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Abstract

Inheritance of germline mutations in the tumor suppressor gene TP53 causes Li-Fraumeni 

syndrome (LFS), a cancer predisposition disorder. The arginine to histidine substitution at amino 

acid position 337 of p53 (R337H) is a founder mutation highly prevalent in southern and 

southeastern Brazil and is considered an LFS mutation. Although this mutation is of significant 

clinical interest, its role in tumorigenesis using animal models has not been described. Here we 

generate a knockin mouse model containing the homologous R337H mutation (mouse R334H). De 
novo tumorigenesis was not significantly increased in either heterozygous (p53334R/H) or 

homozygous (p53334H/H) p53 R334H knockin mice compared with wild-type mice. However, 

susceptibility to diethylnitrosamine (DEN)-induced liver carcinogenesis was increased in a mutant 

allele dose-dependent manner. In parallel, p53334H/H mice exposed to DEN exhibited increased 

DNA damage but decreased cell cycle regulation in the liver. Oligomerization of p53, which is 

required for transactivation of target genes, was reduced in R334H liver, consistent with its 

decreased nuclear activity compared to wild-type. By modeling a TP53 mutation in mice that has 

relatively weak cancer penetrance, this study provides in vivo evidence that the human R337H 

mutation can compromise p53 activity and promote tumorigenesis.
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Introduction

p53 transactivates many genes regulating cellular pathways important for maintaining 

genomic integrity and suppressing tumorigenesis (1,2). Somatic mutations of p53, encoded 

by the human gene TP53, are highly prevalent in human cancers and commonly alter 

specific “hotspot” amino acid residues located in its DNA-binding core domain (3). Because 

the tetramerization of p53 protein permits its cooperative and efficient binding to DNA, core 

domain mutants can demonstrate dominant negative activity by hetero-oligomerizing with 

wild-type protein and suppress the transactivation of its target genes (4,5). Clinically, 

germline transmission of these hotspot DNA-binding domain mutations causes the cancer 

predisposition disorder Li-Fraumeni syndrome (LFS) which has an estimated cancer risk of 

90% by age 60 years, making it imperative to expand our understanding of the biology of 

LFS mutations (6–8).

Mutations in the oligomerization domain of p53, located within its carboxy-terminal domain 

(CTD), would also be predicted to diminish its transactivation activity. In contrast to the 

DNA-binding domain, LFS mutations in the CTD had not been frequently observed until the 

association of germline TP53 R337H mutation with adrenocortical carcinoma (9). The 

R337H mutation has turned out to be highly prevalent (~0.3%) in the general population of 

southern Brazil, affecting hundreds of thousands of individuals (10,11). Unlike the high 

penetrance of cancer observed in hotspot DNA-binding domain mutation carriers, the 

R337H mutation is considered an atypical variant of incomplete penetrance as only a small 

fraction of carriers develop cancer by age 30 although much higher than the general 

population (11–13). In vitro work overexpressing p53 R337H has not revealed significant 

differences in activity compared with wild-type protein despite overwhelming clinical 

evidence of increased cancer risk associated with this mutation, suggesting that these types 

of studies may not be sufficient and more physiologic approaches are needed (9,14). We 

reasoned that studying this mutation in vivo without human genetic and environmental 

confounders could provide new insights and serve as a vehicle for testing cancer prevention 

strategies. Here, we report generating a mouse model of the human TP53 R337H mutation 

to study its role in tumorigenesis which reveals low cancer penetrance in mice with the 

mutation but provides mechanistic insights into its in vivo biology.

Materials and Methods

Generation of p53 R334H knockin mouse

All animal studies were approved by the Institutional Animal Care and Use Committee of 

the NHBLI-NIH. The p53 R334H knockin mouse was made using the conventional 

embryonic stem (ES) cell-mediated strategy. Briefly, a gene-targeting construct containing 

the CGC (Arg) to CAC (His) missense mutation and neomycin-resistant gene flanked by 

loxP sites was electroporated into Prx mES cells derived from C57BL/6N strain (Jackson 
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Laboratories). ES cells were cultured on inactivated MEF feeder cells in DMEM with 20% 

fetal bovine serum, non-essential amino acids, 2 mM glutamine, 0.2 mM beta-

mercaptoethanol, 1000 units/ml leukemia inhibitory factor, and 200 µg/ml G418. G418-

resistant colonies were genotyped by PCR, and two correctly targeted ES clones were 

injected into blastocysts collected from C57BL/6 mice. The resulting chimeras were then 

bred with wildtype C57BL/6 mice for germline transmission of the mutant allele and 

subsequently crossed with CMV-Cre mice to remove the neo-resistance gene. p53−/− and 

p53 hotspot mutant p53+/R172H (strain 01XL9) mice were obtained from the Jackson 

Laboratories and NCI Frederick Mouse Repository, respectively, and were of the C57BL/6 

strain or backcrossed at least 5 generations into the C57BL/6 background.

Cancer survival studies

For cancer phenotype and survival studies, mice were euthanized if any external mass 

exceeded 2 cm in its largest dimension or when the mouse met moribund criteria upon 

assessment by investigators and veterinary technicians. Upon reaching these survival 

endpoints, qualified veterinary pathologists (Division of Veterinary Resources, NIH) 

performed all necropsies and made the histopathologic diagnoses.

Diethylnitrosamine-induced liver carcinogenesis and whole body p53 induction

Male mice (14 d old) were treated with DEN (25 mg/kg i.p.; cat. #N0258, Millipore Sigma) 

and examined ~42 wk later for liver tumor development as previously described (15,16). The 

livers were excised and weighed, and digital images with scale ruler were acquired. Tumors 

visible on the liver surface (≥ 1 mm in diameter) were counted using the analyze-scale/

measure functions of ImageJ software (version 1.51). Formalin-fixed paraffin sections of the 

right medial lobe (4 to 5 sections at ~2–3 mm intervals per liver sample) were hematoxylin 

and eosin (H&E) stained for histopathologic diagnosis by a board certified veterinary 

pathologist. For mRNA and protein analyses, 6 wk old male mice were injected with DEN 

(100 mg/kg i.p.) 24 h before harvesting liver tissue. To induce p53, mice received 

doxorubicin (20 mg/kg i.p.) or 5 Gy total body γ-irradiation (TBI) from a Gammacell 40 

(K2K 1 X 8; MDS Nordion, Ontario, Canada) (17) 6 h prior to harvesting tissues which 

were snap frozen in liquid nitrogen and stored at −80 °C.

Antibodies

Antibodies were obtained from the following sources: p53 mouse mAb (1C12, #2524) for 

oligomerization assay, phospho-S15 p53 mouse mAb (#9284), BAX rabbit pAb (#2772) 

(Cell Signaling Technology); p53 rabbit pAb (FL393, #sc-6243) for chromatin 

immunoprecipitation (Santa Cruz Biotechnology); GAPDH mouse mAb (6C5, #AM4300) 

(Thermo Fisher Scientific); phospho-S139 histone H2AX mouse mAb (#05-636), p21 

mouse mAb (#OP76) (Millipore Sigma).

Western blot analysis

Protein samples were solubilized in cold RIPA buffer with protease and phosphatase 

inhibitors, resolved using SDS/PAGE protein gel (Bio-Rad Laboratories), immunoblotted 

using Immobilon-P membrane (Millipore Sigma) and chemiluminescence developer 

Park et al. Page 3

Cancer Res. Author manuscript; available in PMC 2019 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Thermo Fisher Scientific), and detected using ChemiDoc imaging system (Bio-Rad 

Laboratories). Due to the interference by endogenous mouse IgG, p53 immunoblotting was 

performed after depleting IgG using protein G-agarose (#sc-2002, Santa Cruz 

Biotechnology) in tissue lysates (18).

p53 oligomerization assay

The oligomerization state of p53 in tissue samples was determined using a glutaraldehyde-

based cross-linking assay as previously described with some minor modifications (19). 

Frozen liver tissue samples (~50 mg) were homogenized in 1 ml cold lysis buffer (20 mM 

Tris-HCl (pH 7.4), 137 mM NaCl, 1% NP-40, 2 mM EDTA, 10% glycerol, protease/

phosphatase inhibitor cocktail (#04-693-116-001 and #04-906-837-001, Roche)) with a IKA 

Ultra-Turrax homogenizer (#Z404519, Millipore Sigma) for 15 s and centrifuged at 12,000× 

g at 4 °C for 10 min. The supernatant was depleted of mouse IgG with protein G-agarose 

(#sc-2002, Santa Cruz Biotechnology). Cross-linking was performed by adding 

glutaraldehyde (0.1% final concentration; cat. #16120, Electron Microscopy Sciences) to the 

protein lysate (~2 µg protein/µl lysis buffer), incubating on ice for 15 min, and terminating 

the reaction with SDS/PAGE protein sample buffer. The protein samples were resolved on 

4–20% gradient SDS/PAGE gels (Bio-Rad Laboratories) and immunoblotted with anti-p53 

mouse monoclonal antibody (#2524, Cell Signaling Technology). Within each lane, the 

fraction of p53 immunoreactivity in the oligomer bands (monomer, dimer and tetramer) was 

determined using Image Lab software (Bio-Rad Laboratories).

Cell cycle analysis

Cell cycle analysis from frozen tissues were performed as previously described (20). Frozen 

liver tissue (~50 mg) was thawed in cold PBS containing 3.4 mM EDTA, dispersed through 

a 100 µm nylon mesh using a syringe plunger, filtered through a 30 µm cell strainer, and 

centrifuged at 300× g for 5 min at 4 °C. The cells were resuspended in PBS/EDTA and fixed 

with methanol at −20 °C overnight, spun down, and resuspended in room temperature PBS/

EDTA. Nuclei were stained with FxCycle™ Propidium Iodide/RNase solution (#F10979, 

Thermo Fisher Scientific) and analyzed using FACSCanto II system (BD Biosciences).

TUNEL apoptosis assay

Terminal deoxynucleotidyl transferase-mediated dUTP-digoxigenin nick-end labelling 

(TUNEL) assay was performed per protocol using In Situ Cell Death Detection Kit, 

Fluorescein (#11 684 795 910, Roche). TUNEL positive nuclei were counted in 5 random 

non-overlapping fields per section using 20× objective lens magnification.

mRNA quantification

Total tissue RNA was purified using the RNeasy kit (Qiagen), bound to poly(dT) magnetic 

beads (Invitrogen), and reverse transcribed (RT) using Superscript III (Invitrogen). RT2 

Profiler PCR arrays were used to screen for the expression of 84 genes related to p53-

mediated signal transduction normalized to actin per manufacturer’s protocol (#330231 

PAMM-027ZA, Qiagen). mRNA levels were quantified by real-time RT-PCR using SYBR 

green fluorescence on the LightCycler 96 Real-Time PCR system (Roche). The cycle 
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threshold (Ct) values were normalized to a housekeeping gene eukaryotic translation 

initiation factor (TIF) (21). Color-coding of gene expression levels was done using 

Microsoft Excel. PCR primer sequences are listed in Supplementary Table 1.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assay was performed using ChIP-IT High 

Sensitivity kit (#53040, Active Motif) according to the manufacturer’s protocol. Liver 

tissues from whole body irradiated mice were minced into small pieces and cross-linked 

with 1% formaldehyde for 10 min. Nuclear extracts were sonicated and immunoprecipitated 

with anti-p53 (FL393, #sc-6243, Santa Cruz) or control rabbit IgG (#sc-2027, Santa Cruz) 

overnight at 4 °C. Antibody-bound DNA fragments were purified and quantified by real-

time PCR (primers listed in Supplementary Table 1). Ct values were normalized to input 

DNA Ct values and displayed relative to wild-type non-specific IgG samples.

Statistical analysis

Statistical analyses were carried out using Prism 7 software (GraphPad Software). Unless 

otherwise specified, all values are shown as mean ± SD and data were analyzed using the 2-

tailed unpaired Student’s t test. One-way ANOVA with Tukey’s post-test analysis was 

performed for data containing more than two experimental groups. P value less that 0.05 was 

considered statistically significant.

Results

p53 R334H mutation does not significantly affect tumor development or lifespan in mice

The p53 R334H amino acid mutation, homologous to the human R337H mutation, was 

knocked into the p53 gene locus of C57BL/6 mice using a homologous recombination 

strategy (Fig. 1A). The G>A (c.1001) transition mutation was confirmed by genomic DNA 

sequencing and PCR (Fig. 1B and C). Mice with the p53 R334H mutation were generally 

born at the expected Mendelian frequency although there was a trend of lower than expected 

number of female homozygous mutant mice (Supplementary Table 2). This was notable 

because the number of female p53 null mice born are known to be significantly less than 

expected (22). Nonetheless, compared with wild-type both the heterozygous and 

homozygous mutant mice developed normally, exhibiting similar body weight, body mass 

composition, and aerobic metabolic capacity as assessed by blood lactate levels and running 

endurance (Supplementary Figs. S1 and S2). We next compared the survival time of 

heterozygous (p53334R/H) and homozygous (p53334H/H) mutant mice with wild-type mice 

(p53334R/R) and performed necropsies at the end of their survival time for cancer diagnosis. 

Although the R334H mutant mice showed a trend of decreased median lifespan and 

increased cancer incidence, they were not statistically different for either gender (Fig. 2A to 

C). Cancer diagnosis across all 3 genotypes was relatively high but consistent with the 

reported incidence of histiocytic sarcomas in the C57BL strain (23). Given the previous 

reports of increased incidence of pediatric adrenocortical carcinoma in TP53 R337H 

mutation carriers, we specifically examined the adrenal glands of the knockin mice for 

abnormalities at the endpoint of the survival study. The prevalence of adrenal hyperplasia or 
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hypertrophy was ~50–70% for all 3 genotypes with no statistically significant differences 

being observed (Supplementary Table 3).

p53 R334H increases the susceptibility of mice to liver carcinogenesis

We next evaluated whether the p53 R334H mutation could confer increased susceptibility to 

tumorigenesis under conditions of genotoxic stress. In both mouse and rat models of 

hepatocarcinogenesis, p53 deficiency appears to promote tumorigenesis induced by 

diethylnitrosamine (DEN), a genotoxic chemical present in tobacco smoke and dietary meat 

(15,24,25). We reasoned that this carcinogenesis model may provide a sensitive readout of 

whether the R334H mutation compromises wild-type p53 activity in vivo and can promote 

de novo tumor formation. Liver carcinogenesis depends on the bioactivation of DEN by 

cytochrome P450 CYP2E1 which was expressed at similar levels independent of p53 

genotype (Supplementary Fig. S3) (26). Wild-type and mutant mice (14 d old) were injected 

intraperitoneally with DEN and examined for tumor formation in the liver after 42 wk. 

Indeed, there was a mutant allele dose-dependent increase in the number and size of tumors 

studding the surface of the liver (total tumors per liver: 2.8 ± 2.2, 4.4 ± 3.9, and 7.6 ± 6.5 for 

the p53334R/R, p53334R/H, and p53334H/H genotypes, respectively) (Fig. 3A and B). 

Accordingly, the livers of homozygous R334H mutant mice were significantly heavier than 

that of wild-type mice (7.5 ± 3.2% versus 5.3 ± 2.2% of body weight, respectively) (Fig. 

3C). Histopathologic analysis of the liver tumors also showed significantly increased 

incidence of carcinomas in homozygous mutant p53334H/H livers (Fig. 3A lower panel and 

D). On the other hand, genomic analysis of heterozygous p53334R/H liver tumors did not 

reveal loss of heterozygosity, consistent with their smaller size and low incidence of 

carcinoma (Supplementary Fig. S4). These in vivo observations indicated that the R334H 

mutation can compromise the tumor suppressive activity of p53 in a mutant allele dose-

dependent manner.

p53 R334H displays a partial reduction in transcriptional activity

To further characterize the effect of the R334H mutation on the in vivo activity of p53, liver 

samples were harvested from p53334R/R, p53334R/H, p53334H/H and p53−/− mice 24 h after 

DEN treatment and analyzed for p53 target gene expression using a RT-PCR screening array. 

Notably, only a small subset of p53-regulated genes were induced by DEN, and the pattern 

of mildly decreased transcriptional activity depended on the mutant allele copy number (Fig. 

4A). Out of the 11 genes that were significantly induced in the liver of DEN-treated versus 

control wild-type mice (≥ 2-fold and P < 0.05), the expression levels of 10 genes were 

mildly reduced with statistical significance in homozygous p53334H/H mice indicating a 

partial decrease in p53 transcriptional activity (Fig. 4B). The decreased transcriptional 

activity of the p53 R334H mutant was further demonstrated in the DEN-treated liver 

samples by performing independent RT-PCR of 4 prototypical p53 target genes p21, BAX, 

MDM2 and PUMA (Fig. 4C). The pattern of decreased expression of the queried p53 target 

genes in a mutant allele dose-dependent manner in vivo revealed its compromised 

transcriptional activity and suggested that loss of heterozygosity may promote 

tumorigenesis.
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p53 R334H mutation is associated with increased DNA damage marker and decreased p53-
mediated responses

In addition to the transcriptional changes caused by the R334H mutation, we examined its 

effect on the cellular response to DEN which is known to alkylate DNA after metabolism in 

the liver (27). Both the DNA damage marker γ-H2AX and p53 were consistently higher in 

the homozygous mutant state, suggesting increased DNA damage as in the p53 null state 

although the relative contribution of this finding versus other mechanisms to DEN-induced 

tumorigenesis is unclear (Fig. 5A; Supplementary Fig. S5) (28,29). Furthermore, although 

the basal levels of p21 and BAX proteins in homozygous mutant liver samples were similar 

to that of wild-type, they were induced to a lower level after DEN treatment in parallel with 

attenuated cell cycle arrest and apoptosis in vivo (Fig. 5A to C; Supplementary Fig. S5). 

Impaired senescence response to oncogenic stress has been suggested to promote liver 

tumorigenesis, but we did not observe significant senescence changes associated with the 

p53 R334H mutation (Supplementary Fig. S6) (30). Nonetheless, these modest changes in 

cellular response to genotoxic stress were consistent with the mildly lower levels of BAX, 

PUMA and p21 mRNA induced in p53334H/H liver compared with wild-type after DEN 

treatment (Fig. 4C). Taken together, the deregulation of some tumor suppressor functions of 

p53 in the mutant R334H state could contribute to enhanced liver carcinogenesis after DEN 

exposure.

p53 R334H mutation disrupts its oligomerization in vivo

We further investigated the mechanism underlying the decreased transcriptional activity of 

the R334H mutation which did not appear to be due to decreased mutant p53 levels. The 

basal and DEN-induced levels of p53 were both higher in the heterozygous and homozygous 

mutant states (Fig. 5A; Supplementary Fig. S7). The higher basal levels of p53 protein 

associated with the R334H mutation, also seen in tumor, could be contributed by lower 

expression of MDM2 which has recently been shown to preferentially degrade oligomerized 

p53 (Fig. 4B and C; Supplementary Fig. S7) (31). Additionally, the subcellular fractionation 

of liver tissue after DEN treatment showed proportionally higher levels of p53 in the nucleus 

of homozygous mutant liver compared with wild-type, indicating that the R334H mutation 

did not affect its nuclear localization (Supplementary Fig. S8). Although in vitro studies 

have shown that the human R337H mutation can disrupt p53 oligomerization in a pH-

dependent manner (32), the lack of a mouse model has precluded testing its properties in 
vivo. To assess the oligomerization state of mutant p53, liver samples were harvested from 

mice 24 h after DEN treatment and cross-linked with glutaraldehyde to capture in vivo 
protein-protein interactions. Compared with wild-type samples, immunoblotting of the 

homozygous mutant cross-linked lysates revealed a striking decrease in both the tetramer 

and dimer forms of p53 R334H with a concomitant increase in the monomer form (Fig. 6A). 

Consistent with the p53 target gene expression results, quantification of the oligomer bands 

showed a statistically significant reduction in p53 tetramers in the homozygous but not in 

heterozygous mutant liver samples (Fig. 6B). Treatment with a different DNA damaging 

agent doxorubicin to induce p53 in liver also showed reduced levels of tetramers in the 

homozygous R334H mutant state (Fig. 6C). To confirm these results, non-denaturing protein 

gel electrophoresis was used to show decreased high molecular weight p53 complex in the 

R334H mutant liver sample (Supplementary Fig. S9).
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To further investigate the functional properties of p53 R334H protein in vivo, we employed 

whole body γ-irradiation, another widely used stimulus for stabilizing p53 protein, to 

examine whether this mutation affects its ability to interact with the prototypical p53 target 

gene p21. Chromatin immunoprecipitation of irradiated liver tissue showed significantly 

reduced interaction of the mutant protein with the p53 response element (p53RE) of p21 
gene in a mutant allele dose-dependent manner (Fig. 6D). A tissue survey of p21 expression 

after whole body γ-irradiation also revealed a pattern of mutant allele dose-dependent 

decrease in p21 mRNA levels with some degree of tissue variability (Fig. 6E). These in vivo 
data obtained from freshly isolated tissues exposed to a different modality of DNA damage 

further supported the tumorigenic potential of the mutation and was consistent with the 

observation of higher frequency of diverse cancers in TP53 R337H carriers (33).

DISCUSSION

There are limited data on the human TP53 R337H mutation in de novo tumorigenesis or its 

biological properties in vivo. Here, we have demonstrated the pro-tumorigenic nature of the 

mouse homolog by creating a mouse model with knockin of the p53 R334H mutation that 

corresponds to the human TP53 R337H mutation. Using an established liver carcinogenesis 

model, the knockin mice showed increased susceptibility to tumor development, including 

higher grade carcinomas, in a mutant allele dose-dependent manner. Mechanistically, the 

increase in liver tumorigenesis was associated with decreased oligomerization, interaction 

with p53RE and transcriptional activity of the mutant p53 protein after DEN-induced DNA 

damage. These results provide new demonstration of the in vivo properties of a mouse 

homolog of the human TP53 R337H, a prevalent germline mutation in southern and 

southeastern Brazil that is estimated to affect hundreds of thousands of individuals.

TP53 R337H carriers have higher frequency of diverse cancers, and current data show a 

clear association with increased risk of childhood adrenocortical carcinoma and many 

typical LFS-associated cancers occurring in adulthood, albeit at later ages than in classic 

LFS (11,33). The variable cancer penetrance associated with this mutation is an area of 

active interest, thus, we reasoned that studying its biology in the laboratory may provide 

further insights into these clinical observations. Because p53 R334H mice displayed no overt 

phenotype, we explored whether this unique mutation would promote cancer under 

conditions of genotoxic stress. After exposure to the DNA alkylating agent DEN, there was 

evidence of increased DNA damage and mildly decreased apoptosis and cell cycle arrest in 

the liver tissue of p53334H/H mice compared with wild-type mice. This mild decrease in the 

tumor suppressive activity could contribute to tumorigenesis as small changes in cell birth 

and death rates have been proposed to be sufficient to confer growth advantages (34). 

Furthermore, the incidence of liver carcinomas was more significantly increased in the 

homozygous mutant state, paralleling observations from a large meta-analysis in which 

patients homozygous for the TP53 R337H allele had more cancer recurrences and shorter 

survival times (35).

Because individuals carrying the TP53 R337H mutation have a markedly higher incidence 

of pediatric adrenocortical carcinoma (9,36), we examined the adrenal glands of p53334H/H 

mice but did not observe significant neoplastic differences compared with that of wild-type 
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mice. Structural studies of p53 have revealed that the Arg 337 and Asp 352 residues form an 

inter-molecular salt-bridge and that the R337H mutation can destabilize this interaction by 

deprotonating His 337 under physiologic pH (32,37). In this regard, the liver has one of the 

lowest concentrations of ascorbic acid amongst the various organs of the body which may 

facilitate the deprotonation and destabilization of mutant p53 tetramers and contribute to 

increased carcinogenesis as observed in our study (38). It is also noteworthy that, unlike 

mice, humans cannot synthesize vitamin C so that deficiency states are prevalent even in 

socioeconomically developed countries and that the plasma levels of ascorbic acid have been 

reported to be significantly reduced in TP53 R337H mutation carriers compared to non-

carriers (39,40). Our p53 R334H mouse model reported here should facilitate future 

investigations designed to examine the biological and tumorigenic characteristics of this 

mutation under in vivo conditions similar to that observed in humans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
p53 R334H mutation knockin construct and screening strategy. A, conventional ES cell-

mediated strategy was used to knockin the c.1001G>A missense mutation into the p53 gene 

(p53334H; mouse R334H corresponding to human R337H). Mice with germline transmission 

of the mutation were crossed with cre-expressing mice to remove the neomycin (Neo) 

resistance gene flanked by loxP sites (triangles). Asterisk indicates the mutated nucleotide 

position in exon 10 and horizontal arrowheads indicate forward and reverse primers for 

genotype screening. B, sequencing of the complementary strand confirmed correct 

integration of the mutation. The wild-type (WT) and mutant (Mut) codon positions are 

underlined. C, genomic DNA PCR was also performed to confirm the genotypes of mice. 

The patterns of WT (305 bp) and Mut (611 bp) PCR products indicate wild-type (R/R), 

heterozygous mutant (R/H), and homozygous mutant (H/H) genotypes.
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Figure 2. 
p53 R334H does not significantly affect lifespan or cancer incidence in mice. A, Kaplan-

Meier survival plot of male and female p53334R/R, p53334R/H, and p53334H/H mice; the 

respective median survival times (male/female) for these 3 genotypes were 114/99, 103/103, 

and 103/101 wk. No significant difference in survival time was observed by log-rank test (n 
= 9–29). B, incidence of cancer by p53 R334 genotype at necropsy after reaching survival 

endpoint (n = 24–39). C, spectrum of cancer diagnosis by p53 R334 genotype (n = 24–39). 

p53 R334 genotypes: wild-type (R/R); heterozygous mutant (R/H); and homozygous mutant 

(H/H). Both incidence and spectrum of cancer were not significantly different compared 

with wild-type mice by Fisher’s exact test.
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Figure 3. 
p53 R334H confers increased susceptibility to DEN-induced liver tumorigenesis in mice. A, 

representative images showing liver tumor formation 42 wk after DEN treatment (top panel). 

Small tumor indicated by arrowhead. Lower panels show representative H&E stained 

photomicrographs of liver tumor sections under low (5×) and high (40×, boxed areas in 5×) 

objective magnification. Broken lines delineate the following regions of histopathology: 

normal (NL), hyperplasia (HP), adenoma (AD), and carcinoma (CA). Scale bar = 500 µm 

and 50 µm. B, quantification of tumors visible on the surface of the liver by size (≥ 1 mm 

diameter) (n = 14–20). C, liver weight was normalized by body weight to provide an index 
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of tumor burden (n = 14–20). D, quantification of liver tumor histopathologic diagnosis as 

abbreviated in (A). Counts indicate the number of specific diagnosis made in each liver 

sample (n = 5). p53 R334 genotypes: wild-type (R/R); heterozygous mutant (R/H); and 

homozygous mutant (H/H). Values are mean ± SD. Statistical differences were tested by 1-

way ANOVA. *P < 0.05 and **P < 0.01
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Figure 4. 
Partial loss of p53 transcriptional activity in liver tissue of homozygous mutant p53334H/H 

mice treated with DEN. A, color-coded relative expression of 84 p53-regulated genes in 

untreated (control) and DEN-treated (24 h) mouse livers of the indicated p53 genotype 

analyzed by RT-PCR screening array (n = 3). Red and green indicate induced and repressed 

mRNA levels, respectively. Expression levels were normalized to control R/R samples. B, 

the screening array was filtered for genes significantly induced (≥ 2-fold) in wild-type mice 

by DEN treatment. Of the 11 genes that were identified, 10 were significantly lower in the 

homozygous mutant compared with wild-type livers (n = 3). p21, DR5, WIG, NOXA, and 

PUMA are referred to as CDKN1A, TNFRSF10B, ZMAT3, PMAIP1, and BBC3, 

respectively, in (A). C, the mRNA expression levels of 4 prototypical p53-regulated genes 

were confirmed by independent real-time RT-PCR (n = 4). Expression levels were 

normalized relative to wild-type samples. p53 R334 genotypes: wild-type (R/R); 
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heterozygous mutant (R/H); homozygous mutant (H/H); and p53 null (−/−). Values are mean 

± SD. Statistical differences were tested by 1-way ANOVA. *P < 0.05.
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Figure 5. 
Liver tissues of p53334H/H mice exposed to DEN show increased DNA damage response 

markers but diminished p53 activity. A, liver tissue samples from untreated (control) and 

DEN-treated (24 h) mice were immunoblotted with the indicated antibodies. Phospho-p53 

(S15) and histone γ-H2AX (S139) serve as DNA damage response markers. Each lane 

represents an independent replicate mouse of untreated control and DEN-treated conditions. 

p53−/− mouse liver serves as negative control for p53 protein and activity. Arrowheads 

indicate p53-dependent p21 induced by DEN; note absence of this band in the p53−/− lane. 

B, apoptosis imaging and quantification in liver sections before or after DEN treatment. 
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Fluorescent images of TUNEL stained sections of the indicated p53 genotype are shown. 

The fractions of apoptotic TUNEL-positive nuclei (green) versus total nuclei stained with 

Hoechst 33342 (blue) were determined (n = 3). Scale bar = 50 µm. C, FACS cell cycle 

analysis of untreated control and DEN-treated liver cells stained with propidium iodide. The 

relative fraction of cells in the different cell cycle stages (G1, S and G2/M) were quantified 

(n = 5). p53 R334 genotypes: wild-type (R/R); heterozygous mutant (R/H); and homozygous 

mutant (H/H). Values are mean ± SD. *P < 0.01 and **P < 0.001.
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Figure 6. 
p53 oligomerization is decreased in p53334H/H mouse tissues. A, liver tissue lysates were 

cross-linked with glutaraldehyde, resolved in SDS-PAGE gel, and immunoblotted. Note p53 

antibody specificity demonstrated by lack of immunoreactivity in the p53−/− sample. Protein 

standards are in kD. Triplicate lanes of each genotype represent liver samples from 3 

separate mice. B, fraction of p53 oligomers (T, tetramer; D, dimer; M, monomer) within 

each lane of immunoblot (A) quantified by densitometry and compared with the respective 

wild-type oligomer (n = 3). C, p53 immunoblot of cross-linked liver lysates obtained from 

mice 6 h after p53 induction by doxorubicin treatment. Duplicate lanes of each genotype 
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represent liver samples from 2 separate mice. D, p53 binding to the p53 response element 

(p53RE) of p21 in γ-irradiated (γ-IR) mouse liver. ChIP was performed using nonspecific 

IgG or anti-p53 antibody. p53RE binding is shown relative to wild-type non-specific IgG 

samples (n = 3). E, induction of p21 mRNA in the indicated tissues by γ-IR quantified by 

RT-PCR (n = 3). Levels were normalized relative to a housekeeping gene TIF. Bone marrow 

(BM); small intestine. p53 R334 genotypes: wild-type (R/R); heterozygous mutant (R/H); 

homozygous mutant (H/H); and p53 null (−/−). Values are mean ± SD. Compared to wild-

type samples within each group, statistical differences were tested by 1-way ANOVA. *P < 

0.05.
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