphorylation sites within p53 on the 
biological activity of the protein. In one study, overexpression of 
a human p53 Ser-15 to Ala mutant protein was reported to result 
in a partial failure of the checkpoint that inhibits cell cycle 
progression (30). Another study showed that simultaneous mu- 
tation of Ser-9, -18, and -37 of murine p53 (corresponding to 
Ser-6, -15, and -33 in human p53) significantly reduced the ability 
of p53 to suppress transformation of rat embryo fibroblasts 
transfected with E1A and Ras (31). More recently, Ser-15 and 
Ser-20 were shown to play a role in p53-mediated apoptosis (32). 
Moreover, using the transactivation domain of p53 fused to a 
heterologous DNA-binding domain, it was shown that loss of 
Ser-15 resulted in a 4- to 5-fold inhibition of transactivation 
activity (14). In contrast to the above reports, others have shown 
that it is possible to mutate many p53 phosphorylation sites 
without significantly affecting either the induction or function of 
the protein (33, 34). These conflicting data most likely resulted 
from differences in experimental conditions and the genetic 
backgrounds of the cell lines used by different investigators. In 
particular, overexpression of p53 mutants in transient and stable 
transfectants could lead to negative selection of transfectants 
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expressing high p53 levels, which makes it hard to control for the 
activation of unidentified signaling pathways affecting p53 in- 
duction or function. 

Although our findings indicate that the phosphorylation of 
mouse p53 at Ser-18 by ATM family kinases is required for an 
efficient p53 response to IR, the observation that p53 accumulation 
in mouse ATM"7' cells after IR is more dramatically reduced than 
it is in p53MND cells suggests that ATM-mediated phosphorylation 
of other substrates or other p53 sites is also necessary for a full p53 
response to IR-induced DNA damage. Consistent with this notion, 
recent findings indicate that phosphorylation of human p53 at 
Ser-20, which is indirectly regulated by ATM through the down- 
stream effector Chkl/2 kinases, may at least partially control p53 
stabilization and regulation of its activity (16-21). Furthermore, the 
ATM kinase clearly has other functional targets independent of p53 
because cells deficient in ATM exhibit defects in Gi/S as well as S 
phase and G2 phase checkpoints, and recently ATM was shown to 
be required for a rapid phosphorylation of Mdm2 in response to IR 
(35). Such targets presumably account for the findings of ourselves 
and others that whereas p53-/_ and p53MND ES cells have the 
same sensitivity to IR as the wild-type cells, ATM-deficient ES cells 
are hypersensitive to IR and this hypersensitivity is p53- 
independent (8, 24, 28). 

Acetylation of human p53 at Lys-320 by PCAF and Lys-373 
and/or Lys-382 by p300/CBP, is thought to contribute to the 
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activation of p53's site-specific DNA-binding activity (26, 36- 
38). Phosphorylation of Ser-15 has been proposed as a mecha- 
nism that permits subsequent modification of the C-terminal 
lysine residues through the recruitment of p300/CBP/PCAF 
(14,15, 26). Therefore, the activation of acetylation in response 
to DNA damage was a second potential mechanism for which 
Ser-15 phosphorylation might be required. However, our results 
clearly show that p53 with the Ser-18 to Ala change is acetylated 
in response to UV light. Although this result does not argue 
against the notion that the N terminus of p53 is involved in 
recruitment of the histone acetylases that acetylate p53, it clearly 
shows that phosphorylation of Ser-18 alone is not required to 
promote this DNA damage induced response. Therefore, the 
defective induction of p21 in p53MND cells after UV treatment 
most likely is caused by reduced p53 accumulation rather than 
impaired recruitment of p300/CBP. Future studies involving the 
mutation of the endogenous murine p53 gene to prevent phos- 
phorylation at other N-terminal sites will be required to address 
this issue. 
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