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ABSTRACT
◥

The TP53-R337H founder mutation exists at a high frequency
throughout southernBrazil and represents one of themost common
germline TP53 mutations reported to date. It was identified in
pediatric adrenocortical tumors in families with a low incidence of
cancer. The R337H mutation has since been found in association
with early-onset breast cancers andLi–Fraumeni syndrome (LFS). To
study this variability in tumor susceptibility, we generated a knockin
mutant p53mousemodel (R334H). Endogenousmurine p53-R334H
protein was naturally expressed at high levels in multiple tissues and
was functionally compromised in a tissue- and stress-specificmanner.

Mutant p53-R334H mice developed tumors with long latency and
incomplete penetrance, consistentwithmanyhumancarriers being at
a low but elevated risk for cancer. These findings suggest the
involvement of additional cooperating genetic alterations when
TP53-R337H occurs in the context of LFS, which has important
implications for genetic counseling and long-term clinical follow-up.

Significance:Ap53-R334Hknockinmouse serves as an important
model for studying the most common inherited germline TP53
mutation (R337H) that is associatedwith variable tumor susceptibility.

Introduction
The p53 tumor suppressor plays an essential role in blocking

tumorigenesis in part by inhibiting cell proliferation, triggering apo-
ptosis, and inducing cell senescence (1). Under normal conditions, p53
protein has a short half-life, and basal levels are maintained at a low
level. Upon DNA damage, oncogene activation, or other forms of
cellular stress, p53 becomes stabilized, accumulates in the nucleus, and
activates the expression of downstream target genes (e.g., Cdkn1A/
p21Cip1, Mdm2, and PUMA), which in turn negatively regulate cell
proliferation and survival.

The p53 tumor suppressor functions as a transcription factor to
regulate target gene expression by binding DNA in a sequence-specific
manner through its central core domain spanning amino acids 100 to

300 (1, 2). The N-terminus harbors a bipartite transactivation domain
(aa1–40 and aa40–60) that directly interacts with the transcriptional
machinery including TBP-associated factors (TAF), CBP/p300, and
RNA polymerase II. Located within the C-terminus are multiple
nuclear localization signals and an oligomerization domain (aa325–
356) that allows p53 to form dimers, tetramers, and higher-ordered
complexes. Notably, p53 tetramers are required for sequence-specific
DNA binding and the regulation of target genes (2).

It is now recognized thatTP53 is one of themost frequentlymutated
genes in human cancer (see: http://p53.iarc.fr/; ref. 3). Several specific
codons (e.g., R175H, R248W, R273H, and R282G) are preferentially
mutated, and these hot-spot somatic mutations inactivate p53 by
disrupting DNA contact points (e.g., R248W) or through protein
misfolding (e.g., R175H). In either case, the mutations are deleterious
and inactivate p53 function.

Germline TP53 mutations also exist, including those targeting the
hot-spot codons (3). Individuals who inherit a R175H or R248W
mutation are highly predisposed to developing diverse tumor types
(e.g., breast, brain, soft tissue, and bone) and multiple malignancies
at a young age, referred to as Li–Fraumeni syndrome (LFS; ref. 4).
A hallmark characteristic of LFS is a strong family history of cancer.

Pediatric adrenocortical tumors (ACT) are extremely rare and
often occur within the context of LFS (5). However, in southern
Brazil, the incidence of pediatric ACT is remarkably high, and most
probands are not from tumor-prone families and not classified as
LFS. Surprisingly, a study of pediatric ACTs from this region
demonstrated that 35 of 36 patients harbored an identical germline
TP53-R337H mutation (6). Intragenic polymorphic marker analysis
demonstrated that the R337H mutation originated from a single
founder (7), later suggested to be Caucasian and of European
extraction (8). Structural studies demonstrated that the histidine
substitution in the p53-R337H mutant disrupts a stabilizing salt
bridge in the dimerization domain in a pH-dependent manner (9).
However, cell-based overexpression assays failed to reveal a signif-
icant functional defect, consistent with its lack of requisite associ-
ation with LFS (6, 10). Subsequent studies have now identified the
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TP53-R337H mutation in young Brazilian women with breast
cancer and adults that fulfill LFS or Li–Fraumeni-like criteria (11).
A neonatal screen for carriers of the TP53-R337H mutation dem-
onstrated that it occurs in 1 in 375 individuals within an estimated
total population of 80 to 100 million, thus representing a significant
public health issue (12). Why the same founder mutation confers
such variable tumor penetrance and tumor spectrum has not yet
been determined.

To study the p53-R337H mutant in a physiologic manner, we
genetically engineered the equivalent missense mutation into the
mouse germline (murine codon R334H). The knockin mutant p53-
R334H animals display an increased risk of cancer, but at low
penetrance and with long latency. The endogenously expressed
p53-R334H protein accumulates to high levels in the nucleus, even
in normal tissues under basal conditions. Despite the overexpression of
p53-R334H protein, it is functionally compromised to varying degrees
depending on cell type and stress. In general, the p53-R334H mutant
consistently exhibits less transactivation function thanwild-type (WT)
p53, but is significantly more active than hot-spot DNA-binding
mutants that are associated with LFS (e.g., p53-R175H). These
findings establish p53-R334H as a hypomorphic tumor suppressor,
which has important implications for genetic counseling, in par-
ticular for individuals harboring one of the most common germline
TP53 mutations (R337H), but also for other TP53 variants of
intermediate function.

Materials and Methods
Animals

Em-Myc (13), p53-null (14), p53-R172H (15), and p53-R334Hmice
were group housed in an American Association of Laboratory Animal
Care–accredited facility. Animal husbandry and all study-related
procedures were approved by the St. JudeChildren’s ResearchHospital
Institutional Animal Care and Use Committee in accordance with
NIH guidelines. Animals that became moribund were euthanized
according to federal regulations and subjected to full necropsy and
histopathologic analysis in a blindedmanner with respect to genotype.
Animals that developed dermatitis were humanely sacrificed and
censored from the survival curves.

Generation of R334H mutant p53 mice
The targeting vector was constructed by cloning a 6.5 kb genomic

fragment of p53 (Fig. 1A) from murine 129/SvJ embryonic stem (ES)
cells into the pBSKþ vector (Agilent). The R334H missense mutation
was introduced into the locus using the QuickChange Site–directed
mutagenesis Kit (Agilent) and the following oligonucleotides (R334H
mutation in bold): F-50-CGCGGGCGTAAACACTTCGAGATGT-
TCCGG-30; R-50-CCGGAACATCTCGAAGTGTTTACGCCCGCG-30.
The fidelity of the p53 sequence was verified by bidirectional sequenc-
ing. A selectable cassette (a gift from Dr. Paul Brindle) containing the
neomycin-resistance (Neo) and thymidine kinase (TK) genes that are
flanked by LoxP sites was inserted into an AvrII site within intron 9.
The targeting vector was linearized by NsiI digestion and electropo-
rated into isogenic 129/SvJ ES cells. Productively transfected ES cells
were selected using 300 mg/mL G418 and targeted clones identified by
PCR amplification of either a 3.8 kb fragment from Neo to a 30 site
located outside of the targeting vector or a 3.6 kb fragment of the WT
allele using the following forward and reverse primers: WT F-50-
GACAGGTGCTCCTCCACTGGGG-30; MT F-50-CTGGGCGGGG-
TTTGCTCGAC-30; R-50-ATGGTCTGGCACGCCACCATTT-30 . The
missense mutation was verified by sequencing exon 10, and targeting

was confirmed by Southern blot analysis using genomic DNA digested
with EcoRI and a 30 external probe. Genomic DNA sequencing across
the integration sites confirmed targeting with fidelity. Three targeted
clones with normal chromosome karyotype were injected into C57BL6/
J blastocysts and implanted into pseudopregnant C57Bl6 females.
Chimeric animals were bred to C57BL6/J mice, and germline trans-
mission was achieved with one clone. The selection cassette was
subsequently removed by breeding to transgenic mice expressing Cre
recombinase [Tg(EIIa-cre)C5379Lmgd]. Offspring were generally gen-
otyped at 4weeks of age byPCRusing allele-specific primers including a
WT forward primer 50-GATCCGCGGGCGTACACG-30, a forward
mutant primer including a CGGGG tag 50-CGGGGCGGGGCGG-
GGCGGGCATCCGCGGGCGTAGACA-30, and a common reverse
primer 50-CCTGGAGTGAGCCCTGCTG-30. Knockin mutant p53
mice were maintained on a C57Bl/6 � 129/svj mixed background.

Cell lines and primary cell cultures
Primary mouse embryo fibroblasts (MEF) were prepared as previ-

ously described (16) from day 14.5 male and female embryos (WT,
p53-null, p53-R334H, and p53-R172H mice) and grown in DMEM
plus 10% FBS, 2 mmol/L L-glutamine, 0.1 mmol/L nonessential amino
acids, 0.5% penicillin/streptomycin, and 5% CO2. Growth of the low-
passage MEF cell cultures was assessed by plating duplicate cultures at
0.1� 106 cells per 60mm tissue culture dish. Duplicate dishes for each
independent cell line were counted daily by resuspending cells in
0.5 mL of 0.05% Trypsin EDTA (Gibco) and diluting with an equal
volume of cell culture media. Cells were counted with a Vi-CELL cell
counter (Beckman Coulter) using the trypan blue dye exclusion
method. Validation of the MEF cell lines was performed by PCR
analyses and studied at the indicated passage number included in the
figures and legends.

Immortalization of MEFs
MEF cultures were transferred every 3 days as previously

described (16). Duplicate cultures were resuspended in 0.5 mL of
0.05% Trypsin EDTA and diluted with an equal volume of DMEM
containing 10% FBS. The cells were counted and plated at 3� 106 cells
per 60 mm tissue culture dish. The growth of the MEF cultures was
calculated by dividing the cell number by the number of cells seeded
each passage.

Oncogenic stress response
Mice that were heterozygous for the p53R334Hmutationwere bred to

Em-Myc transgenic mice (inbred C57Bl/6 strain; ref. 17). p53R334H �
Em-Myc Tg breeders from the F1 generation were mated and the
progeny monitored as previously described (17). Moribund animals
were sacrificed and the lymphomas harvested. Protein was prepared
using RIPA buffer containing a protease inhibitor (PI) cocktail
(Roche). Total RNA was isolated using RNeasy mini columns
(QIAGEN). cDNA was prepared using an iScript synthesis kit
(BioRad). p53 was amplified by PCR and sequenced using Big Dye
sequencing in the Hartwell Center.

DNA damage response: in vivo
WT, p53 R334H/R334H, p53R172H/R172H, or p53-null mice were irradi-

ated using 5 or 10Gywhole-body radiation (WBR), euthanized 6hours
post-IR, and tissues were harvested. A portion of each organwas frozen
immediately using dry ice, and the remainder is preserved in 10%
formalin for use in immunohistochemistry (IHC). Protein was isolated
from frozen tissues using RIPA buffer containing a PI cocktail (Roche)
and 10 mmol/L phenylmethylsulfonylfluoride.
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DNA damage responses: in vitro
Primary thymocytes were prepared from 6- to 7-week-old mice,

passed through a 100 mm sterile nylon mesh, and resuspended in
DMEM (1 � 106 cells/mL) containing 5% FBS, 1% L-glutamine, 0.5%
penicillin/streptomycin, and 25 mmol/L HEPES. A portion of these
cells were treated with 5 Gy g-irradiation and cultured for 16 hours at
37�C. Aliquots were collected 2 and 5 hours after treatment and lysed

inNTNEbuffer [1%NP-40, 0.01mol/L triethanolamine-HCl (pH7.8),
0.15mol/L NaCl, 5 mmol/L EDTA, PI cocktail (Roche), and 1mmol/L
phenylmethylsulfonyl fluoride].

Primary MEF cell cultures were plated at 1.2 � 106 cells per 10 cm
tissue culture dish and cultured for 24 hours at 37�C. Cell culture
mediawere exchanged forMEFmedia containing 10mmol/L etoposide
(Sigma) or an equal concentration (1%) of DMSO. Cells were

Figure 1.

Generation of germline p53-R334H mouse model. A, Targeting strategy. The p53R334H point mutation in exon 10 is marked by an asterisk. B, Identification of
targeted ES cell clones byPCRamplification using anoutside probe yielding a 3.6 kbWTbandand a4.9 kbmutant band.C,Genotypingof animals using allele-specific
primers results in a 109 bpWTband and a 128bpmutant p53 band. PCRproductswere resolved on a 3%LMPagarosegel.D, Sequencing of the p53missensemutation
from genomic DNA. E, Genotype analysis of offspring from p53R334H heterozygous crosses.
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harvested after 4 hours using 0.05%Trypsin EDTAand resuspended in
an equal volume of DMEM containing 10% FBS.

Size exclusion chromatography
Cell lysates (�1.5 mg; 250 mL) were applied to a Superose 12 HR

10/30 size exclusion chromatography column (GE), previously equil-
ibrated with 1x PBS, pH 7.4, at 4�C in an AKTA purifier 100 system
(GE) using a flow rate of 0.5 mL/min, and sample elution was carried
out for 1.5 column volumes. Protein was detected using a wavelength
of 280 nm, and elution fractions (1 mL) were collected on a Frac-950
fraction collector (GE) for further analysis. The Superose 12 column
was calibrated according to the method of Andrews (18) using
molecular weight markers (thyroglobin, 669 kDa; ferritin, 440 kDa;
aldolase, 158 kDa; conalbumin, 75 kDa; ovalbumin, 43 kDa; carbonic
anhydrase, 29 kDa; and ribonuclease, 13.7 kDa). Amicon Ultra-0.5
Centrifugal Filter MWCO 3 kDa Devices were used to concentrate the
fractions as per the manufacturer’s directions.

Immunoblotting
Cell extracts were resolved on 10% (wt/vol) polyacrylamide gels

under denaturing conditions, electroblotted to 0.45-mm nitrocellulose
filters, and blocked in 5% nonfat milk in Tris-buffered saline (pH 7.4)
essentially as previously described (19). Proteins were detected using
primary antibodies specific for p53 (CM5, Leica; 1C12, Cell Signaling
Technology), p21 (F5, Santa Cruz Biotechnology), and b-actin (A241,
Sigma). Secondary antibodies included rabbit horseradish peroxidase–
labeled antibody (Cell Signaling Technology), anti-rabbit (Invitrogen),
and anti-mouse antibodies. Protein was detected with Supersignal
West Dura Chemiluminescent Substrate (Thermo Scientific) and
imaged using the Odyssey Fc imaging system (LiCor).

Coimmunoprecipitation
Saos2 cells (gift fromDr.Arnie Levine)were transiently transfected by

calcium phosphate with CMV-p53 expression vectors as previously
described (6). Cells were validated by short tandem repeat profiling
and were determined to be Mycoplasma free using the Venor GeM
Mycoplasma Detection Kit PCR-based (#MP0025-1KT; Sigma). Cell
lysates were prepared, and total cellular protein was subjected to
immunoprecipitation using rabbit polyclonal anti-p53 antibody (FL393;
Santa Cruz Biotechnology) followed by immunoblotting as described
above using sheep polyclonal anti-p53 (AP05006PU-N; Acris Antibo-
dies, Inc.), mouse monoclonal anti-Mdm2 (2A10, cat. #ab16895;
Abcam), and mouse monoclonal anti–b-actin (cat. #A5441; Sigma).

Immunohistochemistry
Formalin-fixed, paraffin-embedded tissue sections (4 mm) were

stained with hematoxylin and eosin, and tumor sections were also
stained with antibodies to p53 and cell lineage markers using
BenchMark XT (Ventana Medical Systems) or BOND-MAX (Leica
Microsystems) automated stainers and reagents according to the
manufacturer’s instructions.

Immunofluorescence
MEFs were plated into chamber slides at a concentration of 0.13 �

106 cells per slide and treated with approximately 30 J UV. After
24 hours, cells were washed using PBS, fixed with 4% paraformalde-
hyde, permeabilized using 1% Triton X-100, and blocked with 20%
goat serum in 2%BSA/PBS. p53 proteinwas detected usingCM5 rabbit
polyclonal anti-p53 and Alexa 488 goat anti-rabbit secondary anti-
bodies. After washing with PBS, DAPI diluted 1:10,000 in PBS was
used for nuclear staining, followed by further washes with PBS.

Coverslips were mounted using Prolong Diamond antifade mounting
medium (Thermo Scientific). Images were captured using a Photo-
metrics CoolSNAPHQcamera andZeiss Axioskop 2Plusfluorescence
microscope.

p53 protein half-life analysis
MEFs were grown in complete DMEM, pretreated with cyclohex-

imide (10 mg/mL), and collected at various time points. Cell lysates
were prepared and p53 protein levels analyzed by SDS-PAGE elec-
trophoresis and Western blot using monoclonal 1C12 antibody.
Results were quantified with Supersignal West Dura Chemilumines-
cent Substrate (Thermo Scientific) and imaged using the Odyssey Fc
imaging system (LiCor).

Quantitative real-time PCR analysis
RNA was prepared from mouse thymocytes from a single-cell

suspension after passage through a 70 mm sterile mesh, washing with
sterile PBS, and isolated using QIAshredder columns (QIAGEN)
followed by RNeasy Plus Mini kit (QIAGEN) according to the
manufacturer’s protocol. RNA (1 mg) from these samples were used
to synthesize cDNA using iScript Advanced cDNA synthesis kit (Bio-
Rad). qPCRwas performed using iQ SYBRGreen Supermix (Bio-Rad)
and an iCycler iQ Real-Time PCR detection system (Bio-Rad).
Expression levels for the gene of interest were normalized using
ubiquitin as a house keeping gene and calculated by the 2–DDCt

method (20).

Microarray analysis
Total RNA (100 ng) was processed using the Ambion Affymetrix

WT protocol. Biotinylated cDNA (6 mg) was hybridized to Mouse
Gene 2.0 ST GeneChip arrays according to the manufacturer’s recom-
mendations. Signals were summarized using the RMA algorithm (21),
and two-way ANOVA was performed using Partek Genomics Suite
v6.6 (Partek). The FDR was estimated using the Benjamini–Hochberg
method (22). Gene set enrichment analysis (GSEA) was performed
usingGSEAv2.06 software and curated gene sets downloaded from the
Broad Institute (23).

Quantification and statistical analysis
Kaplan–Meier curveswere prepared using PRISM software (Graph-

Pad). Logistic regression was used to evaluate the association of
genotype with gender. All tests are two-sided, and no multiple testing
adjustments were performed. The analysis was performed with R
statistical software (Windows version R version 3.3.3 for 64-bit
machines), the cmprsk package (version 2.2-7), and the stats package
(version 3.3.3). Pearson’s x2 test was used to assess genotypes derived
fromMdm2�/�, p53R334H/R334H intercrosses based on the null hypoth-
esis that there was no difference in survival among the three expected
genotypes: Mdm2þ/þ, Mdm2þ/�, and Mdm2�/�, and the proportion
of expected genotypes is 0.25, 0.50, and 0.25, respectively.

Data and software availability
Gene expression data have been deposited in theNational Center for

Biotechnology Information, Gene Expression Omnibus profiles under
Accession ID GSE166819.

Results
Generation of p53-R334H knockin mutant mouse model

To address the variability of tumor penetrance, latency, and spec-
trum associated with the TP53-R337H founder mutation, we
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introduced the corresponding missense mutation into the mouse
germline (R334H). The endogenous allele was targeted by conven-
tional methods using murine 129/SvJ ES cells, as schematically dia-
grammed in Fig. 1A. Site-specific recombination was determined by
PCR amplification using a primer outside of the targeting vector
(Fig. 1B). Germline transmission was verified by PCR genotyping.
Sanger sequence analysis of genomic DNA and cDNA prepared from
p53WT/R334H MEFs demonstrated no additional mutations other than
the intended R334H mutation and the residual loxP site in intron 9
(Fig. 1C and D). Crossing p53WT/R334H mice yielded pups with near
Mendelian inheritance, although with less than expected female
mutant mice (N.B. odds of male mice increased by 1.35-fold with
each copy of the mutant allele; P ¼ 0.0368; 95% confidence interval,
1.02–1.80; Fig. 1E). Underrepresentation of homozygous p53R334H

female mice has also been reported in a knockin mutant model
developed by Park and colleagues (24). Previous studies demonstrated
that a proportion of homozygous p53-null female mice (8%–16%) die
during embryogenesis due to neural tube closure defects (25), suggest-
ing p53R334H/R334Hmay also be defective in this developmental process.
In general, the surviving p53WT/R334H and p53R334H/R334H mice were
overtly normal and fertile.

R334H mutant mice display incomplete tumor penetrance
A cohort of WT, p53WT/R334H, and p53R334H/R334H mice were

monitored for spontaneous tumor development (Fig. 2A) and overall
survival (Supplementary Fig. S1A). Homozygous mutant animals had
a significantly shorter life span (23.2 months) than WT mice (P <
0.0001; Supplementary Fig. S1A) and succumbed to a variety of
pathologies including cancer, bacterial infections, and kidney-
related disorders, such as glomerulonephritis and tubular necrosis
(Supplementary Fig. S1B and S1C; Supplementary Table S1). Fourteen
of 75 p53R334H/R334H mice developed tumors (19% penetrance) by
24 months of age, including carcinomas, sarcomas, and B-cell lym-
phomas (Fig. 2A–C; Supplementary Table S1). The heterozygous
mutant mice survived slightly longer (27.8 months; Supplementary
Fig. S1A) and were also susceptible to tumors (n ¼ 14/116; 12%
penetrance; Fig. 2A; Supplementary Table S1). Of note, one
p53WT/R334H animal developed an adrenocortical carcinoma. These
findings are in stark contrast to p53�/� and p53R172H/R172H (equiv-
alent to human TP53-R175H DNA-binding mutant) mice that
develop predominantly lymphomas with nearly 100% penetrance
by 6 months of age (Fig. 2A; refs. 14, 15). Therefore, the p53-R334H
mutant appears to be hypomorphic in terms of retaining substantial
tumor suppressor activity.

Endogenous p53-R334H is abnormally expressed and
functionally impaired in response to DNA damage

It is well established that ionizing radiation (IR) of primary thy-
mocytes activates p53, which in turn upregulates target genes (e.g.,
Cdkn1A, Mdm2, and PUMA) and triggers cell death (1, 26). The
functional competency of p53-R334H was assessed in this model by
comparing control and IR-treated primary thymocytes isolated from
WT, p53�/�, and p53R334H/R334H mice. Greater than 90% of the WT
thymocytes underwent apoptosis at 16 hours post-IR (5 Gy) as shown
by propidium iodide staining and FACS analysis (Fig. 3A; Supple-
mentary Fig. S2A). Levels of p53, p21Cip1, and PUMA were concom-
itantly increased in response to IR treatment (Fig. 3B). As expected,
p53�/� thymocytes failed to induce target genes and maintained
viability (�90%; Fig. 3A and B; Supplementary Fig. S2A). Although
the p53R334H/R334H thymocytes were more sensitive to IR-induced
apoptosis than p53-null cells, they were significantly more resistant

thanWT thymocytes (Fig. 3A; Supplementary Fig. S2A). Surprisingly,
the expression of endogenous mutant p53-R334H protein was abnor-
mally high even in untreated thymocytes (Fig. 3B, lane 4). DNA
damage elevated mutant p53 levels slightly further, and there was little
to no induction of p21Cip1, and PUMA expression was attenuated
(Fig. 3B). These in vitro studies demonstrate that endogenous p53-
R334H is abnormally expressed, and functionally compromised in
regulating target gene expression and apoptosis in response to DNA
damage in thymocytes.

The expression and function of endogenous p53-R334H were
further addressed in vivo. WT, p53R334H/R334H, p53R172H/R172H, and
p53�/� male mice were either untreated or exposed to 5 Gy WBR
(Fig. 3C). Six hours post-IR, the mice were sacrificed and selected
tissues were prepared for biochemical and IHC analysis. Western blot
analysis demonstrated low basal levels of WT p53 protein in the
untreated brain, thymus, and spleen samples (Fig. 3C). WT p53 and
p21Cip1 protein levels remained low in the brain after IR, but were
notably increased in both thymus and spleen. The p53R172H/R172Hmice
expressed detectable mutant p53 protein in all three untreated tissues,
albeit at a relatively low level as previously reported (27). Although
DNAdamagemarkedly increased p53-R172Hprotein levels, there was
no induction of p21Cip1, as expected for a structurally defective DNA-
binding mutant of p53 (Fig. 3C). Basal expression of endogenous
p53-R334H protein was detectable in the brain and remarkably high in
control thymus and spleen with levels exceeding that of WT p53 after
DNA damage. Furthermore, endogenous p53-R334H protein levels
are markedly higher than the p53-R172Hmutant in untreated thymus
and spleen (Fig. 3C). IHC analysis validated the abnormally high levels
of endogenous p53-R334H protein in the nuclei of thymocytes from
untreated mice (Fig. 3D; Supplementary Fig. S2B). Despite the abnor-
mally high levels of p53-R334H in all three control tissues, therewas no
corresponding increase in p21Cip1, indicating that the basal pool of
p53-R334H is not significantly active. DNA damage induced
p53-R334H and consequently p21Cip1, but to a lesser extent than that
observed in WT thymus and spleen (Fig. 3C). Similar results were
obtained for thymus and spleen in mice treated with 10 Gy WBR
(Supplementary Fig. S3A). Elevated p53-R334H protein was also
observed in the small intestine of untreated p53R334H/R334H mice
(Supplementary Fig. S3B, middle plot). Of note, strong staining of
p53 was restricted to crypt enterocytes and lamina propria lym-
phocytes of the small intestine, similar to the expression pattern of
the R172H mutant (Supplementary Fig. S3B, right plot) as previ-
ously reported by Goh and colleagues (28). Our in vivo findings
demonstrate that the endogenous p53-R334H mutant protein is
abnormally expressed at markedly elevated levels in various tissues
(e.g., brain, thymus, spleen, and small intestine), even under non-
stressed conditions. In support of these findings, endogenous
human R337H protein is also strongly expressed in normal tissue
of carriers who developed pediatric adrenocortical carcinoma (Sup-
plementary Fig. S4A–S4D).

To gain a broader view of the impact of the R334H mutation on
p53 function in vivo, WT and p53-R334H mice were either
untreated or treated with 5 Gy WBR. At 3 hours post-IR, the
animals were sacrificed and individual thymuses were snapped
frozen. Total RNA was independently prepared and analyzed by
Affymetrix gene expression profiling using the Mouse Gene 2.0ST
GeneChip. As shown in Fig. 4A, global changes in gene expression
were observed in IR-treated WT p53 thymocytes (lanes 5 and 6)
compared with untreated controls (lanes 1–4). In contrast, expres-
sions of the large clusters of induced (red) and suppressed (blue)
genes in the WT thymocytes (lanes 5 and 6) were largely refractory

Jeffers et al.

Cancer Res; 81(9) May 1, 2021 CANCER RESEARCH2446

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/81/9/2442/3094556/2442.pdf by guest on 19 M

ay 2023



to IR in the p53-R334H thymocytes (lanes 11–14). GSEA identified
the pathways that are most differentially regulated in irradiated
WT thymocytes compared with p53-R334H irradiated thymocytes
(Supplementary Fig. S5; ref. 29). The Hallmark p53 pathway was
identified as the most differentially activated and the Myc targets
(V2) as the most differentially repressed. Focusing strictly on
the Hallmark p53 signaling pathway, there was a consistent and
robust induction of known target genes (e.g., PLK2, Cdkn1A,
Mdm2, GADD45A) in WT thymocytes following 5 Gy IR (Fig. 4B).
The induction of these p53-responsive genes was significantly

dampened in the IR-treated p53-R334H thymocytes. Similarly,
the suppression of Myc target genes was less affected in the
p53-R334H thymocytes compared with WT thymocytes after
IR (Fig. 4C). Quantitative real-time PCR analysis of several key
p53-responsive genes further substantiated these findings
(Fig. 4D). Collectively, these results demonstrate that p53-R334H
is abnormally expressed, accumulates to high levels in the nucleus,
and is functionally compromised in regulating target gene expres-
sion and triggering apoptosis in thymocytes in response to
DNA damage.

Figure 2.

Mutant p53R334H/R334Hmice develop
tumors with long latency and incom-
plete penetrance. A, Kaplan–Meier
tumor-free survival curves. B, Histopa-
thology of tumors arising in homozy-
gous p53R334H mouse (20 months of
age). Osteosarcoma, vertebra, hema-
toxylin and eosin (�2.5, top left plot),
osteosarcoma, vertebra, hematoxylin
and eosin (�40, top middle plot), oste-
osarcoma, p53 IHC (�40, top right plot);
mammary adenocarcinoma, hematoxy-
lin and eosin (�40, bottom left plot)
mammary adenocarcinoma, p53 IHC
(�40, bottom right plot). C, Histopa-
thology of primary and metastatic sar-
coma arising in homozygous p53R334H
mouse (21 months of age). Angiosar-
comawith inset highlightingmicrocapil-
lary formation with red blood cells
(�40, left), angiosarcoma CD31 staining
(�40,middle), andmetastatic angiosar-
coma attached to blood vessel wall
(�10, right).
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Endogenous p53-R334H is functional in mouse embryonic
fibroblasts during cell senescence and DNA damage

Primary MEFs have a limited in vitro proliferative capacity. MEFs
eventually cease to proliferate, become large and flat, and express
markers of senescence [e.g., senescence-associated beta-galactosidase
(SA-b-gal)] when serially passaged in culture (30). Rare cells that have

acquired genetic alterations that confer unlimited proliferation can
emerge from senescent populations. These cells are considered to be
immortal. The p53 signaling pathway plays an essential role in the
in vitro senescencemodel, as nearly all immortalizedMEFs have either
mutated or deleted p53, selected against its upstream activator p19Arf,
or amplified and overexpressed its negative regulator Mdm2 (16). To

Figure 3.

Mutant p53-R334H is abnormally expressed and functionally impaired in thymocytes.A, FACS analysis of isolated thymocytes in cell culture either untreated (Control)
or 16 hours post IR (5 Gy g-IR). Results are representative of four independent experiments. B, Western blot analysis of isolated thymocytes in cell culture at
0 (untreated), 2, and 5 hours post g-IR (5 Gy). Proteins were detected using the following primary antibodies: p53 (1C12); p21 (F5); Puma (P4743); b-actin (AC-15).
C,Western blot analysis of tissues fromWT,p53R334H/R334H,p53R172H/R172H, andp53�/�mice either untreated (Control) or 6 hours after treatmentwith 5Gywhole-body
IR. Each sample represents an individual animal. Proteins were detected using the following primary antibodies: p53 (1C12); p21 (F5); b-actin (AC-15).D, IHC analysis of
p53 in thymus from mice either untreated or 6 hours after treatment with 5 Gy whole-body IR. p53 was detected using rabbit polyclonal CM5 antibody (Leica).
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test whether p53-R334H is competent for enforcing cell senescence, a
panel of WT, p53WT/R334H, p53R334H/R334H, and p53R172H/R172H inde-
pendent MEF lines (n¼ 3 per genotype) were prepared and expanded
in culture. At early passage, p53R172H/R172H MEFs proliferate at a

significantly faster rate and reached higher saturation densities than
WT MEFs (Fig. 5A). Homozygous p53R334H/R334H MEFs also grew
significantly faster than WTMEFs, but slower than the growth rate of
the p53R172H/R172H fibroblasts. The heterozygous p53WT/R334H MEFs

Figure 4.

Mutant p53-R334H transcriptional response is attenuated in thymocytes in vivo in response to DNA damage. Affymetrix gene expression analysis of WT and R334H
thymocytes either untreated (Control) or 3 hours after treatment with 5 Gywhole-body IR. Each lane represents an individual mouse.A,Heatmap depicting a global
perspective of all gene profiles measured by the microarray. B, Heat map display of 48 core enrichment genes in the Hallmark p53 pathway that are activated inWT
cells following radiation (GSEA enrichment score 2.66, P < 0.001, FDR < 0.001). C,Heatmap display of 41 core enrichment genes in the Hallmark MYC targets V2 that
are activated inWT cells following radiation (FDR <0.001).D,Quantitative real-time analysis ofWT and p53-R334H thymocytes either untreated (Control) or 3 hours
after treatment with 5 Gy whole-body IR (n ¼ 3).
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displayed an intermediate proliferative advantage when compared
with WT and p53R334H/R334H MEFs.

Upon continued propagation in cell culture (16), the proliferation of
WTMEFs progressively slowed and eventually ceased around passage

5 and 6 (Fig. 5B), whereas reactive oxygen species (ROS) levels and
SA-b-gal expression increased, consistent with cellular senescence
(Supplementary Fig. S6A and S6B; refs. 31, 32). Continued replating
of these cells ultimately selected for immortalized MEF cell lines. In

Figure 5.

Mutant p53-R334H is functional in MEFs in response toDNAdamage and in vitro senescence.A,Mutant p53-R334H confers short-term proliferative advantage in low
passage MEFs. Curves represent the average of three independent MEF cell lines for each genotype counted daily in duplicate (P ¼ 0.002) B, Mutant p53-R334H
competently induced cellular senescence in serially passaged MEFs (P¼ 0.008). C,Mutant p53-R334H induces target gene expression in response to DNA damage
induced by 10mmol/L etoposide at 4 hours after treatment. Proteinswere detectedusing the primary antibodies p53 (PAb7); p21 (C19).D,Mutant p53-R334H induces
target gene expression in response to DNA damage induced by 30 J UV radiation at 24 hours. Proteins detected using the primary antibodies p53 (1C12); p21 (F-5).
MEFs at passage 4 were used in experiments presented in C and D.
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contrast, p53R172H/R172H MEFs continued to proliferate, failed to
undergo cell senescence, and were essentially immortal from the
outset, as expected for p53-defective murine fibroblasts. Serial pas-
saging of p53R334H/R334H MEFs resulted in the induction of ROS and
SA-b-gal expression (Supplementary Fig. S6A and S6B) and cessation
of proliferation (Fig. 5B). These findings indicate that p53-R334H in
MEFs can respond to stresses encountered during cell culture (e.g.,
hyperproliferation, ROS, and DNA damage) and promote senescence.

The function of p53-R334H in response to DNA damage in
primary fibroblasts was directly challenged by treating low passage
WT, p53WT/R334H, p53R334H/R334H, and p53R172H/R172H MEFs with
10 mmol/L etoposide for 4 hours followed by Western blot analysis.
As shown in Fig. 5C, WT p53 induced the expression of established
target genes (p21Cip1 and Mdm2) in response to DNA damage. In
contrast, mutant p53-R172H was inactive and failed to regulate
p21Cip1 and Mdm2 expression in both control and etoposide-
treated p53R172H/R172H MEFs. Although p53-R334H is expressed at
abnormally high levels in control p53R334H/R334HMEFs compared with
WT p53 in untreated WT MEFs (�5 fold higher), the expression of
p21Cip1 andMdm2was essentially equivalent (Fig. 5C). These findings
suggest that a significant proportion of the basal pool of p53-R334H
protein is inactive under normal cell culture conditions. However,
upon etoposide treatment of p53R334H/R334HMEFs, there was a modest
increase in p53-R334H protein levels and a normal induction of
p21Cip1 and Mdm2 (Fig. 5C). Similar results were observed upon
DNA damage induced by UV radiation (Fig. 5D). Therefore,
p53-R334H can be activated and induce target gene expression in
response to DNA damage in primary MEFs.

Biochemical analysis of endogenous p53-R334H protein in
primary MEFs

Similar to thymocytes, the basal level of p53-R334H protein is also
abnormally high in p53R334H/R334H primary MEFs (Fig. 5C). Further-
more, immunofluorescence analysis demonstrated that endogenous
R334H protein is localized in the nucleus both in control and IR-
treated MEFs (Supplementary Fig. S7). To test whether the elevated
levels of p53-R334H protein are due to increased stability, primary
MEFs were pretreated with cycloheximide, collected at various time
points and analyzed byWestern blot (Fig. 6A). The half-life ofWTp53
was calculated to be approximately 15 minutes (Supplementary
Fig. S8A). In contrast, p53-R172H protein was stable with a half-
life of more than 6 hours, as expected for a DNA-binding defective
mutant p53. Endogenous p53-R334H protein was moderately stable
with an estimated half-life of approximately 1 to 2 hours. These
findings demonstrate that the turnover of p53-R334H is impaired in
MEFs under normal cell culture conditions.

Previous in vitro studies demonstrated a pH-dependent conse-
quence of themutation on p53-R334H–forming tetramers (9) through
the disruption of stabilizing salt bridges flanking the dimerization
domain (33). To assess the conformation of endogenous p53-R334H
protein, we analyzed p53 by size exclusion chromatography. Whole-
cell extracts from primary p53R172H/R172H MEFs were included as a
positive control. As shown in Fig. 6B and Supplementary Fig. S8B,
mutant p53-R172H protein is detected primarily in fractions corre-
sponding to tetramers and higher order complexes. Although the
endogenous p53-R334H protein also eluted in tetramer-sized frac-
tions, a significant proportion was detected in monomer/dimer sized
fractions. Presumably, the extended half-life of p53-R334H is due to its
inefficient formation of stable tetramers, which are preferentially
recognized and degraded by Mdm2 (34). Consistent with this hypoth-
esis, coimmunoprecipitation analysis of p53 and Mdm2 indicates that

p53-R334H is less efficiently bound byMdm2 compared withWT p53
(Fig. 6C). These findings suggest that the nuclear accumulation of p53-
R334H protein in unstressed tissues and cells is due to impaired
transactivation function, altered tetramerization, and less efficient
protein turnover.

Endogenous p53-R334H is functional in response to oncogenic
stress

Deregulation of oncogenes, such as c-Myc, can drive cell prolifer-
ation; however, this hyperproliferative signal can trigger p53 activation
through the upregulation of p19Arf and subsequent inactivation of
Mdm2 (35). Em-Myc transgenic mice serve as an important in vivo
model for studying these functional interactions in B lymphocytes.Em-
Mycmice develop B-cell lymphoma usually between 3 and 4months of
age. The resulting tumors almost universally select against p53 either
directly by mutation or indirectly through loss of Arf and gain of
Mdm2 function (17). Furthermore, deleting a single allele of p53 in
Em-Myc transgenic mice markedly accelerates B-cell lymphomagen-
esis, illustrating the strong contribution of p53 to the suppression of
this hematopoietic malignancy (36). To test whether the p53-R334H
mutant is functional in response to oncogenic stress in this model,
we generated Em-Myc–only, Em-Myc/p53WT/R334H, and Em-Myc/
p53R334H/R334H mice. If p53-R334H is defective in tumor suppression,
the Em-Myc/p53WT/R334H and Em-Myc/p53R334H/R334H mice would be
expected to develop B-cell lymphoma much more rapidly than WT
transgenic mice. As shown in Fig. 7A, the survival of Em-Myc–only
mice was essentially identical to the heterozygous and homozygous
p53R334H transgenic animals. Analysis of the resulting Em-Myc/
p53R334H/R334H and Em-Myc/p53WT/R334H lymphomas identified sec-
ond sitemutations in p53-R334H (e.g., R245C, R270C) or loss of p19Arf

(Fig. 7B and C). These findings demonstrate that the p53-R334H
mutant can suppress B-cell lymphomagenesis in response to deregu-
lated oncogene expression and associated stress signals.

Discussion
In this study, we genetically engineered a knockin mutant p53R334H

mouse model, which represents one of the most common germline
TP53 mutations reported to date. The p53-R334H knockin mice
provide a physiologic approach to study the consequence of this
mutation on p53 biochemical properties and tumor suppressor activ-
ities. It also provides an opportunity to study a founder allele that is
associated with a highly variable risk of tumor susceptibility.

Determining the impact of germline TP53 variants on tumor
susceptibility represents a major challenge for genetic counselors (37).
Constitutional hot-spot mutations that disrupt DNA binding and
inactivate p53 function are almost always fully penetrant and lead to
cancers of diverse tumor types, and often multiple malignancies, at
young ages. The founder TP53-R337H mutation is much more
complex. It was originally identified in cases of pediatric adrenocortical
carcinoma, which is an extremely rare childhood tumor (6). The
normal incidence of adrenocortical carcinoma is 1 in 3 million before
the age of 18 years. In contrast, the penetrance of pediatric adreno-
cortical carcinoma in carriers of TP53-R337H is approximately 1 in
30 (38). Although most carriers do not develop adrenocortical carci-
noma, the increased incidence associated with this mutation is several
orders of magnitude higher than the general population (38). Notably,
however, many families harboring the TP53-R337H mutation are not
tumor prone (12, 38).

The germline TP53-R337H mutation was also identified within the
context of other childhood cancers, such as choroid plexus carcinoma,
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neuroblastoma, and osteosarcoma (39, 40), as well as in adults with
breast cancer, gastric carcinoma, and renal tumors (11). Furthermore,
some families with theTP53-R337Hmutation fulfill the criteria for LFS
variants. The basis for the observed variability of cancer susceptibility,
age of onset, and tumor types associated with such a founder TP53
mutation is likely related in part to its hypomorphic function, and the
germline p53-R334H mouse model illustrates these properties. The

p53-R334H mice are modestly tumor prone. They are clearly more
susceptible to cancer than WT animals, but considerably less so than
p53-null and knockinmutant p53R172Hmice (Fig. 2). Furthermore, the
endogenous p53-R334H protein is expressed at abnormally high levels
in the nucleus of lymphocytes and is functionally attenuated in
response to DNA damage. Although p53-R334H is naturally over-
expressed in primary MEFs as well, it responds to DNA damage by

Figure 6.

Mutant p53-R334H has a prolonged half-life and is compromised in forming stable tetramers in primary MEFs. A, Cycloheximide half-life experiment. Early passage
MEFs (passage 5) were treated with 10 mg/mL cycloheximide and harvested at indicated time points to determine p53 levels by Western blot analysis using mouse
mAb 1C12. B, Protein complex analysis of primary MEFs by size exclusion chromatography and Western blot analysis (see Materials and Methods). P53 protein was
detected using mAb 1C12. C, SaOS2 cells transfected with CMV Neo vector without an insert, p53 WT, or p53-R334H cDNA. Coimmunoprecipitation using Mdm2
(2A10) Ab and blotted for p53 using Sheep anti-p53 polyclonal Ab.
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inducing target genes, and is sufficiently active in enforcing cell
senescence during extended passage in vitro. The endogenous p53-
R334H mutant is also competent for inhibiting Em-Myc–mediated
B-cell lymphomagenesis. Further emphasizing the functional compe-
tency of p53-R334H in these cell models, there is a strong selection
against p53R334H through mutation or p19ARF-loss during lympho-
magenesis. Consistent with these findings, homozygous p53-R334H
mice failed to rescue the embryonic lethality associated with Mdm2
knockout mice in contrast to p53 deletion or in the context of the
inactivating knockin mutation p53-R172H (Supplementary Table S2;
refs. 15, 41). Collectively, these results demonstrate that the endog-
enous p53-R334H mutant is abnormally expressed and functionally
compromised in some cell types and under some stress conditions

(Figs. 3 and 4), but nevertheless retains substantial tumor suppressor
activities (Fig. 7). Retention of significant function is consistent with
the large number of Brazilian carriers who do not develop cancer.

Park and colleagues engineered a p53-R334H knockin mutation in
mice on a pure C57B/6 background (24). These animals express high
basal levels of p53-R334H protein that is functionally compromised in
responding to DNA stress. The homozygous mutant mice display a
slight increase in susceptibility to spontaneous tumors that is not
statistically significant fromWTanimals. However, p53R334/R334Hmice
develop more liver tumors and tumors that are of higher grade than
WTmice when treated with the carcinogen diethylnitrosamine. These
results are in contrast to our Em-Myc B-cell lymphoma model where
the p53-R334H mutant expressed full tumor suppressor activity, and

Figure 7.

Mutant p53-R334H functions as a
tumor suppressor in Em-Myc lympho-
magenesis. A, Kaplan–Meier survival of
Em-Myc transgenic WT, p53WT/R334H,
and p53R334H/R334H mice. B, Western
blot analysis of B-cell lymphomas aris-
ing in Em-Myc WT, p53WT/R334H, and
p53R334H/R334H mice. C, Characteriza-
tion of p53 and p19Arf status in B-cell
lymphomas arising in Em-Myc WT,
p53WT/R334H, and p53R334H/R334H mice.
Proteins were detected by Western
blot analysis using the following prima-
ry antibodies: p53 (1C12); p19Arf (ab80;
ABCAM).
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may be due to differences in the mouse genetic backgrounds, stresses
(chemical vs. deregulated oncogene), and tissues (liver vs. lympho-
cytes). Differences in mouse genetic backgrounds may also explain the
higher penetrance of spontaneous tumors, increased incidence of
inflammatory diseases, and overall shorter life span of the homozygous
p53-R334Hmice reported here compared with the C57B/6model (24)
and may reflect the heterogeneity in the tumor phenotype associated
with TP53-R334H in the Brazilian population.

Previous studies by Hamard and colleagues demonstrated in a
knockin mouse model that endogenous mutant p53 lacking the C-
terminal 24 amino acids (DCTD) is also functional in a target- and
tissue-specific manner (42). Endogenous DCTD is naturally hyperac-
tive in the thymus, leading to increased expression of Puma and Noxa,
and consequently apoptosis and a reduction in thymus size. The p53
truncation mutant is also constitutively active in hematopoietic stem
cells, and homozygous p53DCTD/DCTDmice die shortly after birth due to
bone marrow failure and additional developmental defects. However,
DCTD is functionally compromised in the liver and fails to induce the
expression of established p53 target genes, such as Mdm2, Noxa, and
Tigar. Based in part on these findings, it was proposed that differences
in tissue-specific epigenetics and posttranslationalmodifications of the
C-terminus of p53 selectively influence target gene expression and cell
fate decisions. We also find differences in p53 function in thymocytes
(Fig. 3; Supplementary Fig. S3) and primaryMEFs (Fig. 5) and suggest
that biochemical modifications may also differentially effect
p53-R334H function. One such possibility may be mediated by
PRMT5, an arginine methyltransferase that specifically modifies
human TP53 at R333, R335, and R337 (43). Methylation of these
sites by PRMT5 reportedly affects p53 tetramer formation and trans-
activation function, and shifts cell responses from apoptosis to cell-
cycle arrest (43). The methylation of p53 at arginine 333, 335, and 337
by PRMT5 was independently validated and shown to suppress
p53-mediated target gene expression and apoptosis (44). Consistent
with these findings, enforced expression of PRMT5 alleviated the need
to select against WT p53 in oncogene-driven B-cell lymphomagen-
esis (44). The consequence of altering a single methylation site
(R337H) on the ability of PRMT5 to recognize, modify, and ultimately
regulate endogenous p53 activity remains to be determined.

The R337H mutation disrupts a critical salt bridge within the
C-terminal oligomerization domain of p53 in a pH-dependent man-
ner (9). Our biochemical analyses indicate that endogenous
p53-R334H exists in tetramer-sized complexes, but also as monomers
and dimers in low passageMEFs. The endogenous p53-R334H protein
is stable (1–2 hours of half-life) and accumulates to high levels in the
nucleus, which is consistent with inefficient tetramer formation, and
binding and turnover byMdm2 (Fig. 6B andC; ref. 34). The influence
of HDAC6 and HSP90, which are recognized to influence p53 stabil-
ity (45), as well as variations in intracellular pH, may further affect
complex formation and p53 function in a tissue- and stress-specific
manner.

The variable tumor penetrance and latency observed across families
harboring the same founder mutation may reflect differences in
genetic background. A previous study of 123 Brazilian women with
early onset breast cancer identified three germline TP53-R337H
carriers, two of which had a family history of cancer (46). Each of
these individuals was positive for additional polymorphisms that are
thought to further reduce p53 expression and function, such as PIN3
(16 bp repeat in intron 3), R72P, andMDM2 SNP309. These and other
genetic variants, such asXAF1-E134� (47), that diminish TP53 expres-
sion, activation, and/or function may further increase tumor suscep-
tibility of carriers of the TP53-R337H mutation.

It is important to note that the p53-R334Hmice are also susceptible
to inflammatory-related diseases, such as nephritis (Supplementary
Fig. S1; Supplementary Table S1). An underlying cause of nephro-
toxicity is ferroptosis (48), which can be influenced by p53 (49).
Analysis of primary low passage WT and homozygous p53-R334H
MEFs showed no difference in ferroptosis-mediated cell death in
response to erastin at all doses and time points tested (Supplementary
Fig. S9A and S9B). Ferrastatin-1 efficiently rescued each of the treated
cell lines, establishing specificity for the ferroptosis response. These
findings indicate that the kidney disease in p53-R334H mice is likely
unrelated to alterations in ferroptosis. Interestingly, mice harboring
the p53-R172H DNA-binding mutation are also susceptible to spon-
taneous glomerulonephritis and polyarteritis (50), and are highly
sensitive to dextran sodium sulfate–induced colitis and inflamma-
tion-associated colorectal cancer (51). Tumor development in this
model is dependent on mutant p53 and not the loss of WT p53, and is
associated with sustained NF-kB activation (51). Somatic TP53muta-
tions have also been found in human inflammatory diseases, such as
ulcerative colitis (52) and rheumatoid arthritis (53). These findings
indicate that mutant p53, perhaps through a gain of function property
and NF-kB signaling, promotes inflammation. Whether LFS families
are also prone to inflammation and inflammatory-related diseases is
unclear. The results from the mouse models support further investi-
gation into this possibility.

The TP53-R337Hmutation is thought to have originated in Europe
and subsequently been introduced into southern Brazil several hun-
dred years ago (8). A recent genetic screen of 175,000 newborns from
southern Brazil revealed 1 in 375 carries the TP53-R337H germline
mutation with an estimated 200 to 300,000 carriers (12). Clinical
surveillance of pediatric TP53-R337H carriers led to the detection of
early stageACTs, complete surgical resection, and a good prognosis. In
this setting, genetic testing coupled with genetic counseling and close
clinical follow-up provides benefit. However, the widely variable
tumor penetrance and tumor spectrum associated with the germline
TP53-R337H mutation complicate long-term monitoring strategies.
The mouse model demonstrates that the germline p53-R337H muta-
tion is less disruptive to p53 tumor suppressor activities and is
associated with a significantly greater life span when compared with
DNA-binding mutations that are commonly associated with LFS.
Collectively, these findings suggest that other genetic alterations
cooperate with p53-R337H to increase tumor penetrance, onset, and
susceptibility to LFS. The knockin mutant p53R337Hmice should serve
as a useful model for challenging their functional relevance.
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