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Abstract: Novel therapeutic targets are needed to better treat osteosarcoma, which is the most
common bone malignancy. We previously developed mouse osteosarcoma cells, designated AX
(accelerated bone formation) cells from bone marrow stromal cells. AX cells harbor both wild-type
and mutant forms of p53 (R270C in the DNA-binding domain, which is equivalent to human R273C).
In this study, we showed that mutant p53 did not suppress the transcriptional activation function of
wild-type p53 in AX cells. Notably, AXT cells, which are cells derived from tumors originating from
AX cells, lost wild-type p53 expression, were devoid of the intact transcription activation function,
and were resistant to doxorubicin. ChIP-seq analyses revealed that this mutant form of p53 bound
to chromatin in the vicinity of the transcription start sites of various genes but exhibited a different
binding profile from wild-type p53. The knockout of mutant p53 in AX and AXT cells by CRISPR–
Cas9 attenuated tumor growth but did not affect the invasion of these cells. In addition, depletion of
mutant p53 did not prevent metastasis in vivo. Therefore, the therapeutic potency targeting R270C
(equivalent to human R273C) mutant p53 is limited in osteosarcoma. However, considering the
heterogeneous nature of osteosarcoma, it is important to further evaluate the biological and clinical
significance of mutant p53 in various cases.

Keywords: osteosarcoma; p53; mutant p53; metastasis

1. Introduction

Osteosarcoma is the most common type of primary bone tumor in childhood and
adolescence. The tumor is highly malignant, and although recent treatment advances that
combine surgery and chemotherapy have improved prognosis, long-term survival is not
achieved in ~30% of patients, mainly due to uncontrollable metastasis [1–4]. Accordingly,
novel treatment options for overcoming therapeutic resistance are urgently required.

Previously, we developed a mouse model of osteosarcoma that used bone marrow
stromal cells derived from Ink4a/Arf (Cdkn2a)-null mice overexpressing c-MYC [5]. When
these highly tumorigenic cells, designated AX cells, are inoculated into C57BL/6 syngeneic
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mice, they rapidly form lethal tumors with metastatic lesions that mimic human osteoblastic
osteosarcoma [6–11]. Based on exome-sequencing analysis, we found that AX cells harbor
a heterozygous mutant form of p53. Moreover, AXT (AX-derived tumor) cells, which are
cells derived from tumors originating from AX cells, exhibit loss of heterozygosity having
lost a wild-type p53 allele.

Human TP53 is the most frequently mutated gene in human cancers; mutations in
TP53 are found in almost half of malignant tumors [12–14]. The presence of mutated TP53
in osteosarcoma was previously thought to be relatively low; for example, the incidence
in sporadic osteosarcoma has been reported to be less than 10% [15,16]. However, the use
of conventional methods such as limited exon sequencing or immunohistochemistry to
detect the accumulation of mutated p53 (which has a long half-life) might underestimate
alterations in p53. The use of recent techniques including whole genome sequencing
analyses has revealed that the alterations in p53 and the p53 pathway in osteosarcoma are
more frequent. For example, exon sequencing of 196 osteosarcoma specimens detected
19.4% single-nucleotide variants in exon 4–10 of the p53 gene [17]. A whole genome
sequencing study of 20 osteosarcomas from 19 patients demonstrated that all tumor samples
harbor some abnormality in the p53 pathway [18]. In that study, 95% of the samples had
either sequence mutations including three missense or frameshift mutations in the DNA-
binding domain or structural variants in the p53 gene. A recent genome-wide study
of 30 osteosarcoma samples from 23 patients detected structural variations and somatic
nucleotide variants of p53 in 74% of the specimens [19]. In addition, the germline mutation
of the p53 gene in Li–Fraumeni syndrome predisposes individuals (approximately 12%) to
osteosarcoma [20–22], adding further evidence to the higher prevalence of mutated p53 in
osteosarcoma. Animal genetic studies also indicate the importance of p53 dysfunction in
the development of osteosarcoma [23–26]. Mouse osteosarcoma originates from lineage-
committed immature osteoblasts or mesenchymal stem cells that have a combined loss
of p53 and Rb [27,28]. Collectively, these findings suggest that p53 mutations are among
the major oncogenic stimuli in osteosarcoma initiation. Mutant p53 is suggested to be a
potential therapeutic target in malignant tumors, including osteosarcoma [29–33]. However,
whether the mutant form of p53 already present in osteosarcoma is involved in maintaining
osteosarcoma remains to be elucidated. In particular, the roles of mutant p53 in the
progression of both primary lesions and metastasis in osteosarcoma have not yet been fully
analyzed in vivo.

In this study, we examined the in vitro and in vivo role of the R270C form of mutant
p53, which is equivalent to the commonly occurring human R273C mutant, using our
previously developed syngeneic mouse model of osteosarcoma. We also discussed the
feasibility of the R270C p53 mutant as a therapeutic target for osteosarcoma.

2. Materials and Methods
2.1. Cell Culture

Mouse osteosarcoma AX, AXT, and AO (adipo-, osteo-differentiation) cells were estab-
lished by overexpressing c-MYC in bone marrow stromal cells derived from Ink4a/Arf -null
mice [5]. The cells were cultured in IMDM (Nacalai Tesque, Kyoto, Japan) supplemented
with 10% FBS for AX and AXT cells or with 20% FBS for AO cells under 5% CO2 at
37 ◦C [6,10,11].

2.2. Cell Proliferation Assay

The cells were treated with trypsin, collected, and washed with a serum-free medium.
AX or AXT cells, including the p53-knockout AX or AXT cells, were then transferred to 96-
well cell culture plates (1 × 103 cells per well in 50 µL IMDM supplemented with 10% FBS).
The cells were incubated for 1 h before the addition of 50 µL of the corresponding medium
supplemented with doxorubicin at twice the desired final concentrations. After incubation,
cell viability was measured using a Cell Titer Glo assay kit (Promega, Madison, WI, USA).
Assays were performed at least in triplicate, and data are expressed as the means ± SD
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relative (fold change) to the corresponding control value for the cells incubated in the
absence of doxorubicin.

2.3. Invasion Assay

Invasive ability was evaluated using a CytoSelect 24-well cell invasion assay kit (Cell
Biolabs, San Diego, CA, USA). Briefly, 3.5 × 105 AX cells or 1.5 × 105 AXT cells, including
the p53-knockout AX or AXT cells, were suspended in a serum-free IMDM, seeded into a
Matrigel-coated upper chamber, and allowed to invade the basement membrane matrix
for 26 h (AX cells) or 24 h (AXT cells). The IMDM supplemented with 10% FBS was added
in the lower chamber. After incubation, noninvasive cells on the inside of inserts were
removed, and the invasive cells that passed through the pores were stained and counted in
each of the three different fields. The assays were performed in triplicate.

2.4. Reverse Transcription (RT) and Real-Time PCR Analysis

Total RNA extraction, RT, and real-time PCR analyses were performed using a Nucle-
oSpin RNA kit and a PrimeScript reverse transcriptase (Takara, Shiga, Japan) [6,8,10]. The
sequences of PCR primers are provided in Table 1. To prepare samples from mouse in vivo
studies, the left lung was suspended in a lysis buffer and disrupted using a BioMasher
(Nippi, Tokyo, Japan). To evaluate the circulating tumor cells, total RNA was extracted
from 200 µL blood with a NucleoSpin RNA blood kit (Takara). Since GFP was expressed
in the AX and AXT cells, tumor cells were quantitated based on the level of Gfp mRNA
expression relative to Actb mRNA expression.

Table 1. Sequences of primers and predicted product sizes for real-time RT–PCR analysis.

Gene Symbol Forward Reverse Product Size (bp)

GFP GACGTAAACGGCCACAAGTT TTGCCGGTGGTGCAGATGAA 95

Mouse genes

Trp53 ACTTACCAGGGCAACTATGG CTGGCAGAATAGCTTATTGAGG 105

Cdkn1a CAAAGTGTGCCGTTGTCTCTTC GTCAAAGTTCCACCGTTCTC 112

Mdm2 CTAGACTGTCTACCTCATCTAG CAGGCTCGGATCAAAGGACA 109

Actb CAACCGTGAAAAGATGACCC TACGACCAGAGGCATACAG 102

2.5. Detection of the Missense Mutation of p53

Total RNA was collected from AX, AXT, or AO cells, and cDNA was synthesized. The
region including the mutation was amplified with forward primer 5′-CAAGTACATGTGTA
ATAGCTCCT-3′ and reverse primer 5′-CTAGCAGTTTGGGCTTTCCTCCTTG-3′. Sequencing
was performed with the forward primer to confirm the substitution of the oligonucleotide.

2.6. Establishment of p53-Knockout Cells by CRISPR–Cas9

The gRNA sequence targeting the Trp53 exon7 was searched using CHOPCHOP (http:
//chopchop.cbu.uib.no/, accessed on 26 April 2018), and two sequences were applied; for
KO1, 5′-ATAGTGGGAACCTTCTGGGACGG-3′, and for KO2, 5′-TCTGTACGGCGGTCTC
TCCCAGG-3′ (the protospacer adjacent motif (PAM) is underlined). The oligos were
annealed and ligated into a plentiCRISPRv2 vector (Addgene, Watertown, MA, USA)
digested with BsmBI according to the protocol provided by the Zhang laboratory (https:
//www.addgene.org/crispr/zhang/, accessed on 25 April 2018). After confirmation of
the inserted sequence, the plentiCRISPRv2 vectors were co-transfected with PsPAX2 and
pCMV-VSV-G vectors (Addgene) into Lenti-X 293T cells with Fugene HD to produce
infectious lentivirus. The virus-containing medium was added to AX or AXT cells, and
infected cells were selected with puromycin. To obtain knockout cells, puromycin-resistant
cells were subjected to single-cell cloning. The expression of p53 in the clones was evaluated
by Western blotting. Genomic DNA was collected from the p53 knockout clones, and the

http://chopchop.cbu.uib.no/
http://chopchop.cbu.uib.no/
https://www.addgene.org/crispr/zhang/
https://www.addgene.org/crispr/zhang/
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targeted region was amplified with forward primer 5′-GTCTCTTATCTGTGGCTTCTCG-3′

and reverse primer 5′-CCTTGAGGGTGAAATACTCTCC-3′. Sequencing was performed
with the forward primer to examine the alteration of the sequence (data not shown).

2.7. Immunoblot Analysis

The cell lysate was prepared with a 2× Laemmli sample buffer (Bio-Rad, Hercules,
CA, USA) supplemented with β-mercaptoethanol. Immunoblot analyses were conducted
according to the standard semidry transfer procedures using 5–20% gradient precast
polyacrylamide gels (ePAGEL, ATTO, Tokyo, Japan). The primary antibodies for mouse
p53 purchased from Abcam (Cambridge, UK (#ab90363)) or Cell Signaling Technology
(Danvers, MA, USA (#32532)) and for α-tubulin from Sigma-Aldrich (Burlington, MA, USA
(#T9026)) were used.

2.8. Cell Cycle Analysis

The cells were trypsinized, washed with a PBS, and fixed with 70% ethanol for ≥48 h
at −20 ◦C. Then, the cells were washed twice with ice-cold PBS and stained with a PBS
containing 10 µg/ml propidium iodide and 20 µg/mL RNase. The DNA content of at least
10,000 singlet cells was analyzed by flow cytometry (FACSVerse, BD Biosciences, Franklin
Lakes, NJ, USA). The data were analyzed with the FlowJo 7.6.5 (BD Biosciences).

2.9. Animal Care

All animal care and procedures were performed in accordance with the guidelines of
Hoshi University (approval number: 29-118). The mice were housed in ventilated cages
(floor area, 501 cm2; five mice per cage) with ALPHA-dri bedding (Shepherd Specialty
Papers, Milford, NJ, USA) under specific pathogen-free conditions. The mice were fed a
standard chow diet and water ad libitum and were inspected daily to ensure that they were
not under distress throughout the experiments. The rooms were temperature-controlled at
22 ◦C and kept on a 12-h light/dark cycle.

2.10. Tumor Xenograft Model

The detailed schedules are shown in Figures 3c and 5a,c. To establish tumor xenografts,
AX or AXT cells (including the p53-knockout AX or AXT cells) suspended in 100 µL IMDM
were injected subcutaneously and bilaterally into the flanks of 12-week-old C57BL/6 SCID
mice (purchased from The Jackson Laboratory, Bar Harbor, ME, USA) or 7-week-old female
syngeneic C57BL/6J mice (SLC, Shizuoka, Japan), respectively, under 2% isoflurane anesthe-
sia (Wako, Tokyo, Japan). The criteria regarding the endpoints were as follows: (1) the mean
tumor diameter exceeds 20 mm; (2) the combined tumor burden exceeds 15% body weight
(10-week-old mice had a body weight of ~20 g); (3) there is ulceration, infection, or necrosis
of the tumor; (4) the body weight loss exceeds 20% of the baseline weight. Because of no de-
viation from the criteria, none of the endpoints were applied in this study. The major and mi-
nor axes of the bilateral tumors were measured, and the estimated tumor weight was calcu-
lated using the following formula, with reference to the guideline of Washington State Uni-
versity (https://iacuc.wsu.edu/documents/2017/12/tumor-burden-guidelines.pdf/, ac-
cessed on 22 April 2020): estimated tumor weight (mg) = tumor volume (mm3) = d2 × D/2,
where d and D are the shortest and longest diameters in mm, respectively. Before analyses,
the mice were euthanized with an intraperitoneal injection of a lethal dose (100 mg/kg) of
pentobarbital sodium (Tokyo Kasei Kogyo, Tokyo, Japan).

2.11. Immunohistochemistry

Immunohistochemical analysis was performed using the standard methods [5,6,11].
Deparaffinized sections were stained with an antibody to GFP (Santa Cruz Biotechnology
#sc-8334; Dallas, TX, USA). Hematoxylin was used for nuclear staining.

https://iacuc.wsu.edu/documents/2017/12/tumor-burden-guidelines.pdf/
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2.12. Chromatin Immunoprecipitation (ChIP)

For ChIP sequencing, AXT cells were incubated in a growth medium containing
1% formaldehyde at room temperature for 15 min. Fixation was stopped with 0.125 M
glycine for 5 min, and the cells were collected by scraping from the culture surface. The
cells were washed twice with a PBS, pH 7.4, containing 0.5% Igepal (Sigma-Aldrich)
and 1 mM PMSF (Sigma-Aldrich), and were then snap-frozen. ChIP sequencing for p53,
H3K4me3, and H3K9me3 was performed by Active Motif epigenetic services (Tokyo,
Japan). Briefly, chromatin was isolated by the addition of a lysis buffer, followed by
disruption with a Dounce homogenizer. The lysates were sonicated and the DNA was
sheared to an average length of 300–500 bp. Genomic DNA (input) was prepared by
treating aliquots of chromatin with RNase, proteinase K, and heat for decrosslinking,
followed by ethanol precipitation. The pellets were resuspended, and the resulting DNA
was quantified on a NanoDrop spectrophotometer. Extrapolation to the original chromatin
volume allowed the total chromatin yield to be quantified. An aliquot of chromatin (30 µg
for p53 and 15 µg for H3K4me3 and H3K9me3) was precleared with protein A agarose
beads (Invitrogen). Genomic DNA regions of interest were isolated using a p53 antibody
(Santa Cruz Biotechnology, #sc6243) or H3K4me3 or H3K9me3 (Active Motif, #39159 or
#39161). The complexes were washed, eluted from the beads with an SDS buffer, and treated
with RNase and proteinase K. Crosslinking was reversed by incubation overnight at 65 ◦C,
and ChIP DNA was purified by phenol–chloroform extraction and ethanol precipitation.

For quantitative ChIP–PCR (ChIP–qPCR), ChIP was conducted as described previ-
ously [34]. AO and AXT cells were collected with or without 0.5 µM doxorubicin treatment
for 8 h in triplicate, cross-linked with 1% formaldehyde for 10 minutes, and the cells were
resuspended in a lysis buffer (50 mM Tris HCl, pH 8.0, 1 mM EDTA, 1% (w/v) SDS). The cell
suspension was sonicated to shear DNA using a Bioruptor UCD-250 (Cosmo Bio, Tokyo,
Japan). As the input DNA, 20 µL of the sheared chromatin were used. Sheared chromatin
(30 µg) was incubated with 10 µL of the anti-p53 antibody (Cell Signaling Technology,
#32532) at 4 ◦C overnight with rotation. The immune complex was collected with a Dyn-
abeads Protein G (Veritas Corporation, Tokyo, Japan), and the collected beads were washed
with a RIPA buffer (50 mM Tris HCl, pH 8.0, 1 mM EDTA, 1% (w/v) Triton X-100, 0.1% (w/v)
sodium deoxycholate (DOC)) containing 150 mM NaCl twice, a RIPA buffer containing
500 mM NaCl twice, a LiCl wash buffer (10 mM Tris HCl, pH 8.0, 0.25 M LiCl, 1 mM
EDTA, 0.5% (w/v) NP-40, 0.5% (w/v) DOC), and 1× TE (10 mM Tris HCl, pH 8.0, 1 mM
EDTA) containing 50 mM NaCl. The beads were resuspended in 1× TE, and the crosslink
was reversed with 200 mM NaCl at 65 ◦C overnight. After the RNase A and proteinase K
treatment, DNA was recovered by phenol–chloroform extraction and ethanol precipitation
and dissolved in 40 µL 1 × TE. One µL of the DNA was used for ChIP–qPCR using the
primers listed in Table 2.

Table 2. Sequences of primers and predicted product sizes for ChIP–qPCR analysis.

Primer Name Forward Reverse Product Size (bp)

−2450 GAAAGACTGAGTAGTCCCAGAC GTGCCTTTACCCTACTGGTG 114
−2259 GTCACTTCTATCTGAGAAGC CATCCAAGTCGTCCATCCCA 102
−1927 CGATCTCTAGACATCGGAGA CAGAGACTGGAGTCTTAGTTTG 107
−1621 GGCAAGCGCTATATTAACGGAG CTGAAATCACGGTACTTGGG 115
−1233 GTCTTACTGCTATGTCTGTC GGGAAATGTCTAATACTCCC 114
−828 CTGTGAGACAGGGAGGAAATG AAAATCCCAAGAAGTCCCAC 106
−632 GTGCCTCAATCTCCCAAGTA CTATTCCGATGGAGACCAAC 114
−235 CATAGATGTATGTGGCTCTG AATCTAAGCCCGCGCCAGACA 121
−2 AACTGCAGCAGCCGAGAGGT AAGCTCTCACCTCTGAATGTC 106

+6207 TGAAGACAGGAATGGTCCCC GCAGCAGATCACCAGATTAAC 119
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2.13. ChIP Sequencing

Illumina sequencing libraries were prepared from the ChIP and input DNAs using the
standard consecutive enzymatic steps of end polishing, dA addition, and adapter ligation.
After the final PCR amplification step, the resulting DNA libraries were quantified and
sequenced on an Illumina NextSeq 500 (75 nt reads, single-end). The reads were aligned to
the mouse genome (mm10) using the BWA algorithm (default settings). Duplicate reads
were removed, and only uniquely mapped reads (mapping quality ≥ 25) were used for
further analysis. Alignments were extended in silico at their 3’ ends to a length of 200 bp,
which is the average length of genomic fragments in a size-selected library, and assigned
to 32 nt bins along the genome. The resulting histograms (called genomic signal maps)
were stored as bigWig files. The locations of peaks were determined using the MACS
algorithm [35] (v2.1.0) with a cutoff of p-value = 1 × 10−7. The peaks that were on the
ENCODE blacklist of known false ChIP-seq peaks were removed. Signal maps and peak
locations were used as the input data for Active Motif’s proprietary analysis program,
which creates Excel tables containing detailed information on sample comparisons, peak
metrics, peak locations, and gene annotations. The integrative genomics viewer (IGV_2.9.2,
https://software.broadinstitute.org/software/igv/, accessed on 11 March 2021) was used
to visualize tracks. To compare peak metrics between two or more samples, “active regions”
were defined by the start coordinate of the most upstream interval and the end coordinate of
the most downstream interval (this technique is known as a union of overlapping intervals
or merged peaks). The use of active regions was necessary because the locations and
lengths of the intervals are rarely identical in different samples (Figure 6a). The accession
number for the ChIP-seq datasets reported in this paper is GSE211492.

2.14. Statistical Analysis

All the assays were performed at least in triplicate. Unless indicated otherwise,
quantitative data are expressed as the means ± SD or SE relative to the control value. The
data were analyzed with Student’s t-test, and a p-value of < 0.05 was considered statistically
significant (* p < 0.05; **, p < 0.005; NS, not significant).

3. Results
3.1. Alteration of the Mutation Status of p53 in Osteosarcoma Cells

Mouse AX cells are tumorigenic and develop into metastatic osteosarcoma in C57BL/6
mice when given by subcutaneous or intra-bone inoculation [5,9,11]. Previously, we per-
formed exome-seq analysis in AX and AXT cells and detected an R270C missense point
mutation in the p53-binding domain that corresponds to R273 in humans (Figure 1a,b).
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Based on the whole genome resource (v95) of the COSMIC mutation database (https:
//cancer.sanger.ac.uk/cosmic, accessed on 9 May 2022), the mutation position of amino
acid 273 in p53 is the most frequent hotspot in human malignancies (TP53 in humans) [36].
Amino acid substitutions R273H, R273C, and R273L are found in descending frequency in
malignant tumors. Codon 273 is also one of the most common mutation sites among the
six hotspots in osteosarcoma [20]. Since sequencing was performed using cDNA that was
reverse-transcribed from the total RNA of AX cells, the finding that the height of the peaks
of wild-type and mutant sequences was the same suggested that the mRNA expression level
of wild-type and mutant p53 was also the same. Therefore, the mutation was heterozygous,
implying that AX cells harbor one wild-type and one mutant allele. AXT cells, which were
established from AX-derived osteosarcoma, exhibited loss of heterozygosity; that is, the
wild-type allele was replaced with a mutant allele (Figure 1a).

3.2. The Function of Wild-Type p53 Was Preserved in the Presence of the R270C Mutant

The protein level of wild-type p53 is upregulated by its stabilization in response to
DNA damage [37,38]. Treatment of AX cells with doxorubicin increased the expression
level of p53, suggesting that the behavior of wild-type p53 was preserved in response to
DNA damage (Figure 2a). The p53-knockout cells, which were established from AX cells
using CRISPR–Cas9 and two different target sequences, showed loss of the p53 protein
even when treated with doxorubicin (Figure 2a). Although the growth of the p53-knockout
AX cells was still high, it tended to be lower than that of AX cells (Figure 2b). The parental
AX cells were sensitive to doxorubicin. On the other hand, the p53-knockout AX cells
were more resistant to doxorubicin than the parental cells, indicating that the function
of wild-type p53 was maintained even in the presence of mutant p53 (Figure 2c). The
transcriptional activation function of p53 was maintained in AX cells (Figure 2d,e). The
mRNA expression levels of Cdkn1a and Mdm2, both of which are well-known p53 target
genes [32,39], were increased by doxorubicin treatment. As expected, this transcriptional
activation function was lost in the p53-knockout cells (Figure 2d,e). These findings indi-
cated that the R270C mutation located in the DNA-binding domain did not suppress the
transcriptional activation function of wild-type p53, including that related to the DNA
damage response.

3.3. The Simultaneous Presence of Wild-Type and Mutant p53 Does Not Affect the Tumorigenic
Activity In Vivo

We further examined how the phenotype of AX cells changes when p53 is knocked
out. Previous reports indicated that the human R273C p53 mutant enhances the invasion
ability of several cancer cell lines [40]. Both the parental AX cells and the p53-knockout
cells invaded through Matrigel-coated Transwells at the same rate, and the loss of p53
expression did not affect the invasive ability of the cells (Figure 3a,b). Next, the influence of
p53 expression on the tumorigenic activity in vivo was examined. In this study, we used
SCID mice so that the formed tumors were more likely to be of uniform size (Figure 3c).
Inoculation of mice with AX cells or the p53-knockout cells caused the formation of similarly
developed tumors, although those derived from the p53-knockout cells tended to be slightly
smaller (Figure 3d). In addition, tumors derived from AX cells or the p53-knockout cells
exhibited the same histological findings, including osteoid and bone formation (data not
shown). Given that AX cells express GFP, GFP expression using total RNA extracted
from blood or tissues can be used to quantify circulating tumor cells or metastatic lesions,
respectively [41]. Although there were quantitative variations, knockout of p53 did not
significantly affect the amount of circulating tumor cells or lung metastasis (Figure 3e,f)
These findings suggest that the simultaneous presence of the wild-type p53 allele and the
R270C mutation did not alter tumor initiation or the progression of osteosarcoma in vivo.

https://cancer.sanger.ac.uk/cosmic
https://cancer.sanger.ac.uk/cosmic
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Figure 2. The R270C mutant does not block the function of wild-type p53. (a) Immunoblot analysis
of p53 expression using an antibody (#ab90363) in the AX and p53-knockout AX cells with or without
0.5 µM doxorubicin for 16 h. KO, knockout; NSB, nonspecific bands; Doxo, doxorubicin. (b) The
growth of the AX and p53-knockout AX cells. The ratio relative to the value for day 0 was calculated
for each datapoint. (c) The viability of the AX and p53-knockout AX cells was assessed after 2-day
exposure to the indicated concentrations of doxorubicin. The statistical significance between AX cells
and the respective knockout cells is shown. (d,e) RT and real-time PCR analysis of Cdkn1a (d) and
Mdm2 (e) mRNA in the AX and p53-knockout AX cells treated with or without 0.5 µM doxorubicin
for 16 h. The data are normalized to the corresponding levels of Actb mRNA and are shown as the
means ± SD of triplicate values. (* p < 0.05; ** p < 0.005).

3.4. The Functions of Mutant p53 Overexpressed in AXT Cells

In AXT cells, both wild-type p53 alleles were replaced with R270C mutant p53 and
exhibited loss of heterozygosity (Figure 1a). Next, we investigated the biological effects
of mutant p53. The expression of Trp53 mRNA was higher in AXT cells than in AX cells
(Figure 4a). Overexpression of the mutant p53 protein in AXT cells is likely due to the longer
half-life of mutant p53; this phenomenon is observed in human cancers [42] (Figure 4b).
We used CRISPR–Cas9 to deplete mutant p53 in AXT cells and establish knockout cells
(Figure 4b). The proliferation rate of the knockout cells was high but lower than that of
the parental AXT cells, suggesting that R270C mutant p53 might enhance cell growth as
previously reported regarding other types of mutant p53 [33] (Figure 4c). The cell cycle
status showed that the S-phase fraction was lower in the knockout cells than in AXT cells
(Figure 4d,e). Apoptotic cells, evaluated by the sub-G1 fraction (Figure 4d,e) and the
cell morphology, were not increased by the knockout of mutant p53. AXT cells lacking
wild-type p53 were more resistant to doxorubicin than AX cells, and the level of resistance
was the same as that in the p53-knockout AX cells (Figures 2c and 4f). Depletion of mutant
p53 did not affect the sensitivity to doxorubicin (Figure 4f); this finding is consistent with
our findings below showing that mutant p53 loses its transcriptional activation function.
Notably, the invasion ability of AXT cells was not affected by the depletion of mutant p53
(Figure 4g,h), suggesting that the R270C p53 mutation enhances proliferation but does not
play a significant role in the invasive properties of AXT cells.
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Figure 3. Knockout of wild-type and mutant p53 in AX cells did not prevent tumor progression.
(a,b) Microscope images of the invasion assay using the AX and p53-knockout AX cells. Represen-
tative purple-stained cells are indicated with arrows. The mean number of invasive cells counted
in three different fields of each transwell in triplicate experiments is shown in (b). (c) The schedule
of cell inoculation into C57BL/6 SCID mice. (d) The dot plot of weight of primary tumors. The
horizontal bars and boxed regions show the means and the 95% confidence intervals, respectively.
(e,f) RT and real-time PCR analysis of GFP mRNA in whole blood (e) or a lung (f) derived from mice
inoculated with the indicated cells. (* p < 0.05; NS, not significant).

3.5. Loss of Mutant p53 Did Not Prevent Metastatic Progression In Vivo

AXT cells are highly tumorigenic in syngeneic C57BL/6 mice [6–10,41]. We examined
the role of mutant p53 in tumorigenesis and tumor progression and investigated whether
mutant p53 could be a potential target for osteosarcoma. The growth of primary tumors
derived from the p53-knockout AXT cells was slower than that of the tumors derived from
the parental AXT cells (Figure 5a,b). This finding might be due to the differences in the
growth of the two cell types, as shown in our in vitro experiments (Figure 4c). Then, to
evaluate the metastatic ability of primary tumors of equal size, the analyses were performed
at different times (Figure 5c,d). All the tumors were histologically the same, including the
presence of intratumor osteoid and bone formation (Figure 5e). Lung metastatic lesions
were histologically detected by GFP staining (Figure 5f). The size of lung metastases in
the mice inoculated with AXT cells tended to be larger than that in the mice with the
p53-knockout cells, although the difference was not statistically significant (Figure 5g).
RT-qPCR analyses using the GFP expression level showed that there was no significant
difference in the amount of circulating tumor cells or lung metastases between the parental
AXT cells and the p53-knockout cells (Figure 5h,i).
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Figure 4. Knockout of R270C mutant p53 did not affect the invasion ability of AXT cells. (a) RT
and real-time PCR analysis of Trp53 mRNA in AX and AXT cells. The data are normalized to
the corresponding levels of Actb mRNA and are shown as the means ± SD of triplicate values.
(b) Immunoblot analysis of p53 expression using an antibody (#ab90363) in the AXT and p53-
knockout AXT cells. (c) The growth of the AXT and p53-knockout AXT cells. The ratio relative to
the value for day 0 was calculated for each datapoint. (d,e) Flow cytometry analysis of DNA content
in the AXT and p53-knockout AXT cells. The size of each fraction of cells is shown in (e). (f) The
viability of the AXT and p53-knockout AXT cells was assessed after 2-day exposure to the indicated
concentrations of doxorubicin. (g,h) Microscope images of the invasion assay using the AXT and
p53-knockout AXT cells. Representative purple-stained cells are indicated with arrows. The mean
number of invasive cells counted in three different fields of each transwell in triplicate experiments is
shown in (h). (* p < 0.05; ** p < 0.005; NS, not significant).

Collectively, these results show that in the absence of R270C mutant p53, primary and
metastatic lesions could be generated, and tumor progression in vivo continued.

3.6. R270C Binds to the Vicinity of the Transcription Start Sites of Multiple Genes

Our results thus far show that R270C mutant p53 did not have a critical role in
the progression of osteosarcoma in vivo. Next, we used ChIP-seq analysis to examine
whether mutant p53 could bind to chromatin in AXT cells. ChIP-seq analysis of H3K4me3
and H3K9me3 was performed as a marker of transcriptional activation and repression,
respectively. Our results indicated that R270C mutant p53 bound to chromatin; 8277 peaks
were detected. Many mutant p53-binding regions overlapped with those of H3K4me3,
indicating that R270C bound to many genes that were ready to be transcriptionally activated
(Figure 6a). The binding regions that overlapped between mutant p53 and H3K9me3 were
also detected, albeit much less frequently. Notably, R270C mutant p53 bound in the vicinity
of the transcription start sites of Cdkn1a and Mdm2 (Figure 6b,c). In addition, the R270C
mutant bound to the transcription start sites of Ccnd1 and Trp53 (Figure 6d,e), both of
which are highly expressed in AXT cells [41] (Figure 4a,b). However, unlike the findings
in the AX cells (which contain wild-type p53), treatment of AXT cells with doxorubicin



Cells 2022, 11, 3614 11 of 18

did not increase the expression of Cdkn1a or Mdm2 (Figure 6f,g). These findings indicate
that binding of R270C mutant p53 to the transcription start sites of many genes does not
correlate with the regulation of gene expression or necessarily inhibit the transcription of
those genes.
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Figure 5. Depletion of mutant p53 did not prevent osteosarcoma progression in vivo. (a,c) The
schedule of cell inoculation into syngeneic C57BL/6 mice. (b,d) The dot plot of weight of primary
tumors. The horizontal bars and boxed regions show the means and the 95% confidence intervals,
respectively. (e) Hematoxylin-eosin (H&E) staining of primary tumors in the mice inoculated with the
indicated cells. (f) Representative images of the lung metastatic lesions stained with GFP. The arrows
indicate lung metastases classified according to whether the major axis was larger than 100 µm.
(g) The number of metastases present throughout a randomly sliced section was counted. The data
represent the mean values from the right lungs of four mice. (h,i) RT and real-time PCR analysis of
GFP mRNA in whole blood (h) or a lung (i) derived from the mice inoculated with the indicated cells.
(** p < 0.005; NS, not significant).
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Figure 6. R270C mutant p53 in AXT cells binds to chromatin. (a) A Venn diagram illustrating the
genomic overlap of peaks in the active regions of p53, H3K4me3, and H3K9me3. The active regions
are defined in the Methods Section. (b,c) Density plots of the ChIP-seq reads for p53, H3K4me3, and
H3K9me3 at the Cdkn1a (b) or Mdm2 (c) loci. The data are based on the snapshot images taken from
analysis using the IGV software. (d,e) ChIP-seq occupancy profiles for p53, H3K4me3, and H3K9me3
at the Ccnd1 (d) and Trp53 (e) loci. (f,g) RT and real-time PCR analysis of the Cdkn1a (f) and Mdm2
(g) mRNA in the AX, AXT, and p53-knockout AXT cells treated with or without 0.5 µM doxorubicin
for 16 h. The data are normalized to the corresponding levels of Actb mRNA and are shown as the
means ± SD of triplicate values.

3.7. R270C Mutant p53 Exhibits a Different Binding Profile from Wild-Type p53

To reveal the molecular aspects of discrepancy between DNA binding and loss of
transcriptional activation function in R270C mutant p53, its binding was compared to that of
wild-type p53 by ChIP-qPCR analyses. AO cells were mouse osteosarcoma cells established
from bone marrow stromal cells derived from Ink4a/Arf -null mice like AX cells but exhibited
a lower tumorigenic activity as well as a different differentiation capability [5,43]. AO cells
harbored wild-type p53 alleles (Figure 7a) and the mRNA expression levels of Cdkn1a and
Mdm2 were upregulated after the doxorubicin treatment (Figure 7b). The expression level
of the p53 protein was increased by the doxorubicin treatment in AO cells but, notably,
the amount of the p53 protein was more abundant in AXT cells compared to AO cells
(Figure 7c).
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Figure 7. R270C mutant p53 exhibits a different DNA-binding profile from wild-type p53. (a) AO
cells harbor wild-type p53. (b) RT and real-time PCR analysis of the Cdkn1a and Mdm2 mRNA in
AO and AXT cells treated with or without 0.5 µM doxorubicin for 8 h. The data are normalized
to the corresponding levels of Actb mRNA and are shown as the means ± SD of triplicate values.
(c) Immunoblot analysis of p53 expression in AO and AXT cells with or without 0.5 µM doxorubicin
for 16 h. (d) Map of the Cdkn1a gene locus showing the binding profile of R270C mutant p53 in
AXT cells, the transcription start site (+1), and the location of ten amplicons used in real-time qPCR
analyses. Numbers indicate the position of the 5’ end of the amplicon relative to the transcription
start site. The snapshot image was taken from analysis using the IGV software. (e) Screening of the
p53 binding levels of wild-type p53 in AO cells treated with or without 0.5 µM of doxorubicin for 8 h.
The result of a single experiment is shown. (f) DNA binding levels of wild-type p53 or R270C mutant
p53 were evaluated by ChIP-qPCR analyses. ChIP assays were performed with cell extracts obtained
from AO or AXT cells treated with or without 0.5 µM doxorubicin for 8 h. The results shown are the
means ± SE of nine independent PCRs of three independent experiments. (NS, not significant).

In human CDKN1A, the p53-responsive element, which was reported to possess
enhancer activity, is located at the over 2000 bp upstream region of the transcription start
site [44–47]. Therefore, we analyzed the binding levels of wild-type p53 at the upstream
regions of the transcription start site in the mouse AO cells (Figure 7d). Consistent with the
human data, higher levels of wild-type p53 binding were detected at the around 1927 bp
upstream region in the mouse AO cells, and the binding levels further increased after
the doxorubicin treatment (Figure 7e). In contrast, the increase in mutant p53 binding at
this region after the doxorubicin treatment was much smaller in AXT cells (Figure 7f). As
ChIP-seq analysis suggests (Figures 6b and 7d), the mutant p53 binding level around the
transcription start site was basically high in AXT cells. The wild-type p53 binding level in
AO cells in this region was lower as previously reported in human p53 [46]. In addition,
higher mutant p53 binding was also detected in the +6207 downstream region after the
doxorubicin treatment, while wild-type p53 binding was not detected in this region.
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Thus, R270C mutant p53 exhibited a different binding profile from wild-type p53, and
the binding levels at the genomic region critical for transcriptional activation, namely the
upstream p53-responsive element, were much lower than those of wild-type p53.

4. Discussion

In this study, we examined the tumorigenic activity of the R270C form of mutant p53
in vivo and determined its metastatic potential in osteosarcoma cells. The R270C mutant
is equivalent to the human R273C mutant in the DNA-binding domain (Figure 1b) that
occurs in about 2.7% of all human malignancies, including osteosarcoma, and is one of the
frequently substituted “hotspot” amino acids [14,18,20]. AX cells express similar levels of
both wild-type and mutant p53 (Figure 1a). Notably, treatment of AX cells with doxorubicin
upregulated the expression of the downstream targets of p53 (Figure 2d,e). This finding
suggests that the R270C mutation did not hinder the normal function of wild-type p53
even though the transcriptional activation function of the R270C mutant was completely
lost (Figure 6f,g). Moreover, AX cells that were p53-heterozygous or p53-null showed a
differential sensitivity to doxorubicin, but this difference in sensitivity did not correlate
with the metastatic potential in vivo (Figure 3c–f).

Rather, the p53 mutation might influence the initiation or development of osteosar-
coma but not the maintenance of this type of tumor. Consistent with this notion, previous
reports demonstrate that deletions and mutations in p53 promote osteosarcoma develop-
ment in mice [23–28]. In our osteosarcoma model, serial transplantation of AX cells leads
to the loss of heterozygosity of p53 (Figure 1a). A recent study suggested that the human
R273C mutant can modify the function of wild-type p53 in prostate cancer cells and alter
downstream transcriptional networks [48]. These mechanistic roles of mutant p53 might
promote the initiation of osteosarcoma.

Intriguingly, ChIP-seq analysis of mutant p53 in AXT cells revealed that the R270C
mutant can bind to chromatin in the vicinity of the transcription start sites of various
genes, including well-known p53 target genes as well as highly expressed genes such as
Ccnd1 and Trp53 (Figure 6). In addition, many of the p53-binding regions overlapped
with those of transcriptional active marker H3K4me3 (Figure 6a). However, transcription
activation of the target gene was not observed after the doxorubicin treatment. These
findings suggest that even though the R270C mutant binds around the transcription start
sites of the p53 target genes, the mutant cannot activate their transcription. The levels of
binding of mutant p53 to the critical regulatory region, such as the p53-responsive element,
was lower despite expressing a large amount of the protein compared to wild-type p53
(Figure 7f). Conversely, mutant p53 binds to the genomic regions where wild-type p53
does not bind. This alteration of the binding profile is a potential mechanism of the loss
of transcriptional activation function. Previous reports using a ChIP assay demonstrated
that the human R273C mutant bound to the HER2 promoter regions [49], while R273C
that is transduced into p53-knockout LNCaP cells (generated with CRISPR) cannot bind
chromatin [48]. Thus, the ability of the R273C mutant to bind chromatin might depend on
the cell context or how p53 is modified to produce the mutant form.

Previous reports indicated that R273C p53 has a gain of function. Overexpression of
R273C in Saos2 cells upregulates the transcriptional activity of HER2 [49]. R273C was also
suggested to regulate the expression of AXL through histone acetylation in lung cancer
cells [50]. In addition, in models of lung and breast cancer, the R273C mutation confers can-
cer cells with a malignant phenotype; enhances colony formation, invasion ability, and/or
drug resistance in vitro; and enhances tumorigenic growth in vivo [51]. Very recently, it was
shown that R273C expressed in prostate cancer cells cannot independently bind to DNA
and loses its transcriptional transactivation activity; however, modification of wild-type p53
results in enhanced colony formation, increases tumor cell survival after irradiation in vitro,
and alters tumorigenic activity in vivo [48]. Our results using AXT cells also suggest that
R270C mutant p53 is involved in the enhancement of cell growth (Figure 4c–e). However,
the knockout of the R270C mutant did not prevent the invasion ability of cells or the in vivo
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progression of osteosarcoma, including lung metastasis (Figures 4 and 5). Histological
differences were not observed between the tumors derived from the parental cells and
the knockout AXT cells (Figure 5e). Consistent with our results, a study of Hep3B human
hepatocarcinoma cells suggested that the expression of the R248Q form of mutant p53
produced phenotypes that were different, such as drug resistance, from those induced by
the expression of the R273C mutant [52]. Therefore, the aberrant function of mutant R273C
might depend on the cell context and genetic background of the cell, such as the status of
activating oncogenes.

Importantly, whether mutant p53 can be used as a clinical prognostic marker in os-
teosarcoma patients remains controversial [53]. Studies using clinical samples indicate
that alterations in p53 correlate with markedly reduced event-free survival [54]. Three os-
teosarcoma patients who carried the R337H p53 mutation had a poorer outcome than other
patients [55]. Mutations in p53 are suggested to be closely associated with osteosarcoma
progression [56]. A large-scale study or meta-analysis showed that TP53 gene alterations
correlate with decreased survival [33,57]. In contrast, an analysis of 196 patients with
high-grade osteosarcoma demonstrated that the prognosis of patients with p53 mutations
is only slightly worse than those with the wild-type gene; a relationship between the p53
status and systemic relapse was not identified, and a p53 mutation did not predict the
development of metastasis [17].

Finally, accumulating evidence indicates that mutant p53 is a possible therapeutic
target for several types of malignancies including osteosarcoma [29–33]. Given that the
role of mutant p53 in the progression of osteosarcoma in vivo has not been sufficiently
analyzed, we reason that it remains to be elucidated whether mutant p53 is a suitable thera-
peutic target for osteosarcoma. Our study suggested that the loss of the R270C mutant did
not prevent osteosarcoma metastatic progression in vivo; therefore, the therapeutic poten-
tial targeting the R270C mutant (equivalent to human R273C) is limited (Figures 3 and 5).
Osteosarcoma consists of heterogeneous populations of disease phenotypes, and the onco-
genes that drive this tumor remain unclear [1]. Consistent with the heterogeneous nature
of osteosarcoma, it is likely that the disease phenotypes induced by the status of p53 and
activated oncogenic pathways differ depending on the cell context.

Overall, given that recent advances in technology have resulted in the more frequent
detection of p53 mutations, it is important to examine the biological roles of mutant
p53 using preclinical models and reevaluate the clinical significance of p53 alterations in
response to chemotherapy and metastasis in human osteosarcoma.

Author Contributions: T.S. contributed to conceptualization, data curation, formal analysis, fund-
ing acquisition, investigation, methodology, project administration, validation, visualization, and
writing—original draft preparation. E.S. contributed to data curation, investigation, resources, and
writing—review and editing. H.T. contributed to formal analysis, investigation, methodology, val-
idation, and writing—original draft preparation. H.N. contributed to investigation, methodology,
and writing—review and editing. R.Y. contributed to data curation, formal analysis, and software.
S.Y.-I. and Y.F. contributed to investigation. T.U., A.M. and H.S. contributed to supervision and
administrative support. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by a KAKENHI grant from the Japan Society for the Promotion
of Science (JSPS) (to T.S., #21K07134).

Institutional Review Board Statement: All the animal care and procedures were performed in
accordance with the guidelines of Hoshi University (approval No. 29-118).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We acknowledge Tomoki Ishikawa (an enrolled member of Saya’s laboratory)
for experimental advice and discussion. We appreciate Tetsuya Takimoto (JSR) for supporting the
submission of big data to GEO. We thank Ikuyo Ishimatsu for technical assistance. We acknowledge
KAKENHI project JP16H06276 (AdAMS) for providing the resources.



Cells 2022, 11, 3614 16 of 18

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fletcher, C.D.M.; Unni, K.K.; Mertens, F. (Eds.) Osteogenic Tumours: WHO Classification Tumours of Soft Tissue and Bone; IARC Press:

Lyon, France, 2002.
2. Ritter, J.; Bielack, S.S. Osteosarcoma. Ann. Oncol. 2000, 21 (Suppl. 7), vii320–vii325. [CrossRef] [PubMed]
3. Moore, D.D.; Luu, H.H. Osteosarcoma. Cancer Treat. Res. 2014, 162, 65–92. [PubMed]
4. Jaffe, N. Osteosarcoma: Review of the past, impact on the future. The American experience. Cancer Treat. Res. 2009, 152, 239–262.

[PubMed]
5. Shimizu, T.; Ishikawa, T.; Sugihara, E.; Kuninaka, S.; Miyamoto, T.; Mabuchi, Y.; Matsuzaki, Y.; Tsunoda, T.; Miya, F.;

Morioka, H.; et al. c-MYC overexpression with loss of Ink4a/Arf transforms bone marrow stromal cells into osteosarcoma
accompanied by loss of adipogenesis. Oncogene 2010, 29, 5687–5699. [CrossRef]

6. Shimizu, T.; Sugihara, E.; Yamaguchi-Iwai, S.; Tamaki, S.; Koyama, Y.; Kamel, W.; Ueki, A.; Ishikawa, T.; Chiyoda, T.;
Osuka, S.; et al. IGF2 preserves osteosarcoma cell survival by creating an autophagic state of dormancy that protects cells
against chemotherapeutic stress. Cancer Res. 2014, 74, 6531–6541. [CrossRef] [PubMed]

7. Yamaguchi, S.I.; Ueki, A.; Sugihara, E.; Onishi, N.; Yaguchi, T.; Kawakami, Y.; Horiuchi, K.; Morioka, H.; Matsumoto, M.;
Nakamura, M.; et al. Synergistic antiproliferative effect of imatinib and adriamycin in platelet-derived growth factor receptor-
expressing osteosarcoma cells. Cancer Sci. 2015, 106, 875–882. [CrossRef]

8. Kamel, W.A.; Sugihara, E.; Nobusue, H.; Yamaguchi-Iwai, S.; Onishi, N.; Maki, K.; Fukuchi, Y.; Matsuo, K.; Muto, A.; Saya, H.; et al.
Simvastatin-induced apoptosis in osteosarcoma cells: A key role of RhoA-AMPK/p38 MAPK signaling in antitumor activity. Mol.
Cancer Ther. 2017, 16, 182–192. [CrossRef]

9. Ueki, A.; Shimizu, T.; Masuda, K.; Yamaguchi, S.I.; Ishikawa, T.; Sugihara, E.; Onishi, N.; Kuninaka, S.; Miyoshi, K.; Muto, A.; et al.
Up-regulation of Imp3 confers in vivo tumorigenicity on murine osteosarcoma cells. PLoS ONE 2012, 7, e50621. [CrossRef]

10. Shimizu, T.; Kamel, W.A.; Yamaguchi-Iwai, S.; Fukuchi, Y.; Muto, A.; Saya, H. Calcitriol exerts an anti-tumor effect in osteosarcoma
by inducing the endoplasmic reticulum stress response. Cancer Sci. 2017, 108, 1793–1802. [CrossRef]

11. Shimizu, T.; Ishikawa, T.; Iwai, S.; Ueki, A.; Sugihara, E.; Onishi, N.; Kuninaka, S.; Miyamoto, T.; Toyama, Y.; Ijiri, H.; et al.
Fibroblast growth factor-2 is an important factor that maintains cellular immaturity and contributes to aggressiveness of
osteosarcoma. Mol. Cancer Res. 2012, 10, 454–468. [CrossRef]

12. Hollstein, M.; Sidransky, D.; Vogelstein, B.; Harris, C.C. p53 mutations in human cancers. Science 1991, 253, 49–53. [CrossRef]
[PubMed]

13. Olivier, M.; Hussain, S.P.; Caron de Fromentel, C.; Hainaut, P.; Harris, C.C. TP53 mutation spectra and load: A tool for generating
hypotheses on the etiology of cancer. IARC Sci. Publ. 2004, 157, 247–270.

14. Petitjean, A.; Mathe, E.; Kato, S.; Ishioka, C.; Tavtigian, S.V.; Hainaut, P.; Olivier, M. Impact of mutant p53 functional properties on
TP53 mutation patterns and tumor phenotype: Lessons from recent developments in the IARC TP53 database. Hum. Mutat. 2007,
28, 622–929. [CrossRef]

15. Mclntyre, J.F.; Smith-Sorensen, B.; Friend, S.H.; Kassell, J.; Borresen, A.L.; Yan, Y.X.; Russo, C.; Sato, J.; Barbier, N.; Miser, J.; et al.
Germline mutations of the p53 tumor suppressor gene in children with osteosarcoma. J. Clin. Oncol. 1994, 12, 925–930. [CrossRef]
[PubMed]

16. Toguchida, J.; Yamaguchi, T.; Dayton, S.H.; Beauchamp, R.L.; Herrera, G.E.; Ishizaki, K.; Yamamuro, T.; Meyers, P.A.; Little, J.B.;
Sasaki, M.S.; et al. Prevarence and spectrum of germline mutations of the p53 gene among patients with sarcoma. N. Engl. J. Med.
1992, 326, 1301–1308. [CrossRef] [PubMed]

17. Wunder, J.S.; Gokgoz, N.; Parkes, R.; Bull, S.B.; Eskandarian, S.; Davis, A.M.; Beauchamp, C.P.; Conrad, E.U.; Grimer, R.J.;
Healey, J.H.; et al. TP53 mutations and outcome in osteosarcoma: A prospective, multicenter study. J. Clin. Oncol. 2005, 23,
1483–1490. [CrossRef]

18. Chen, X.; Bahrami, A.; Pappo, A.; Easton, J.; Dalton, J.; Hedlund, E.; Ellison, D.; Shurtleff, S.; Wu, G.; Wei, L.; et al. Recurrent
somatic structural variations contribute to tumorigenesis in pediatric osteosarcoma. Cell Rep. 2014, 7, 104–112. [CrossRef]

19. Sayles, L.C.; Breese, M.R.; Koehne, A.L.; Leung, S.G.; Lee, A.G.; Liu, H.Y.; Spillinger, A.; Shah, A.T.; Tanasa, B.; Straessler, K.; et al.
Genome-Informed targeted therapy for osteosarcoma. Cancer Discov. 2019, 9, 46–63. [CrossRef]

20. Ognjanovic, S.; Olivier, M.; Bergemann, T.; Hainaut, P. Sarcomas in TP53 germline mutation carriers: A review of the IARC TP53
database. Cancer 2012, 118, 1387–1396. [CrossRef]

21. Olivier, M.; Hollstein, M.; Hainaut, P. TP53 mutations in human cancers: Origins, consequences, and clinical use. Cold Spring
Harb. Perspect. Biol. 2010, 2, a001008. [CrossRef]

22. Li, F.P.; Fraumeni, J.F., Jr.; Mulvihill, J.J.; Blattner, W.A.; Dreyfus, M.G.; Tucker, M.A.; Miller, R.W. A cancer family syndrome in
twenty-four kindreds. Cancer Res. 1988, 48, 5358–5362. [PubMed]

23. Lang, G.A.; Iwakuma, T.; Suh, Y.A.; Liu, G.; Rao, V.A.; Parant, J.M. Gain of function of a p53 hot spot mutation in a mouse model
of Li-Fraumeni syndrome. Cell 2004, 119, 861–872. [CrossRef] [PubMed]

24. Olive, K.P.; Tuveson, D.A.; Ruthe, Z.C.; Yin, B.; Willis, N.A.; Bronson, R.T.; Crowley, D.; Jacks, T. Mutant p53 gain of function in
two mouse models of Li-Fraumeni syndrome. Cell 2004, 119, 847–860. [CrossRef] [PubMed]

http://doi.org/10.1093/annonc/mdq276
http://www.ncbi.nlm.nih.gov/pubmed/20943636
http://www.ncbi.nlm.nih.gov/pubmed/25070231
http://www.ncbi.nlm.nih.gov/pubmed/20213394
http://doi.org/10.1038/onc.2010.312
http://doi.org/10.1158/0008-5472.CAN-14-0914
http://www.ncbi.nlm.nih.gov/pubmed/25273088
http://doi.org/10.1111/cas.12686
http://doi.org/10.1158/1535-7163.MCT-16-0499
http://doi.org/10.1371/journal.pone.0050621
http://doi.org/10.1111/cas.13304
http://doi.org/10.1158/1541-7786.MCR-11-0347
http://doi.org/10.1126/science.1905840
http://www.ncbi.nlm.nih.gov/pubmed/1905840
http://doi.org/10.1002/humu.20495
http://doi.org/10.1200/JCO.1994.12.5.925
http://www.ncbi.nlm.nih.gov/pubmed/8164043
http://doi.org/10.1056/NEJM199205143262001
http://www.ncbi.nlm.nih.gov/pubmed/1565143
http://doi.org/10.1200/JCO.2005.04.074
http://doi.org/10.1016/j.celrep.2014.03.003
http://doi.org/10.1158/2159-8290.CD-17-1152
http://doi.org/10.1002/cncr.26390
http://doi.org/10.1101/cshperspect.a001008
http://www.ncbi.nlm.nih.gov/pubmed/3409256
http://doi.org/10.1016/j.cell.2004.11.006
http://www.ncbi.nlm.nih.gov/pubmed/15607981
http://doi.org/10.1016/j.cell.2004.11.004
http://www.ncbi.nlm.nih.gov/pubmed/15607980


Cells 2022, 11, 3614 17 of 18

25. Velletri, T.; Xie, N.; Wang, Y.; Huang, Y.; Yang, Q.; Chen, X.; Chen, Q.; Shou, P.; Gan, Y.; Cao, G.; et al. P53 functional abnormality
in mesenchymal stem cells promotes osteosarcoma development. Cell Death Dis. 2016, 7, e2015. [CrossRef]

26. Thoenen, E.; Curl, A.; Iwakuma, T. TP53 in bone and soft tissue sarcomas. Pharmacol. Ther. 2019, 202, 149–164. [CrossRef]
27. Berman, S.D.; Calo, E.; Landman, A.S.; Danislian, P.S.; Miller, E.S.; West, J.C.; Fonhoue, B.D.; Caron, A.; Bronson, R.;

Bouxsein, M.L.; et al. Metastatic osteosarcoma induced by inactivation of Rb and p53 in the osteoblastic lineage. Proc. Natl. Acad.
Sci. USA 2008, 105, 11851–11856. [CrossRef]

28. Walkley, C.R.; Qudsi, R.; Sankaran, V.G.; Perry, J.A.; Gostissa, M.; Roth, S.I.; Rodda, S.J.; Snay, E.; Dunning, P.; Fahey, F.H.; et al.
Conditional mouse osteosarcoma, dependent on p53 loss and potentiated by loss of Rb, mimics the human disease. Genes Dev.
2008, 22, 1662–1676. [CrossRef]

29. Schulz-Heddergott, R.; Stark, N.; Edmunds, S.J.; Li, J.; Conredi, L.C.; Bohnenberger, H.; Ceteci, F.; Greten, F.R.; Dobbelstein, M.;
Moll, U.M. Therapeutic ablation of Gain-of Function mutant p53 in colorectal cancer inhibits Stat3-mediated tumor growth and
invasion. Cancer Cell 2018, 34, 298–314. [CrossRef]

30. Vakifahmetoglu-Norberg, H.; Kim, M.; Xia, H.; Iwanicki, M.P.; Ofengeim, D.; Coloff, J.L.; Pan, L.; Ince, T.A.; Kroemer, G.;
Brugge, J.S.; et al. Chaperone-mediated autophagy degrades mutant p53. Genes Dev. 2013, 27, 1718–1730. [CrossRef]

31. Braicu, C.; Pileczki, V.; Irimie, A.; Berindan-Neagoe, I. p53siRNA therapy reduces cell proliferation, migration and induces
apoptosis in triple negative breast cancer cells. Mol. Cell. Biochem. 2013, 381, 61–68. [CrossRef]

32. Borrero, L.J.H.; El-Deiry, W.S. Tumor suppressor p53: Biology, signaling pathways and therapeutic targeting. Biochim. Biophys.
Acta Rev. Cancer 2021, 1876, 188556. [CrossRef] [PubMed]

33. Tang, F.; Min, L.; Seebacher, N.; Li, X.; Zhou, Y.; Hornicek, F.J.; Wei, Y.; Tu, C.; Duan, Z. Targeting mutant TP53 as a potential
therapeutic strategy for the treatment of osteosarcoma. J. Orthop. Res. 2019, 37, 789–798. [CrossRef] [PubMed]

34. Takeshima, H.; Yamashita, S.; Shimazu, T.; Niwa, T.; Ushijima, T. The presence of RNA polymerase II, active or stalled, predicts
epigenetic fate of promotor CpG islands. Genome Res. 2009, 19, 1974–1982. [CrossRef] [PubMed]

35. Zhang, Y.; Liu, T.; Meyer, C.A.; Eeckhoute, J.; Johnson, D.S.; Bernstein, B.E.; Nusbaum, C.; Myers, R.M.; Brown, M.; Li, W.; et al.
Model-based analysis of ChIP-Seq (MACS). Genome Biol. 2008, 9, R137. [CrossRef]

36. Hainaut, P.; Pfeifer, G.P. Somatic TP53 mutations in the Era of genome sequencing. Cold Spring Harb. Perspect. Med. 2015, 6,
a026179. [CrossRef]

37. Shieh, S.Y.; Ikeda, M.; Taya, Y.; Prives, C. DNA damage-induced phosphorylation of p53 alleviates inhibition by MDM2. Cell 1997,
91, 325–334. [CrossRef]

38. Chehab, N.H.; Malikzay, A.; Stavridi, E.S.; Halazonetis, T.D. Phosphorylation of Ser-20 mediates stabilization of human p53 in
response to DNA damage. Proc. Natl. Acad. Sci. USA 1999, 96, 13777–13782. [CrossRef]

39. Barak, Y.; Juven, T.; Haffner, R.; Oren, M. Mdm2 expression is induced by wild type p53 activity. EMBO J. 1993, 12, 461–468.
[CrossRef]

40. Li, J.; Yang, L.; Gaur, S.; Zhang, K.; Wu, X.; Yuan, Y.C.; Li, H.; Hu, S.; Weng, Y.; Yen, Y. Mutants TP53 p.R273H and p.R273C but
not p.R273G enhance cancer cell malignancy. Hum. Mutat. 2014, 35, 575–584. [CrossRef]

41. Shimizu, T.; Kimura, K.; Sugihara, E.; Yamaguchi-Iwai, S.; Nobusue, H.; Sampetrean, O.; Otsuki, Y.; Fukuchi, Y.; Saitoh, K.;
Kato, K.; et al. MEK inhibition preferentially suppresses anchorage-independent growth in osteosarcoma cells and decreases
tumors in vivo. J. Orthop. Res. 2021, 39, 2732–2743. [CrossRef]

42. Bartek, J.; Bartkova, J.; Vojtesek, B.; Staskova, Z.; Lukas, J.; Rejthar, A.; Kovarik, J.; Midgley, C.A.; Gannon, J.V.; Lane, D.P. Aberrant
expression of the p53 oncoprotein is a common feature of a wide spectrum of human malignancies. Oncogene 1991, 6, 1699–1703.
[PubMed]

43. Takahashi, N.; Nobusue, H.; Shimizu, T.; Sugihara, E.; Yamaguchi-Iwai, S.; Onishi, N.; Kunitomi, H.; Kuroda, T.; Saya, H. ROCK
inhibition induces terminal adipocyte differentiation and suppresses tumorigenesis in chemoresistant osteosarcoma cells. Cancer
Res. 2019, 79, 3088–3099. [CrossRef] [PubMed]

44. El-Deiry, W.S.; Tokino, T.; Velculescu, V.E.; Levy, D.B.; Parsons, R.; Trent, J.M.; Lin, D.; Mercer, E.; Kinzler, K.W.; Vogelstein, B.
WAF1, a potential mediator of p53 tumor suppression. Cell 1993, 75, 817–825. [CrossRef]

45. Koutsodontis, G.; Tentes, I.; Papakosta, P.; Moustakas, A.; Kardassis, D. Sp1 plays a critical role in the transcriptional activation of
the human Cyclin-dependent kinase inhibitor p21WAF1/Cip1 gene by the p53 tumor suppressor protein. J. Biol. Chem. 2001, 276,
29116–29125. [CrossRef]

46. Gomes, N.P.; Bjerke, G.; Llorente, B.; Szostek, S.A.; Emerson, B.M.; Espinosa, J.M. Gene-specific requirement for P-TEFb activity
and RNA polymerase II phosphorylation within the p53 transcriptional program. Genes Dev. 2006, 20, 601–612. [CrossRef]

47. Laptenko, O.; Beckerman, R.; Freulich, E.; Prives, C. p53 binding to nucleosomes within the p21 promotor in vivo leads to
nucleosome loss and transcriptional activation. Proc. Natl. Acad. Sci. USA 2011, 108, 10385–10390. [CrossRef]

48. McCann, J.J.; Vasilevskaya, I.A.; McNair, C.; Gallagher, P.; Neupane, N.P.; de Leeuw, R.; Shafi, A.A.; Dylgjeri, E.; Mandigo, A.C.;
Schiewer, M.J.; et al. Mutant p53 elicits context-dependent pro-tumorigenic phenotypes. Oncogene 2022, 41, 444–458. [CrossRef]

49. Roman-Rosales, A.A.; Garcia-Villa, E.; Herrera, L.A.; Gariglio, P.; Diaz-Chavez, J. Mutant p53 gain of function induces HER2
over-expression in cancer cells. BMC Cancer 2018, 18, 709. [CrossRef]

50. Vaughan, C.A.; Singh, S.; Windle, B.; Yeudall, W.A.; Frum, R.; Grossman, S.R.; Deb, S.P.; Deb, S. Gain-of-function activity of
mutant p53 in lung cancer through up-regulation of receptor protein tyrosine kinase Axl. Genes Cancer 2012, 3, 491–502. [CrossRef]

http://doi.org/10.1038/cddis.2015.367
http://doi.org/10.1016/j.pharmthera.2019.06.010
http://doi.org/10.1073/pnas.0805462105
http://doi.org/10.1101/gad.1656808
http://doi.org/10.1016/j.ccell.2018.07.004
http://doi.org/10.1101/gad.220897.113
http://doi.org/10.1007/s11010-013-1688-5
http://doi.org/10.1016/j.bbcan.2021.188556
http://www.ncbi.nlm.nih.gov/pubmed/33932560
http://doi.org/10.1002/jor.24227
http://www.ncbi.nlm.nih.gov/pubmed/30667081
http://doi.org/10.1101/gr.093310.109
http://www.ncbi.nlm.nih.gov/pubmed/19652013
http://doi.org/10.1186/gb-2008-9-9-r137
http://doi.org/10.1101/cshperspect.a026179
http://doi.org/10.1016/S0092-8674(00)80416-X
http://doi.org/10.1073/pnas.96.24.13777
http://doi.org/10.1002/j.1460-2075.1993.tb05678.x
http://doi.org/10.1002/humu.22528
http://doi.org/10.1002/jor.25023
http://www.ncbi.nlm.nih.gov/pubmed/1923535
http://doi.org/10.1158/0008-5472.CAN-18-2693
http://www.ncbi.nlm.nih.gov/pubmed/30992323
http://doi.org/10.1016/0092-8674(93)90500-P
http://doi.org/10.1074/jbc.M104130200
http://doi.org/10.1101/gad.1398206
http://doi.org/10.1073/pnas.1105680108
http://doi.org/10.1038/s41388-021-01903-5
http://doi.org/10.1186/s12885-018-4613-1
http://doi.org/10.1177/1947601912462719


Cells 2022, 11, 3614 18 of 18

51. Vaughan, C.A.; Singh, S.; Windle, B.; Sankala, H.M.; Graves, P.R.; Yeudall, W.A.; Deb, S.P.; Deb, S. p53 mutants induce transcription
of NF-kB2 in H1299 cells through CBP and STAT binding on the NF-kB2 promotor and gain of function activity. Arch. Biochem.
Biophys. 2012, 518, 79–88. [CrossRef]

52. Chan, K.T.; Lung, M.L. Mutant p53 expression enhances drug resistance in a hepatocellular carcinoma cell line. Cancer Chemother.
Pharmacol. 2004, 53, 519–526. [CrossRef] [PubMed]

53. Chen, Z.; Guo, J.; Zhang, K.; Guo, Y. TP53 mutations and survival in osteosarcoma patients: A meta-analysis of published data.
Dis. Markers 2016, 2016, 4639575. [CrossRef] [PubMed]

54. Tsuchiya, T.; Sekine, K.; Hinohara, S.; Namiki, T.; Nobori, T.; Kaneko, Y. Analysis of the p16INK4a, p14ARF, p15, TP53, and
MDM2 genes and their prognostic implications in osteosarcoma and Ewing sarcoma. Cancer Genet. Cytogenet. 2000, 120, 91–98.
[CrossRef]

55. Seidinger, A.L.; Jose Mastellaro, M.; Fortes, F.P.; Assumpcao, J.G.; Cardinalli, I.A.; Ganazza, M.A.; Ribeiro, R.C.; Brandalise, S.R.;
Aguiar, S.D.S.; Yunes, J.A. Association of the highly prevalent TP53 R337H mutation with pediatric choroid plexus carcinoma and
osteosarcoma in southeast Brazil. Cancer 2011, 117, 2228–2235. [CrossRef] [PubMed]

56. Kawaguchi, K.; Oda, Y.; Sakamoto, A.; Saito, T.; Tamiya, S.; Iwamoto, Y.; Tsuneyoshi, M. Molecular analysis of p53, MDM2, and
H-ras genes in osteosarcoma and malignant fibrous histiocytoma of bone in patients older than 40 years. Mod. Pathol. 2002, 5,
878–888. [CrossRef]

57. Pakos, E.E.; Kyzas, P.A.; Ioannidis, J.P.A. Prognostic significance of TP53 tumor suppressor gene expression and mutations in
human osteosarcoma: A meta-analysis. Clin. Cancer Res. 2004, 10, 6208–6214. [CrossRef]

http://doi.org/10.1016/j.abb.2011.12.006
http://doi.org/10.1007/s00280-004-0767-4
http://www.ncbi.nlm.nih.gov/pubmed/15004724
http://doi.org/10.1155/2016/4639575
http://www.ncbi.nlm.nih.gov/pubmed/27239089
http://doi.org/10.1016/S0165-4608(99)00255-1
http://doi.org/10.1002/cncr.25826
http://www.ncbi.nlm.nih.gov/pubmed/21192060
http://doi.org/10.1097/01.MP.0000024264.48690.EA
http://doi.org/10.1158/1078-0432.CCR-04-0246

	Introduction 
	Materials and Methods 
	Cell Culture 
	Cell Proliferation Assay 
	Invasion Assay 
	Reverse Transcription (RT) and Real-Time PCR Analysis 
	Detection of the Missense Mutation of p53 
	Establishment of p53-Knockout Cells by CRISPR–Cas9 
	Immunoblot Analysis 
	Cell Cycle Analysis 
	Animal Care 
	Tumor Xenograft Model 
	Immunohistochemistry 
	Chromatin Immunoprecipitation (ChIP) 
	ChIP Sequencing 
	Statistical Analysis 

	Results 
	Alteration of the Mutation Status of p53 in Osteosarcoma Cells 
	The Function of Wild-Type p53 Was Preserved in the Presence of the R270C Mutant 
	The Simultaneous Presence of Wild-Type and Mutant p53 Does Not Affect the Tumorigenic Activity In Vivo 
	The Functions of Mutant p53 Overexpressed in AXT Cells 
	Loss of Mutant p53 Did Not Prevent Metastatic Progression In Vivo 
	R270C Binds to the Vicinity of the Transcription Start Sites of Multiple Genes 
	R270C Mutant p53 Exhibits a Different Binding Profile from Wild-Type p53 

	Discussion 
	References

