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ABSTRACT
◥

The majority of TP53 missense mutations identified in cancer
patients are in the DNA-binding domain and are characterized as
either structural or contact mutations. These missense mutations
exhibit inhibitory effects on wild-type p53 activity. More impor-
tantly, these mutations also demonstrate gain-of-function (GOF)
activities characterized by increased metastasis, poor prognosis,
and drug resistance. To better understand the activities by which
TP53mutations, identified in Li–Fraumeni syndrome, contribute
to tumorigenesis, we generated mice harboring a novel germline
Trp53R245W allele (contact mutation) and compared them with
existing models with Trp53R172H (structural mutation) and
Trp53R270H (contact mutation) alleles. Thymocytes from het-
erozygous mice showed that all three hotspot mutations exhib-
ited similar inhibitory effects on wild-type p53 transcription
in vivo, and tumors from these mice had similar levels of loss
of heterozygosity. However, the overall survival of Trp53R245W/þ

and Trp53R270H/þ mice, but not Trp53R172H/þ mice, was
significantly shorter than that of Trp53þ/�mice, providing strong

evidence for p53-mutant–specific GOF contributions to tumor
development. Furthermore, Trp53R245W/þ and Trp53R270H/þ

mice had more osteosarcoma metastases than Trp53R172H/þ

mice, suggesting that these two contact mutants have stronger
GOF in driving osteosarcoma metastasis. Transcriptomic
analyses using RNA sequencing data from Trp53R172H/þ,
Trp53R245W/þ, and Trp53R270H/þ primary osteosarcomas in com-
parison with Trp53þ/– indicated that GOF of the three mutants
was mediated by distinct pathways. Thus, both the inhibitory
effect of mutant over wild-type p53 and GOF activities of mutant
p53 contributed to tumorigenesis in vivo. Targeting p53 mutant–
specific pathways may be important for therapeutic outcomes in
osteosarcoma.

Significance: p53 hotspot mutants inhibit wild-type p53 simi-
larly but differ in their GOF activities, with stronger tumor-
promoting activity in contact mutants and distinct protein partners
of each mutant driving tumorigenesis and metastasis.

Introduction
The TP53 gene encodes a tetrameric transcription factor, p53, that

binds a specific DNA sequence and activates hundreds of genes, many
in a tissue-specific manner (1). Under normal conditions, p53 activity
is low due to inhibition by MDM2 and MDM4 proteins (2). Under
DNA damage and other stress signals, p53 is posttranslationally
modified and stabilized to activate a transcriptional repertoire that
induces cell-cycle arrest, senescence, apoptosis, andmetabolic changes
to inhibit cell transformation (3, 4).

Given these growth-suppressive pathways, the TP53 tumor sup-
pressor is frequently mutated or deleted in most human cancers. For
example, 96% of high-grade serous ovarian cancers (5) and 80% of
basal-like breast cancers (6) have TP53 alterations. Additionally, 60%
to 80% of “classic” Li–Fraumeni syndrome (LFS) patients have
TP53 germline mutations with high risk of developing cancer at an
early age (7). Osteosarcoma is amajor cancer in LFS patients, especially
in children. It is a rare cancer for which treatment options are
limited (8).

Remarkably, among the TP53 mutations found in human cancers,
missense mutations predominate (9), including several hotspot p53
mutations located in the DNA-binding domain defined as either
contact (R273H, R248Q, and R248W) or structural (R175H, G245S,
R249S, and R282H) mutations based on a defective protein struc-
ture (10, 11). These mutant p53 proteins exhibit a range of activities
that include: loss of wild-type (WT) activity and an inhibitory effect
(IE) that reduces WT p53 activity (12), and gain-of-function
(GOF) activities (13). Mutant and WT p53 proteins form mixed
tetramers to inhibit WT p53 activity, often in a context-dependent
manner (12). In addition to inhibition of WT p53 activities by
mutant p53, compelling evidence shows that mutant p53 proteins
have novel GOF activities that contribute to tumorigenesis and
metastasis. Trp53R172H/þ and Trp53R270H/þ mice (mimicking human
LFS TP53R175H and TP53R273H mutations, respectively) develop
tumors with increased metastasis as compared with Trp53þ/–

mice (14, 15). Numerous studies identified multiple mechanisms of
GOF activities of mutant p53 that contribute to increased invasiveness
and metastatic potential (13, 16). In general terms, p53-mutant
proteins can interact with other cellular proteins (some of which are
tissue-specific) disrupting their normal functions or usurping their

1Department of Genetics, The University of Texas MD Anderson Cancer
Center, UT Health Graduate School of Biomedical Sciences, Houston, Texas.
2Genetics and Epigenetics Graduate Program, The University of Texas MD
Anderson Cancer Center, UT Health Graduate School of Biomedical Sciences,
Houston, Texas. 3Department of Pharmaceutical Sciences, College of Pharmacy
and Health Sciences, Texas Southern University, Houston, Texas. 4Department
of Bioinformatics and Computational Biology, The University of Texas MD
Anderson Cancer Center, Houston, Texas. 5Department of Veterinary Medicine
and Surgery, The University of Texas MD Anderson Cancer Center, Houston,
Texas. 6Department of Pathology, The University of Texas MD Anderson Cancer
Center, Houston, Texas.

Note: Supplementary data for this article are available at Cancer Research
Online (http://cancerres.aacrjournals.org/).

Corresponding Author: Guillermina Lozano, Department of Genetics Unit 1010,
The University of Texas MD Anderson Cancer Center, 1515 Holcombe Boulevard,
Houston, TX 77030. Phone: 713-834-6386; E-mail: gglozano@mdanderson.org

Cancer Res 2022;82:1926–36

doi: 10.1158/0008-5472.CAN-21-3376

�2022 American Association for Cancer Research

AACRJournals.org | 1926

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/82/10/1926/3128288/1926.pdf by guest on 19 M

ay 2023

http://crossmark.crossref.org/dialog/?doi=10.1158/0008-5472.CAN-21-3376&domain=pdf&date_stamp=2022-4-29
http://crossmark.crossref.org/dialog/?doi=10.1158/0008-5472.CAN-21-3376&domain=pdf&date_stamp=2022-4-29


transcriptional functions to alter the transcriptome. Although mutant
p53 proteins drive tumor development by multiple mechanisms, these
mechanisms are not necessarily mutually exclusive. In addition, these
mechanisms are cancer type– and cell context–dependent (13, 17).

Unequal tumorigenic effects of TP53 missense mutations in LFS
patients have been noted (18). Knock-in mouse models that mimic
patients with LFS have also been developed (19). Trp53R172H (a
structural mutant) and Trp53R270H (a contact mutant) mice were
generated with the Trp53R270H mouse model exhibiting a distinct
spontaneous tumor spectrum from theTrp53R172Hmouse, indicating
that different missense mutations may drive tumorigenesis different-
ly (15). Although a humanizedTP53R258W knock-in (HUPKI)mouse
was generated (20), a comparable Trp53R248Wmouse model has not
been developed to date. To better understand the mutant-specific
phenotypes ofmicemimicking the human TP53R248Wmutation, and
to explore the IE and GOF in vivo, a germline Trp53R245W allele was
generated. The IE and GOF of p53R245W were compared with two
previously published LFS mutations, p53R172H and p53R270H. All
three showed comparable IE onWT p53 activities. Contact mutations
p53R245W and p53R270H showed stronger GOF than the structural
mutation p53R172H. In addition, osteosarcomas for all three alleles
showed distinct GOF mechanisms drive tumorigenesis.

Materials and Methods
Mice and tumor analyses

Genotyping was performed by polymerase chain reaction (PCR) as
previously described (21). Zp3-cre and Trp53R270H/þ mice were pur-
chased from The Jackson Laboratory. Trp53R270H/þ mice (15) were
backcrossed to C57BL/6J for three generations to obtain a background
(>92% C57BL/6J) similar to Trp53R172H/þ and Trp53R245WH/þ mice.
Mouse cohorts were monitored daily for tumorigenesis. Moribund
mice were euthanized, and tissues were fixed in 10% v/v formalin and
embedded in paraffin. Sections were stained with hematoxylin and
eosin for pathologic analyses. All mouse experiments were approved
by the Institutional Animal Care andUse Committee ofMDAnderson
Cancer Center and in compliance with the US Public Health Service
Policy on Humane Care and Use of Laboratory Animals.

p53 and cleaved caspase-3 (CC3) IHC was performed as
described previously with CM5 and CC3 (22) antibodies, respec-
tively. The Vector DAB Substrate Kit (Vector Laboratories) was
used for chromogenic detection. The percentage of p53-positive
nuclei was determined using ImageJ software. To examine loss of
heterozygosity (LOH) of p53, primers spanning the missense muta-
tions were used to amplify tumor DNA samples by PCR; the
PCR products were then sequenced. LOH was measured as loss of
80% of WT p53 peaks as previously described (21). The primers
for detecting LOH in Trp53R270H/þ tumors were the following:
In7FW: CCAGCTTTCTTACTGCCTTGTGC; Ex8Rev: GCAGTT-
CAGGGCAAAGGACTTCC.

Cell culture, immunoprecipitation, Western blot analysis, and
reverse transcription quantitative PCR

Male mice (age 4–8 weeks) or mouse embryonic fibroblasts
(MEF) were irradiated at 2.5 or 6 Gy, and protein lysates and total
RNAwere prepared from themouse tissues orMEFs 4 hours later. The
protein lysates were prepared by homogenizing mouse tissues directly
in SDS-PAGE loading buffer, followed by sonication for 1 to 2minutes.
Cell lines 0263 and H318 were generated previously (23), H222 was
generated from Trp53R172H/þ, 14W and 55W from Trp53R245W/þ, 26R
and 752R from Trp53R270H/þ primary osteosarcomas. The cell lysates

were prepared in NP-40 buffer and immunoprecipitated using Glial
fibrillary acidic protein (Dako Z033401) or p53 antibody (Leica;
cat. #NCL-L-p53-CM5p). Antibodies used for western blots were:
Cdkn1a (p21; 1:1,000) (Cell Signaling Technology; cat. #2947, RRID:
AB_823586); vinculin (1:5,000; Sigma-Aldrich, V9264); Egr1(1:1,000;
Thermo Fisher, MA5-15008); signal transducer and activator of
transcription 3 (Stat3; 1:1,000; Thermo Fisher, MA5-15712). Total
RNA was prepared from cells or tissues by TRIzol reagent (Invitrogen
15596-026) and then treated with DNase I (Roche). Reverse tran-
scription quantitative PCRs (RT-qPCR) of p53 downstream target
genes Eda2r, p21, Mdm2, Bbc3 (Puma), and Pmaip1(Noxa) were
performed as reported previously (1, 24). Data were normalized to
Gapdh or Rplp0.

Transcriptomic analyses of murine osteosarcomas and siRNA-
treated Trp53R245W/þ tumor cell line

The primary osteosarcomas from Trp53þ/–, Trp53R172H/þ,
Trp53R245W/þ, and Trp53R270H/þ mice were collected at the time of
necropsy, snap-frozen using liquid nitrogen, and stored at �80�C.
The tumors were crushed to powder using a mortar and pestle,
and approximately 100 mg of powder was used to isolate RNA using
a Direct-zol RNA Microprep Kit (Zymo Research, R2062). Osteosar-
coma cell line 14W was transfected with either p53siRNAs (Si-1 and
Si-2) or control siRNA (MilliporeSigma, SASI_Mm02_00310137,
SASI_Mm02_00310139 and SiC001), total RNAswere isolated 48 hours
after the transfection using RNeasy Mini Kit (Qiagen 74004). RNA was
submitted to the Advanced Technology Genomics Core at The Uni-
versity of TexasMDAnderson Cancer Center for bulk RNA-sequencing
as described (25). Read mapping was performed using STAR RRID:
SCR_004463 and GRCm38 (MM10) was used as the reference genome.
The program FastQC, RRID:SCR_014583 (v. 0.11.5) was used to check
for quality of FASTQ reads. Annotation of genes was carried out using
the GENCODE, RRID:SCR_014966 (v. 3.6.0) and the Bioconductor,
RRID:SCR_006442 package was used for analysis.

Differentially expressed genes (DEG) were identified using
DESeq2, RRID:SCR_000154. The read count was first prefiltered
to keep genes that had 5 or more reads in 3 or more samples.
DESeq2 modeled the counts using a negative binomial distribution,
followed by the Wald test. The final P value was adjusted using the
Benjamini and Hochberg method. Significant DEGs were selected
based on the criteria of adjusted P value < 0.05 (Padj < 0.05) when
the mutant Trp53 cohorts were compared with the heterozygous
Trp53 cohort. To identify potential mutant p53-associated tran-
scription factors that lie upstream of differentially upregulated
genes, data from JASPAR, TRANSFAC, ENCODE, ChEA, and
Targetscan databases were used by considering the overlap between
Enrichr, oPOSSUM, and Ingenuity Pathway Analysis (Ingenuity
Pathway Analysis, RRID:SCR_008653, Invitrogen). This approach
allowed us to avoid experimental bias and discrepancies introduced
due to z-score and P value cutoffs in different algorithms. IPA was
also used to identify dysregulated pathways in the mutant Trp53
cohorts using DEGs.

Statistical analysis
Student t tests and Kaplan–Meier survival analyses were performed

with PRISM, RRID:SCR_005375, version 9). P values of < 0.05 were
considered to be statistically significant.

Data availability statement
RNA-seq data sets generated in this study have been deposited in

Gene-Expression Omnibus under accession number GSE198802.

Mutant p53 GOF and IE Contribute to Tumorigenesis

AACRJournals.org Cancer Res; 82(10) May 15, 2022 1927

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/82/10/1926/3128288/1926.pdf by guest on 19 M

ay 2023



Results
Generation and characterization of p53R245W mice

To generate a knock-inmousemodel with the p53R245Wmutation
(representing the hotspot p53R248W mutation in humans), we took
advantage of the conditional Trp53wm-R245W allele previously charac-
terized (21). Trp53wm-R245W expresses WT p53 but converts to
p53R245W-mutant expression upon Cre-mediated deletion of WT
sequences. Trp53wm-R245W mice were crossed with Zp3-Cre mice, and
subsequently to C57BL/6J mice to generate germline Trp53R245W/þ

mice (Supplementary Fig. S1A). After removal of the Cre transgene,
interbreeding of Trp53R245W/þ mice produced a normal Mendelian
ratio of expected genotypes, indicating no lethal consequences of
Trp53R245W/R245W homozygosity (Supplementary Table S1).

To test whether the Trp53R245W allele is a loss-of-function allele
in vivo, we examined its ability to rescue the Mdm2-null early lethal
phenotype as does p53 deletion but not p53 heterozygosity (26, 27). In
several crosses, the expected number of Mdm2–/–Trp53R245W/R245W

mice were observed at weaning, indicating that homozygosity of
the Trp53R245W allele completely rescues the embryonic lethality
of Mdm2–/– mice (Supplementary Table S2), demonstrating little or
no WT activity of the p53R245W protein. To examine the transcrip-
tional activity of p53R245W after DNA damage, the relative RNA
levels of canonical p53 downstream targets cyclin-dependent kinase

inhibitor 1A (Cdkn1a, or p21) and Bbc3 (Puma) were examined by
qRT-PCR in the spleens of mice treated with ionizing radiation
(IR). Trp53R245W/R245W mice showed no transcriptional activity
after 6 Gy IR exposure (Supplementary Fig. S1B), as would be expected
from an allele that lost WT p53 activity. p21 protein was also not
induced in Trp53R245W/R245W mouse spleens or in MEFs after 6 Gy IR
(Supplementary Fig. S1C and S1D). These results indicated that
p53R245W has little if any WT p53 activity.

Similar IE from different p53 mutations in vivo
To investigate whether p53R172H, p53R245W, and p53R270H

proteins exert IE over WT p53 in vivo, heterozygous Trp53R172H/þ,
Trp53R245W/þ, and Trp53R270H/þ mice (collectively Trp53Mut/þ) were
irradiated with 2.5 Gy, a dose that distinguishes small differences in
WT p53 activity (28). The relative mRNA levels of p53 downstream
target genes Eda2r, Cdkn1a (p21), Bbc3 (Puma), Bax, and Ccng1 in
thymuses were measured by RT-qPCR. In comparison with the
Trp53þ/� mice, all Trp53R172H/þ, Trp53R245W/þ, and Trp53R270H/þ

mice showed comparable decreased activation of these downstream
target genes, which were not statistically different from each other
(Fig. 1A). No activation of target genes was observed inTrp53�/�mice
after irradiation, demonstrating that the assay was specific for p53
activity (Fig. 1A). Moreover, the activation of all genes among
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Figure 1.

Similar IE among p53 mutations in vivo. A, RNA levels of p53 downstream target genes Eda2r, Cdkn1a (p21), Bbc3 (Puma), Bax, and Ccng1 were determined by
RT-qPCR 4 hours after 2.5 Gy irradiation in WT (þ/þ; N ¼ 4 for both non-IR and IR treatment), Trp53þ/� (þ/�; N ¼ 3), Trp53R172H/þ (R172H/þ; N ¼ 5),
Trp53R245W/þ (R245W/þ; N ¼ 4), Trp53R270H/þ (R270H/þ; N ¼ 4), and Trp53–/� (�/�; N ¼ 3 for non-IR and N ¼ 5 for IR) mouse thymuses. B, IHC staining of
CC3 was performed on thymus tissues from mice with the indicated genotypes. Scale bar, 100 mm. C, CC3-stained cells were quantified in five random fields.
� , P < 0.05; ��, P < 0.01; ��� , P < 0.001 by the t test.
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heterozygous mice was higher than in Trp53–/– mice, indicating
partial inhibition of WT p53 activity by mutant p53. To explore the
IE on p53-induced apoptosis, we performed IHC staining with CC3
antibodies on IR-treated thymuses. Trp53R172H/þ, Trp53R245W/þ, and
Trp53R270H/þ mice showed less CC3 staining than Trp53þ/� mice but
more than Trp53–/–mice again indicative of a similar IE of mutant p53
on WT p53 function (Fig. 1B and C). Thus, two different assays
indicate that mutant p53 exerts an IE on WT p53.

Trp53neo/– mice express approximately 7% of the WT p53 protein
(due to insertion of theNeo gene into theWT p53 locus within intron 4
near the internal promoter), yet show delayed tumorigenesis as
compared with Trp53–/– mice, indicating that even a low level of
p53 is tumor suppressive (22). Additionally, Trp53neo/R172H mice have
significantly shorter survival than Trp53neo/– mice, indicating an IE of
p53R172H on WT p53 during tumor development (22). To compare
the IE among all three p53 mutants in this model in vivo, we generated
Trp53neo/R172H, Trp53neo/R245W, and Trp53neo/R270H mice (collectively
Trp53neo/Mut) and compared with Trp53neo/� mice. To measure tran-
scriptional activity, mice were irradiated at 6 Gy at about 1 month of

age, and p53 downstream target genes in the thymuses were examined
by RT-qPCR. The 6Gy dose was required because of the low p53 levels
produced by the Trp53neo allele. The expression of Cdkn1a (p21), Bax,
and Bbc3 (Puma) was clearly less activated (if at all) in Trp53neo/Mut

mice than in Trp53neo/� mice indicative of an IE of mutant on WT
p53 (Fig. 2A). To further compare the effects of mutant p53 on
tumor development, mice were monitored for spontaneous tumori-
genesis. The major tumor types that developed in these mice
were lymphomas (about 60%). The median overall survival of
Trp53neo/R172H, Trp53neo/R245W, Trp53neo/R270H mice was similar
(136, 141, 153 days, respectively) to Trp53–/– mice (160 days) and
had no statistically significant difference. However, all three cohorts
exhibited significantly shorter survival than the Trp53neo/– mice
(218 days; Fig. 2B), indicating all three p53 hotspot mutations had
a similar IE on WT p53 activity during spontaneous tumorigenesis.

Tumors frequently undergo LOH in the context of WT Trp53
alleles. Even though this Trp53neo allele is a hypomorph, we evaluated
if there were any differences in Trp53neo allele retention between the
Trp53neo/Mut and Trp53neo/– tumors. We assayed for its presence in 30
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Figure 2.

IE of mutant p53 in vivo. A, IE of mutant p53 by IR treatment in Trp53neo/� and Trp53neo/mut mice. Relative RNA levels of Cdkn1a (p21), Bax, and Bbc3 (Puma) were
determined by RT-qPCR in thymuses of 1-month-old Trp53neo/� (Neo/�), Trp53neo/R172H (Neo/R172H), Trp53neo/R245W (Neo/R245W), Trp53neo/R270H (Neo/R270H),
and Trp53�/� (�/�) mice, 4 hours after 6 Gy IR treatment. At least three mice were used for each genotype. B, Kaplan–Meier survival curves of Trp53neo/� (N¼ 48),
Trp53neo/R172H(N ¼ 36), Trp53neo/R245W (N ¼ 22), Trp53neo/R270H (N ¼ 23), and Trp53�/� (N ¼ 19) mice. C, Expression of p53 target genes in Trp53neo/Mut tumors
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Mutant p53 GOF and IE Contribute to Tumorigenesis

AACRJournals.org Cancer Res; 82(10) May 15, 2022 1929

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/82/10/1926/3128288/1926.pdf by guest on 19 M

ay 2023



tumors (6 from Trp53neo/– mice, 10 from Trp53neo/R172H mice, 7
from Trp53neo/R245W mice, and 7 from Trp53neo/R270H mice). All
tumors, except 1 Trp53neo/R245W tumor, retained the Trp53neo allele
as determined by Sanger sequencing. Because tumors retained a WT
p53 allele (albeit a weak one), we were able to examine whether the

WT p53 transcriptional program was repressed by mutant p53
in tumors at endpoint. The expression levels of p53 downstream
target genes Bax, Ccng1, and Eda2r were expressed significantly
lower in Trp53neo/R172H, Trp53neo/R245W, and Trp53neo/R270H tumors
in comparison with Trp53neo/� tumors as measured by RT-qPCR
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Figure 3.

Distinct tumor phenotypes amongmutant p53mice.A andB,Kaplan–Meier survival curves of Trp53þ/� (N¼ 33), Trp53R172H/þ (N¼ 35), Trp53R245W/þ (N¼ 105), and
Trp53R270H/þ (N¼ 38) mice at 22 months (A) and 14 months (B). C, LOH analysis in Trp53R172H/þ (N¼ 31), Trp53R245W/þ (N¼ 26), and Trp53R270H/þ (N¼ 14) tumors.
D, Kaplan–Meier survival curves of Trp53–/� (N ¼ 19), Trp53R172H/R172H (N ¼ 34), Trp53R245W/R245W (N ¼ 139), and Trp53R270H/R270H (N ¼ 44) mice. E, p53 levels
were detected by IHC staining in Trp53R172H/þ (N ¼ 19), Trp53R172H/R172H (N ¼ 6), Trp53R245W/þ (N ¼ 16), Trp53R245W/R245W (N ¼ 25), Trp53R270H/þ (N ¼ 20), and
Trp53R270H/R270H (N¼ 13) tumors. Positively stained nuclei were counted by ImageJ software. F, Kaplan–Meier survival curves of homozygous Trp53R245W/R245W and
Trp53R270H/R270H mice with 0%–40% and 60%–100% positive p53 nuclei by IHC staining. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001 by the t test.
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(Fig. 2C), supporting IE activity of all three p53-mutant alleles
in vivo.

Tumorigenesis among different mutant p53 alleles
To compare the roles of p53R172H, p53R245W, and p53R270H-

mutants versus Trp53 loss in spontaneous tumorigenesis with
a genotype consistent with LFS patients, a cohort of Trp53R172H/þ

(N ¼ 35), Trp53R245W/þ (N ¼ 105), Trp53R270H/þ (N ¼ 38), and
Trp53þ/� (N ¼ 33) mice with a similar genetic background were
generated. Consistent with previous studies (14, 15), the overall
survival of Trp53R172H/þ mice did not differ significantly from that
of Trp53þ/� mice (median survival at 488 and 486 days, respectively).
However, the overall survival of Trp53R245W/þ and Trp53R270H/þ mice
(median survival at 431 and 419 days, respectively) were significantly
shorter than that of the Trp53þ/� mice (P ¼ 0.036 and 0.012,
respectively) but not that of Trp53R172H/þ mice when the cohorts
were monitored for up to 22 months (Fig. 3A). Additionally, when
surveyed at 14 months of age, the differences in overall survival
between both Trp53R245W/þ and Trp53R270H/þmice, as compared with
Trp53R172H/þ mice were significant (P ¼ 0.005 and 0.0007,
respectively; Fig. 3B). These data suggested that Trp53R245W/þ and
Trp53R270H/þ mice were more prone to tumor development than
Trp53R172H/þ mice, indicating p53R245W and p53R270H-mutants
were more potent than the p53R172H mutant in driving spontaneous
tumorigenesis in vivo. The major cancer these mice developed were
sarcomas, which varied from 37% to 60% (Table 1). Osteosarcomas, in
particular, occurred in 17% to 33% ofmice and weremore prevalent in
female mice (see below). Lymphomas were the second most common

tumor observed (20%–30%). More carcinomas were observed in
Trp53R172H/þ (15%), Trp53R245W/þ (27%), and Trp53R270H/þ (23%)
mice as compared with Trp53þ/– (8%) mice. In particular, lung
adenocarcinomas were found in Trp53R172H/þ (3%), Trp53R245W/þ

(11%), and Trp53R270H/þ (17%) mice but not in Trp53þ/– mice,
indicating mutation-specific tumor types compared with p53 loss.
Importantly, metastases of sarcomas and carcinomas were observed
only in Trp53Mut/þ and not in Trp53þ/� mice indicative of GOF
activities for mutant p53 proteins.

To investigate whether LOH of the WT Trp53 allele contributes
to differences in tumorigenesis among these Trp53Mut/þ cohorts,
LOH analyses were performed in Trp53R172H/þ (N ¼ 31),
Trp53R245W/þ (N¼ 26), and Trp53R270H/þ (N¼ 14) tumors, including
lymphomas, carcinomas, and sarcomas (Table 1). For all three
cohorts, the WT Trp53 allele was retained in 65% to 86% of tumors
while completely lost in 14% to 35%, and the percentages of zero,
partial, or complete LOH were statistically similar among the three
cohorts (Fig. 3C). Thus, it is unlikely that LOH of WT p53 in tumors
contributes to the difference in overall survival among Trp53Mut/þ

mice. The shorter overall survival of Trp53R245W/þ and Trp53R270H/þ

mice suggested that contact mutations p53R245W and p53R270H are
more tumorigenic than p53 loss in a heterozygous background.

Additionally, homozygous Trp53R172H/R172H, Trp53R245W/R245W,
and Trp53R270H/R270H mice were monitored for tumorigenesis as well,
and the median overall survival (134.5, 154, and 155.5 days, respec-
tively) was similar to Trp53–/– (160 days; Fig. 3D). Although similar
percentages of lymphoma were observed among all three homozygous
cohorts, 4 of 89 Trp53R245W/R245W mice and 2 of 29 Trp53R270H/R2700H

Table 1. Tumor spectrum in Trp53R172H/þ, Trp53R245W/þ, and Trp53R270H/þ mice.

Genotype
Trp53þ/� Trp53R172H/þ Trp53R245W/þ Trp53R270H/þ

Tumor type (N ¼ 25) (N ¼ 34) (N ¼ 46) (N ¼ 24)

Lymphoma 6 (24%) 10 (29%) 19 (30%) 6 (20%)
Sarcoma 15 (60%) 15 (44%) 23 (37%) 16 (53%)

Osteosarcoma 7 (28%) 8 (24%)a 11 (17%)b 10 (33%)c

Angiosarcoma 1 (4%) 1 (3%) 6 (10%) 1 (3%)
Spindle cell sarcoma 3 (12%) 3 (9%) 3 (5%) 1 (3%)
Sarcoma (synovia) 1 (3%)
Sarcoma, NOS 4 (16%) 3 (9%) 3 (5%) 3 (10%)

Carcinoma 2 (8%) 5 (15%) 17 (27%) 7 (23%)
Adenocarcinoma

Mammary 3 (5%)d 1 (3%)
Lung 1 (3%) 7 (11%) 5 (17%)
Other 1 (4%) 3 (9%) 6 (10%) 1 (3%)

Hepatocellular 1 (2%)
Basaloid 1 (3%)
Squamous 1 (4%)

Other tumors 2 (8%) 4 (12%) 4 (6%) 1 (3%)
Neuroendocrine tumor 1 (2%) 1 (3%)
Leukemia 1 (2%)
Baso-squamous tumor 1 (3%)
Histiocytic sarcoma 2 (8%) 1 (3%)
Myeloma 1 (3%)
Granuloma 1 (3%)
Hemangioma 2 (3%)
Tumor totals 25 34 63 30

aOne of 8.
bFive of 11.
cFour of 10 osteosarcomas had metastasis.
dTwo of 3 mammary adenocarcinomas had metastasis.
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mice also developed osteosarcoma, and onemouse fromeach genotype
even had osteosarcoma metastasis (Table 2), which was not observed
in Trp53R172H/R172H mice, indicating a distinct role of p53R245W and
p53R270H in osteosarcomagenesis. Of note, more tumor types were
observed in Trp53R245W/R245W and Trp53R270H/R270H mice, including
glioblastoma multiforme, malignant peripheral nerve sheath tumor,
and melanoma (Table 2), indicating tumor differences among
homozygous mutant mice. Further, the average percentage of
p53-positive nuclei (as measured by IHC) among all tumors from
heterozygous and homozygous mutant mice was similar (Fig. 3E).
To determine if the presence of p53 protein affected overall survival,
tumors from Trp53R245W/R245W and Trp53R270H/R270H homozygous
mice were categorized into two groups: one group with 0% to 40%
p53-positive nuclei, and another group with 60% to 100% p53-
positive nuclei (Supplementary Fig. S2A). Strikingly, the overall
survival of mice with a higher percentage of p53-positive nuclei
in tumors was significantly shorter (median survival at 132 days vs.
205 days; P¼ 0.0059; Fig. 3F), indicating that detection of p53R245W
and p53R270H in tumor cells accelerates tumorigenesis in homozy-
gous mice, thereby supporting GOF contributions to disease
progression.

p53 mutant–specific differences in tumorigenesis and
metastasis

Emerging evidence shows that different p53 mutants may have
distinct GOF activities (11, 21). To examine allele-specific difference
in tumorigenesis, lymphoma-specific survival was first assessed.
Lymphomas were prominent in Trp53R172H/þ and Trp53R245W/þ

mice, yet very few Trp53R270H/þ mice had lymphoma as the only
cancer, which is consistent with a previous study reporting that
Trp53R270H/þ in a 129S4/SvJae genetic background showed high

incidence of carcinomas and multiple tumors per mouse (15).
Therefore, the lymphoma-specific survival of Trp53R245W/þ mice
was compared with that of the Trp53R172H/þ mice. Trp53R245W/þ

mice with only lymphoma (median survival, 421 days) died sig-
nificantly faster than Trp53R172H/þ mice (median survival, 518 days;
P ¼ 0.0298; Fig. 4A), suggesting p53R245W was more potent in
driving lymphoma-specific lethality than p53R172H.

We also examined survival differences in mice with osteosar-
coma as it is the second most common tumor type in Trp53Mut/þ

mice, notably, osteosarcomas occur with a higher frequency in
female than male heterozygous mice (6 females vs. 2 males for
Trp53R172H/þ osteosarcomas, 8 females vs. 3 males for Trp53R245W/þ

osteosarcomas, and 10 females for Trp53R270H/þ osteosarcomas),
so we chose to restrict the downstream analysis to just female
mice. Intriguingly, the overall survival of Trp53R270H/þ female
mice (median survival at 417 days) was significantly shorter
than that of Trp53R172H/þ female mice (median survival at 456 days;
P ¼ 0.046; Fig. 4B; Supplementary Fig. S2B), indicating that
the p53R270H mutation is more tumorigenic than p53R172H in
female mice. As all osteosarcomas lost the WT Trp53 allele (deter-
mined in Fig. 3C), we were able to examine mutant p53 levels by IHC.
The number of nuclei with detectable p53-mutant levels was similar
among osteosarcomas from Trp53R172H/þ, Trp53R245W/þ, and
Trp53R270H/þ mice (Fig. 4C). However, the number of mice with
metastasis was clearly higher in Trp53R245W/þ (5/11, 45%) and
Trp53R270H/þ (4/10, 40%) mice than in Trp53R172H/þ (1/8, 12.5%)
mice (Fig. 4D;Table 1), indicating p53R245Wand p53R270H-mutant
proteins had stronger GOF contributing to osteosarcoma metastasis
than p53R172H. The data combined from analyses of lymphomas
and osteosarcomas indicated allele-specific differences in mice with
different p53 missense mutations.

Table 2. Tumor spectrum in Trp53R172H/R172H, Trp53R245W/R245W, and Trp53R270H/R270H mice.

Genotype
Trp53–/� Trp53R172H/R172H Trp53R245W/R245W Trp53R270H/R270H

Tumor type (N ¼ 18) (N ¼ 21) (N ¼ 89) (N ¼ 29)

Lymphoma 15 (83%) 13 (62%) 67 (57%) 17 (59%)
Sarcoma 3 (17%) 7 (33%) 42 (36%) 8 (28%)

Osteosarcoma 4 (3%)a 2 (7%)c

Angiosarcoma 3 (17%) 4 (19%) 10 (9%) 1 (3%)
Spindle cell sarcoma 2 (10%) 4 (3%) 1 (3%)
Rhabdomyosarcoma 1 (3%)
Fibrosarcoma 1 (3%)
Hemangiosarcoma 6 (5%)
Synovial sarcoma 1 (1%)
Sarcoma, NOS 1 (5%) 17 (15%) 2 (7%)

Carcinoma 1 (5%) 2 (2%) 2 (7%)
Adenocarcinoma 1 (3%)
Other carcinoma 1 (5%) 2 (2%)b 1 (3%)

Other tumors 6 (5%) 2 (7%)
Glioblastoma multiforme 1 (1%)
Leukemia 2 (2%)
Neuroblastoma 1 (1%)
Teratoma 1 (1%)
Malignant peripheral nerve sheath tumor 1 (3%)
Melanoma 1 (1%) 1 (3%)
Tumor totals 18 21 117 29

aOne of 4 osteosarcomas had metastasis.
bOne of 2 carcinomas had metastasis.
cOne of 2 osteosarcomas had metastasis.
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The transcriptome of mutant p53-specific osteosarcomas
supports allele-specific differences in GOF

The presence of osteosarcoma is a defining feature in LFS patients,
and osteosarcomas develop more frequently than any other sarcomas
in Trp53Mut/þmice, with more metastasis in Trp53R245W/þ and
Trp53R270H/þ mice than in Trp53R172H/þ and Trp53þ/� mice. These
mouse models provided a platform to examine mutant-specific differ-
ences in a single tumor type. One mechanism of mutant p53 GOF is
mediated by the interaction with other transcription factors to upre-
gulate tumor-promoting pathways (13). Therefore, RNA-seq analysis
was performed to identify mutant p53-driven transcriptomes of
primary osteosarcoma tumor samples from Trp53þ/� (n ¼ 4),
Trp53R172H/þ (n ¼ 6), Trp53R245W/þ (n ¼ 3), and Trp53R270H/þ

(n ¼ 5) mice. DEGs were identified in Trp53R172H/þ, Trp53R245W/þ,
and Trp53R270H/þ tumors compared with Trp53þ/– tumors by
significance criteria of adjusted P < 0.05 and fold change > 2. We
identified 88 DEGs for Trp53R172H/þ, 115 DEGs for Trp53R245W/þ,
and 180 DEGs for Trp53R270H/þ osteosarcomas (Supplementary
Fig. S3A). The majority of DEGs from Trp53R172H/þ (62/88; 70%),
Trp53R245W/þ (89/115; 77%) and Trp53R270H/þ (164/180; 91%) osteo-
sarcomas were nonoverlapping (Supplementary Fig. S3B). In addition,
distinct individual clusters of DEGs among mutant p53 groups were
discernible when compared with the heterozygous p53 group by
supervised clustering basedongenotype (Fig. 5A). Principal component

analysis revealed that osteosarcomas from contact mutations
Trp53R245W/þ and Trp53R270H/þ were separated from osteosarcomas
from Trp53þ/� and Trp53R172H/þ (Fig. 5B). IPA was performed
with these three groups of DEGs to identify dysregulated pathways
that could potentially contribute to tumorigenesis and metastasis.
Again, very few overlapping pathways were observed among these
groups (Supplementary Table S3). These data suggest that different
p53-mutants drive distinct transcriptomes that may contribute to
osteosarcoma progression.

As mutant p53 proteins interact with other transcription factors to
upregulate genes to promote tumorigenesis and metastasis, a Venn
diagram was generated using only upregulated DEGs (Fig. 5C). No
common DEGs was found among the three different mutants, further
suggesting distinct mechanisms drive GOF in these different p53-
mutant mice. To identify transcription factors that might account for
these differences, a promoter analysis was performed using three
tools (Enrichr, oPOSSUM, and IPA). Due to the differences in the
algorithms deployed by these programs, we selected common tran-
scription factors identified from all 3 programs as the strongest
probability of binding mutant p53. Using this method, we identified
4 potential cofactors for Trp53R172H/þ and 8 potential transcriptional
cofactors each for Trp53R245W/þ and Trp53R270H/þ tumors (Table 3;
Supplementary Table S4). Stat3 was identified to interact with both
contact mutants, p53R245W and p53R270H, consistent with recent
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Mutant allele-specific differences in tumorigenesis. A, Lymphoma-specific survival curves of Trp53R172H/þ (N ¼ 10) and Trp53R245W/þ (N ¼ 9) mice (lymphomas as
the only cancerwere not observed in Trp53R270H/þ).B, Femalemouse-specific survival curves for the Trp53R172H/þ (N¼ 19), Trp53R245W/þ (N¼ 60), and Trp53R270H/þ

(N ¼ 20) mice. C, p53 IHC staining in Trp53R172H/þ, Trp53R245W/þ, and Trp53R270H/þ osteosarcomas. D, Percent metastasis observed in Trp53þ/� (0/6),
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Mutant p53 GOF and IE Contribute to Tumorigenesis

AACRJournals.org Cancer Res; 82(10) May 15, 2022 1933

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/82/10/1926/3128288/1926.pdf by guest on 19 M

ay 2023



findings that human p53R248Q binds to Stat3, leading to GOF, in
colorectal cancers (29). In addition, Yy1, which was previously shown
to interact with WT p53 (30), was identified as a cofactor of
p53R245W. Because p53R245W preserves protein structure similar
to WT p53, it is not surprising to see Yy1 identified as a p53R245W
binding protein. Thus, these data provide support for using this
method to identify mutant p53 cotranscriptional factors. Novel factors
were also identified as potential cotranscriptional factors for specific
p53 mutants, including Klf4 and Ctcf for p53R172H; Ctcf, NFfe2l2,
Tcf3, and Rest for p53R245W; and Myc, Runx1, Sp1, Max, and Srf for
p53R270H (Table 3). Of note, the transcription factors Egr1 andGata1

(also novel) were identified to be potentially associated with all three
p53mutants, indicatingmutant p53 proteins also share some common
interacting transcription factors (13).

To validate the cotranscriptional factors associated with mutant
p53, immunoprecipitation experiments were performed using prima-
ry osteosarcoma cell lines from different p53 germline mutations.
Western blot analyses of 7 osteosarcoma cell lines showed three
expressed Egr1 and three expressed Stat3, with one cell line expressing
both proteins (Fig. 5D, top). Egr1 was immunoprecipitated with
p53R172H in H318 cells and with p53R245W in 14W cells. Further-
more, Stat3 was immunoprecipitated with p53R245W in 14W cells
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and with p53R270H in 26R cells (Fig. 5D, bottom). Clearly, the
association of mutant p53 and cofactors was partially determined by
the inherent expression of cofactors in the cell lines studied. In
addition, although H222 cells have comparable expression levels of
Egr1 to H318 and 14W cells, we did not observe association of
p53R172H with Egr1, suggesting other factors also affect the interac-
tion. As mutant p53 coimmunoprecipitated both Egr1 and Stat3 in
14W cells, we performed RNA-seq of 14W cells with and without
Trp53 siRNA knockdown to further examine whether mutant
p53R245W upregulates target genes mediated by Egr1 and Stat3
(Fig. 5E). Many Egr1 and Stat3 target genes were downregulated in
Trp53 siRNA knockdown cells compared with scrambled controls
(Supplementary Fig. S4). Moreover, using similar criteria to that used
to perform promoter analyses of primary osteosarcomas, we identified
predicted Egr1 and Stat3 binding sites upstream of the downmodu-
lated promoters, validating the in vitro coimmunoprecipitation experi-
ments (Fig. 5E).

Discussion
The generation of a germline Trp53R245W mouse model encom-

passing a major hotspot mutation in LFS patients allowed comparison
of its activities with two other hotspot mutations Trp53R172H and
Trp53R270H mice in a similar genetic background. Clearly, p53R245W
is a loss-of-function mutation because homozygous Trp53R245W/R245W

completely rescued the p53-dependent embryonic lethality ofMdm2-
null mice. In addition, irradiated tissues from homozygous
Trp53R245W/R245W mice showed no p53-dependent transcriptional
activity of two p53 targets examined.

Mutant p53 proteins can inhibit WT p53 activity in cell lines.
Because culture conditions affect p53 stability and activity, we provide
the first comprehensive and side-by-side comparison of three p53
hotspotmutations in vivo.We examined the roles of IE forWTp53 and
found that irradiated thymocytes from all three Trp53Mut/þ mice
showed similar IE. Similarly, in a compromised p53 background, all
three Trp53neo/Mut mice showed similar survival that was significantly
shorter than that of Trp53neo/� mice, indicating decreased WT p53
activity by mutant p53. These data, in particular, show that inhibition
of WT p53 activity occurs in vivo and contributes to tumorigenesis.

Expression of the human hotspot p53 mutants p53R248W and
p53R273H (the human equivalent of our p53R245W and p53R270H
contact mutants) inMCF10A cells leads to increased invasion into the
lumen in 3D culture than expression of p53R175H (the human
equivalent of p53R172H; ref. 31). A somatic mouse mammary tumor

model also demonstrated that the Trp53R245W mutation is more
tumorigenic thanTrp53R172H (21). These data indicate that these two
contact mutants have a stronger GOF than the Trp53R172H structural
mutation. Although Trp53R270H/þ mice exhibit similar survival to
Trp53þ/– and Trp53R172H/þ mice in a 129S/SvJae genetic back-
ground (15), our study showed that in a C57BL/6J background,
Trp53R245W/þ and Trp53R270H/þ mice survive significantly less than
Trp53R172H/þ mice, providing additional support for p53 contact
mutations (p53R245W and p53R270H) having a stronger GOF than
the structural mutation p53R172H in vivo. Mouse background differ-
ences on tumor phenotypes in Trp53 heterozygous mice have been
previously observed (32). A detailed analysis of the GOF activities of
osteosarcomas, a defining feature of LFS, was performed. Osteosar-
comas from all Trp53R172H/þ, Trp53R245W/þ, and Trp53R270H/þ mice
studied lost theWT Trp53 allele, indicating that in this tumor type, the
presence of WT p53 prevented tumor development.

Our data further showed that while hotspot mutants retained a
similar IE, they differed with regard to GOF with stronger activity in
the two contact mutants studied. Mutant p53 proteins had distinct
GOF mechanisms in driving tumorigenesis and metastasis in vivo.
Furthermore, the IE was observed in irradiated thymocytes and in
lymphomas of Trp53neo/Mut mice consistent with the previous obser-
vation that IE contributes significantly in myeloid malignancies (28).
In contrast, GOF appears to be stronger in different tumor types such
as osteosarcomas in ourTrp53Mut/þmice (23, 25), in breast (31, 33–35),
and in colorectal cancers (29). Thus, it is important to consider
mutation and tumor types when evaluating IE or GOF of p53missense
mutations and in consideration of treatment options. Furthermore,
our study identified multiple novel p53-associated cotranscriptional
factors, such as Stat3 and Egr1, which might contribute to osteosar-
coma metastasis. More investigation of these pathways may lead to
new therapeutic strategies.
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Table 3. Potential transcriptional cofactors associated with
mutant p53 identified by overlapping Enrichr, oPOSSUM, and IPA
analyses.

p53R172H/þ p53R245W/þ p53R270H/þ

Klf4 Ctcf Myc
Egr1a Nfe2l2 Gata1
Ctcf Gata1 Runx1
Gata1a Egr1 Egr1

Stat3b Sp1
Tcf3 Stat3
Rest Max
Yy1 Srf

aThe common cofactors to all three mutants.
bPreviously reported mutant p53 cofactor Stat3.
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