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Abstract

:

Simple Summary


Treatment of osteosarcoma, apart from chemotherapy modifications, has not changed for approximately 30 years. Similarly, as in other tumors, mutations in the TP53 gene are often observed in osteosarcoma. In this article, we highlight the possibility of targeting p53 in the treatment of osteosarcoma. We collected data on mutations in this gene founded in patients-derived samples. We describe animals with TP53 dysfunction, which may constitute preclinical models. We put emphasis on several molecules which act on p53 protein or its activity. We also highlight gene therapy approaches. Although many of the therapies are at an early stage, they offer hope for a change in the approach to osteosarcoma treatment based on TP53 targeting in the future.




Abstract


The TP53 gene is mutated in 50% of human tumors. Oncogenic functions of mutant TP53 maintain tumor cell proliferation and tumor growth also in osteosarcomas. We collected data on TP53 mutations in patients to indicate which are more common and describe their role in in vitro and animal models. We also describe animal models with TP53 dysfunction, which provide a good platform for testing the potential therapeutic approaches. Finally, we have indicated a whole range of pharmacological compounds that modulate the action of p53, stabilize its mutated versions or lead to its degradation, cause silencing or, on the contrary, induce the expression of its functional version in genetic therapy. Although many of the described therapies are at the preclinical testing stage, they offer hope for a change in the approach to osteosarcoma treatment based on TP53 targeting in the future.
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1. Introduction


Osteosarcoma (OS) is a primary malignant tumor of the skeleton, characterized by the formation of immature bone or osteoid tissue by the sarcoma cells that develop mostly in the long bones. Localized (non-metastatic) OS, if treated in specialized sarcoma centers with surgery along with pre- and postoperative chemotherapy, is cured in 60–70% [1]. Still, survival rates are as low as 15% for metastatic patients because multidrug resistance to chemotherapy is a frequent problem in this disease [2]. Complete surgical removal of all metastatic (pulmonary) nodules remains the only curative treatment option. Oligometastatic and oligoprogressive disease is being treated with radiotherapy [3,4]. Despite numerous modifications of chemotherapy regimens for metastatic OS cases, outcomes are still unsatisfactory in this neoplasm. No successful targeted therapies have been introduced in routine clinical practice for OS so far [4,5]. In OS, genomic alterations and signatures associated with sensitivity to treatment with DNA damage response (DDR) inhibitors are frequent, including those similar BRCA1-related and alternative lengthening of telomeres (ALT) pathway-related. As a result, PARP inhibitor (Olaparib), in combination with ATR inhibitor (ceralasertib), has been evaluated in a trial (NCT04417062). Other tested molecules include sorafenib, everolimus [6], regorafenib evaluated in the REGOBONE study, apatinib, and camrelizumab [7]. An important role of immune-mediated therapies is thus expected in OS [8,9].



The oncogenic functions of mutant TP53 are very similar in sarcoma and multiple cancers. In the sarcoma field xenograft models expressing mutant TP53 in pleomorphic rhabdomyosarcomas, the tumor profile was even more aggressive and with greater metastatic potential than p53 null or p53 wild-type tumors. In particular, p53G245C and p53R273H mutations were reported to promote a more aggressive phenotype with an enhanced malignant potential, high cell viability, and proliferation, enhanced cell migration [10,11,12]. All these molecular data suggest that TP53 is a promising therapeutic target in OS. Selected therapies aimed at p53 reactivation are expected to suppress OS [13]. The development of clinical trials including small molecules that could restore the wild-type conformation of p53 and gene therapy combined with chemotherapy, radiation therapy, or conventional surgery are expected in the future. Despite great progress in gene therapy, it is still most commonly in the experimental stage, not in the actual clinical application except for Gendicine, approved in China [14,15].



This article aims to review the current knowledge of the role of TP53 in OS and its potential as a therapeutic target. We review different types of experimental therapeutic approaches, including gene therapy and pharmacological modulation of p53. We also review the OS animal models particularly useful for studying TP53-targeted treatments.




2. Structure and Functions of TP53


The TP53 gene spreads over 13 exons mapped to region 17p13.1 [16]. TP53 encodes at least 12 different isoforms [16]. Isoforms may regulate various processes by enhancing and inhibiting wild-type p53 transcriptional and growth-suppressing activities [17,18]. In normal conditions, the activity of the ubiquitin ligase MDM2 inhibits p53 transcriptional activity and promotes its degradation. Additionally, p53 activity is modulated through posttranslational modifications [19,20]. In its active state, p53 is a homotetramer and modifies gene expression by binding to its specific target sites, interacting with other proteins and DNA. Each monomer consists of two acidic N-terminal transactivation domains [21], a proline-rich domain, a core DNA-binding domain, an oligomerization domain, and a C-terminal regulatory domain containing nuclear localization signals that mediate the migration of the protein into the cell nucleus [21,22,23,24].



The p53 protein is a central hub for activation of numerous stress-induced pathways, including DNA damage, senescence, metabolism; it is also engaged in cellular death, cellular reprogramming, and drug resistance. Below, we outline these areas of the p53 activity in the cell (Figure 1).



Activation of p53 is stimulated by DNA damage and is dependent on ATR/CHK1 and ATM/CHK2 signaling. Oxidizing conditions could also stimulate p53 activation through stress-activated kinases (SAPK, e.g., JNK and p38MAPK) independently from the DNA damage response [25,26].



The p53 protein is engaged in programmed cell death. It activates several genes encoding apoptotic proteins (PIG, BAX, Fas/Apo1, Killer/DR5, PUMA, or Noxa) [27,28,29,30,31,32,33,34,35]. Apoptosis resulting from induction of the caspase-3 cascade and increased Bax/Bcl-2 ratio was observed in OS cell line U2OS after treating with cisplatin [36]. In autophagy, p53 plays an ambiguous role depending on its localization. P53 activates several genes in the nucleus encoding pro-autophagic factors, e.g., TSC2, PTEN, AMPK, DRAM (damage-regulated autophagy modulator) [37]. Cytoplasm-localized p53 inhibits autophagy by down-regulation of AMPK and up-regulation of mTOR activity [38,39]. In another programmed cell death process called ferroptosis, p53 regulates cell sensitivity of ROS-induced ferroptosis by regulating transcription of SLC7A11 membrane transporter, the activity of GPX4, and in consequence, accumulation of ROS [40].



p53 regulates transcription of cellular senescence marker p21, which mediates p53-induced cycle arrest and promotes senescence, including nucleotide-associated senescence [41,42,43,44,45,46,47]. Overexpression of p21 protein in OS cell line (U2OS) sensitizes these cells to apoptosis caused by cisplatin [36]. Another senescence protein marker, p16 was considered to be a predictor of the response to neoadjuvant chemotherapy in a Caucasian population of patients with high-grade OS [48]. p53 can maintain cell growth or senescence response after telomere dysfunction; its activity depends on the p16 protein level [49].



p53 plays an important role in inducing pluripotency. Silencing of p53 resulted in increased reprogramming efficiency in murine and human cells [50,51]. The absence of p53 activity leads to the high-efficiency formation of cancer-derived induced pluripotent stem cells (iPSCs), which is reversed in cells with active wt p53 [52]. The activity of the mutated version of p53 (R172H) or depleted expression of wt p53 also reduces the number of transcription factors necessary to generate iPSCs from embryonic fibroblasts [50,53].



p53 is a regulator of various metabolic pathways. It reduces glucose uptake, represses transcription of GLUT1 and GLUT4 [54]. The binding of p53 in two activation sites of the TIGAR gene was confirmed in osteosarcoma Saos-2 and U2OS cell lines [55]. Elevated expression of Tigar results in inhibition of glycolysis by decreasing the intercellular fructose-2,6-bisphosphate level [56]. p53 represses the expression of PFKFB3 and PFKFB4 genes, leading to inhibition of glycolysis and an increase of ribonucleotide generation via the pentose phosphate pathway [56,57]. p53 regulates mitochondrial aerobic respiration. It enhances mitochondrial oxidative phosphorylation via the expression of the SCO2 (Synthesis of Cytochrome c Oxidase 2) gene [58].



In p53-deficient tumors, restoration of p53 activity results in an inflammatory reaction involving neutrophils, macrophages, and NK cells [59]. Altered p53, such as in R175H, R273H, and D281G, up-regulates the expression of chemokines CXCL5, CXCL8, and CXCL12 [60]. Epigenetic down-regulation of CXCL12 in OS cells results in acquiring the ability to metastasize. In patient-derived samples, a low level of CXCL12 correlates with a low level of lymphocytes infiltrating the tumor and poor overall survival of patients with OS [61]. Mutated p53 may remodel the tumor microenvironment. Several mutant p53 forms increase expression of MMP9, the enzyme that degrades extracellular matrix ECM [62]. Meta-analysis studies show that metastasis occurs more frequently in patients with MMP-9 overexpression, and the prognosis is worse than in OS patients with low MMP-9 expression [63].



Altered p53 proteins may modify tumor-transformed cell response to treatment. U2OS cells with active wt p53 were more sensitive to cisplatin than A431 cells (bearing p53 R273H) [64]. Radiological and histological evaluation of tumors from OS patients reveals that loss of heterozygosity of the TP53 gene is associated with resistance to preoperative chemotherapy (cisplatin, methotrexate) [65]. Chemosensitivity of OS cells to cisplatin is enhanced by p14ARF [66]. This protein can bind to the MDM2, thus inhibiting the nuclear export and p53-ubiquitination and increasing the stability of the p53 [67,68].




3. Malfunction of TP53 in Osteosarcoma


The TP53 gene is mutated (somatic mutations) in over 50% of human neoplasms, the mutations occur mainly in the DNA-binding domain, but over 20% are outside it [69]. Most of the mutations are missense, but about 10% are nonsense mutations, which lead to the production of truncated p53 proteins [70]. In 60% of neoplasms with missense TP53 mutations, the second TP53 allele is deleted [71].



Mutations in the TP53 gene may exert three possible effects. First, if transformation occurs in two alleles or when it appears in one allele but the second one is lost, it depletes the ‘guardian’ p53 function. Secondly, if mutated p53 controls its co-expressed wild-type form preventing its binding to DNA, such a situation is called the dominant-negative effect. Thirdly, mutated p53 acquires a new activity absent in the native form of protein, i.e., gain-of-function [72]. It should be noted that these effects are not necessarily exclusive, e.g., R175H mutation may result in a gain-of-function [73] and as well in a dominant-negative effect [74]. Multiple TP53 gene mutations were found in the studies on OS patients (Figure 2, Table S1). Most commonly substitutions in four amino acids were noticed for codons 135 and 281; three for 173, 238, 248, 250, 273, 337; two for 47, 179, 193, 242, 255, 256, 279, 282. Several mentioned alterations play a crucial role in the proper action of p53—amino acids in positions 248, 273, 282 contact DNA. Residues in positions 175, 220, 245, 249 stabilize the protein structure [75,76,77].



Mutations in codons 175, 220, 245, 248, 273, and 282 are termed ‘hotspots’ and were described as the most frequently altered (in general) positions in P53 protein, based on datasets The Cancer Genome Atlas (TCGA), International Cancer Genome Consortium (ICGC) and International Agency for Research on Cancer (IARC). The most frequent amino acid substitutions in these codons are classified as non-functional [78,79]. Mutations in hotspot codons are well characterized compared to rare variants such as I255T or A159N. The most common mutations found in OS patients or cell lines are described further in the text.



3.1. Osteosarcoma in Li-Fraumeni Syndrome


Li–Fraumeni syndrome (LFS) is a rare, autosomal dominant hereditary disorder—where mutations in the TP53 gene occur in about 70% of the cases [96,97]. Germline mutations in the TP53 gene lead to Li-Fraumeni syndrome, in which different tumors appear in people of different ages—very early (infants or young children) in endoderm and mesoderm-derived cells (this includes OS) but much later, in old age, in endoderm derived cells [77,98,99]. Several clinical classification schemes have been established, such as classic Li–Fraumeni syndrome (LFS) [100], Li–Fraumeni-like syndrome (LFL) [99], and criteria developed by Chompret [101].



In a study including 525 families diagnosed with Li-Fraumeni (at least a three-generation pedigree in the family history), according to various criteria classification, mutations in the TP53 gene occur in 14% to 56% of cases. The most common types of cancer found were sarcoma (32.7%), brain tumor—including choroid plexus (9.3%), breast cancer (31.2%), or adrenocortical carcinoma (9%), bone tumors were rare and found in 0.7% of the studied group. In another large study, including 474 families, germline alteration of TP53 was found in 82 families (17%) [102]. Most mutations are missense type (67%) and lead to loss-of-function of the TP53 gene. Deletions removing the entire TP53 locus, the promoter, and exons 1–10 were also observed [102].



NGS sequencing of tumor samples revealed 32 variants of the TP53 gene in a group of 765 patients. Among missense mutations, the most frequent alteration was the common exonic variant P72R. Other more frequently observed mutations were P47S, Y107H, R273H, R248Q [82]. P47S is a variant frequently present in people of African descent. This mutation reduced cell death and impaired apoptosis induced by cisplatin in vitro, compared to cells with expression of wt p53 [103]. Mutations R175H, R248Q and R273H are gain-of-function [104]. The mutant p53 proteins (R175H, R248W, and R273W) were checked in cells that lack wild-type p53 (murine fibroblast 10(3) and human osteosarcoma Saos-2). Their activity results in growth efficiency in agar or enhancing tumorigenic potential in nude mice, confirming their gain-of-function type [105]. These three mutations (R175H, R248W, and R273W) exert a dominant-negative effect. R175H and R273H increased resistance of tumor cells (H1299 cell line) to low cisplatin concentration (2.5 µg/mL) [106]. The activity of p53 R175H decreases doxorubicin-induced apoptosis response in the Saos-2 cell line [107]. In the same cell line, the activity of p53 R273H was found to induce resistance to drug-induced apoptosis (methotrexate and doxorubicin) through down-regulation of procaspase-3 [108]. Expression of gain-of-function TP53 R172H (corresponds to human R175H) in mouse p53 null fibroblasts or heterozygous OS cell lines results in overexpression of Pla2g16 protein. Increased level of Pla2g16 leads to a more aggressive and metastatic cell phenotype [109,110]. Heterozygous mice with high expression mutated p53 (R172H) develop metastatic OS. Metastasis was observed in lymph nodes, lungs, liver, and brain [111]. In a mouse model where osteoblast cells express p53 R172H, but the tumor microenvironment cells remained wt p53, lung metastasis was still observed [112].



Mutations in the TP53 gene found in LFS patients by Birch et al. were localized in codons E180K, R175H, Y220C, D245G, and R248Q [99]. The Y220C mutation is localized outside the DNA-binding surface [113]. In yeast assays, it was categorized as a loss-of-function type [114]. This mutation causes a structural change in the protein and the formation of a hydrophilic cleft [113]. In silico analysis and virtual screening allowed designing a carbazole derivative (PhiKan083). PhiKan083 stabilizes the structure of the mutated protein and prolongs its half-life [115]. Mutation G245D (gain-of-function) promotes invasive cell growth of the UM-SCC-1 cell line (head and neck squamous cell carcinoma), and it was assessed by in vitro and in vivo experiments. This mutation induces an aggressive growth phenotype, up-regulation of FOXM1 expression, and inhibiting AMPK and FOXO3a activation [116]. Tumor cells expressing p53 G245D induced large pulmonary metastases in nude mice [117]. Molecular dynamics simulation reveals that this mutation changes p53 conformation by introducing a novel zinc-binding site [118].




3.2. TP53 Alterations in Osteosarcoma Patient-Derived Samples


Initially, TP53 mutations were only detected in 20% of OSs, but currently, this frequency is believed to be much higher—from 47–90%. Moreover, numerous structural alterations involve this gene, especially the translocation of the first intron [119]. Patients with TP53 mutations had poorer overall survival. Lorenz et al. [93] found that rearrangements were the major mechanism of p53 inactivation, but mutations and MDM2 amplifications were also observed. Somatic TP53 mutations are an unfavorable prognostic marker for 2-year survival in OS patients [120].



Chen et al. [89] performed whole-genome sequencing of 20 OS samples with matched normal tissue controls and found that the p53 pathway was affected in all of them; in nine samples, translocations in the first intron of the TP53 gene were detected. In one case, an MDM2 amplification was found, and as MDM2 is a negative regulator of the p53 protein, this would lead to down-regulation of the protein. They extended their sequencing analysis to 32 further OS samples and found that 50% had rearrangements of the TP53 gene, 38% had missense (H179Q, Y205C, R337H, R248Q, R273H, E285K) or nonsense mutations (codons 169 and 211), 6% a TP53 gene deletion and again 3% (1 case) had an MDM2 gene amplification. Two fusions of the TP53 gene with ASIC2 or SFSWAP genes were also observed. The rearrangements involving intron 1 of TP53 have not been found in other neoplasms, thus appearing specific for OS [69]. Mutation H179Q causes a dominant-negative phenotype. Cells with the expression of this mutant protein were immortal and showed attenuation of G1 checkpoint function and loss of expression of p21 protein [121]. Expression of p53 Y205C in cell line H1299 (lung cancer-metastatic derived) results in the loss of the protein’s transactivation ability [122]. Amifostine can restore p53 Y205C function in a yeast-based assay [123]. Some studies report that the E285K mutation is a loss-of-function type [114,124]. Arginine in the 337 position is localized in the tetramerization domain, and its substitution results in a functionally defective protein [125]. R337H is common in south-eastern Brasil [126,127] and is associated with the occurrence of adrenocortical cancer, choroid plexus, and OS tumors in young patients [128,129]. This mutation also has a high incidence in breast cancer patients in Brasil [127].



Mirabello et al. [130] analyzed the frequency of germline mutations of 238 genes in 1244 OS patients. For 765 cases, all TP53 exons were sequenced; mutations were found in 9.5% of young patients but none in patients aged 30 years or older. A more extensive paper by this group confirmed these findings, though a TP53 germline mutation was also found in one 39-year-old patient. Frequent mutations were: P47S, Y107H, R273H, R248Q, and P36, R213 in the exonic splice site [82]. The first two (R273H, R248Q) were classified as non-functional by the IARC database and Y107H as partially functional.



Rare mutations were reported by Bousquet et al. [85], and seven tumors from young patients with OS were found. In three of them (patients aged 12, 15, and 16 years), the TP53 gene mutations were deletions, missense type (A159N), STOP codon (192), and splice site mutation (307). The authors maintain these alterations probably lead to degradation of changed TP53 transcript or result in expression of a truncated form of the TP53 gene.



WGS data from 25 OS tumors collected from patients of both sexes in the age range between 8–79 years revealed mainly rearrangements in intron 1 and intron 9. The final transcripts lose essential parts of the protein, so these aberrations result in loss-of-function. Identified point somatic missense mutations were C238F, I255T, R273L, C275Y, D281E. Based on yeast assays or structure predictions, these mutations were classified as loss of protein function. The loss-of-function type was confirmed by Jordan et al. [114] for mutations C238F, D281E, and R273L, R273L, while C275Y is a gain-of-function mutation [104], mutation C238F localizes in the L3 loop [93,114]. Intriguingly, the expression of C238F may also result in a gain-of-function. Its expression in head and neck squamous cell carcinoma cells shows up-regulation of FOXM1, high invasive potential in vitro, and gross pulmonary metastases after injection into nude mice [116]. D281E mutation based on luciferase and yeast plate color assay—was classified as non-functional [114]. It was also discovered in an Iranian 43-year-old male patient who had OS and LFS [131].



Saba et al. [132] analyzed 148 OSs (both pediatric and adult patients) by in-depth sequencing. They found that rearrangements in the TP53 intron 1 led to the fusion of the promoter to various genes, and showed by transcriptomic analyses that this led to the activation of numerous genes, also ones belonging to the tumor protein p53 pathway, and the rearrangement leads to reactivation of many of these genes. The interesting findings of that paper are that this rearrangement is an early event in OS genesis, and it is present in all OS cells, thus could be a potential target for future therapies.



Two mutations in the TP53 gene—P72R and R248W were found in human osteosarcoma cancer stem cell line 3AB-OS. The authors classified these alterations as gain-of-function. Cells bearing these mutations proliferate rapidly [133]. In other cell lines (IOR/OS15, MG-63, KPD, and Saos-1) derived from the human OS, several fusion transcripts with TP53 were found. These transcripts consisted of the first exon of TP53 joined with exons of VAV1, DDX39B, SAT2, EMR1, PPRAD genes. A series of truncated transcripts of TP53 were also observed. In the IOR/SARG cell line, the stop codon at position 205 results in the loss of a part of the DNA—binding and C-terminal domains [93].





4. Animal Models


The development of pre-clinical systems is crucial to enable basic research on the role of p53 in OS and provide a platform for testing the potential therapeutic approaches. Several animal models mimicking dysregulation of p53 were already proposed [134]. We list and summarize them in Table 1 and broadly describe them below. Numerous mouse models were developed to study the effects of missense mutations on p53 activities in vivo. The Trp53 (mouse homolog of human TP53) knockout (also known as p53 KO) mutant mice develop tumors at three to six months of age [135]. They are thought to be suitable for use in applications related to the study of familial breast cancers such as Li-Fraumeni syndrome and research of lung, brain, and bone tumors, lymphoma, and leukemia. However, their usefulness for sarcoma research is limited due to the spectrum and frequency of different tumor types developed in these mice. Other p53-deficient mouse models have been developed to study sarcomagenesis. In particular, mice develop spindle cell sarcomas and pleomorphic sarcomas if Trp53 is inactivated by Cre-loxP-mediated recombination. Additionally, mesenchymal sarcoma stem cells (Sca-1low) have been isolated from these animals, but these mice are deficient in p53 and pRb, making detailed analyses difficult [136].



It was postulated that the human Li-Fraumeni syndrome characterized by heterozygous TP53 mutations would be modeled more accurately rather by heterozygous than homozygous animal models [134]. Indeed, heterozygous mutant Trp53 mouse models, which require LOH before tumorigenesis occurs, develop a spectrum of tumors that is more similar to humans. While homozygotes develop lymphomas, the most frequent tumors in heterozygotes were OSs and soft tissue sarcomas [135]. In this approach, tumors develop later than in homozygous animals (half of the homozygotes develop tumors by 45 months of age and heterozygotes by 12 months), which results in higher costs and longer experiment duration [135].



The role of Trp53 missense mutations was investigated in transgenic mice with knock-in alleles that mimic the hot spot mutations found in human TP53. p53 R172H and p53 R270H mutations were introduced to the mouse p53 corresponding to amino acids 175 and 273 in human p53. These are most often mutated in human carcinomas [137]. The spectrum of tumors that develop in mice depends on the various mutant alleles in the model. For example, the ‘DNA contact’ mutant p. R270H (p. R273H in humans) results in a high frequency of carcinomas, whereas the ‘structural’ mutant p. R172H (p. R175H in humans) predominantly results in OSs. In contrast, p. R175P are defective in activating genes associated with apoptosis without impairing growth arrest.



Compared with Trp53−/− mice, these knock-in models display a higher degree of heterogeneity in the spectrum of tumor types with more frequent carcinomas (than sarcomas). On the other hand, homozygous Trp53−/− mice are highly prone to develop T-cell lymphomas and selected sarcomas [138]. Although the loss of Trp53 in mice results in thymic lymphoma as the dominant tumor type, in humans, these lymphomas are less frequently TP53 mutated/dependent [139].



Several p53-deficient animal models were also developed in rats. One example is the Tp53-deficient Dark Agouti rat [140]. In this model, homozygotes develop angiosarcomas and lymphomas, and their lifespan is limited to 6 months. Heterozygotes live longer (up to 12 months) and develop a broader spectrum of tumors; however, angiosarcomas and lymphomas are also the most common, and OSs are rare [141].



Another rat model, obtained in the Fischer-344 (F344) rat (F344-Tp53tm1(EGFP-Pac)Qly/Rrrc (F344-Tp53) strain) develops predominantly meningeal sarcomas and OSs [142]. In homozygotes, the frequency of OSs was 57%, and in heterozygotes—36%. The spectrum of tumors was also broader in heterozygotes than in homozygotes. Moreover, OS pulmonary metastases were also found in this model.



Tp53C273X/C273X Wistar rats carry a single point mutation that introduces a premature stop codon. Homozygotes develop mostly angiosarcomas, while heterozygotes develop OSs and less frequently angiosarcomas and B-cell lymphomas [139]. Metabolically active tumors are present in various locations, including the brain, head and neck, abdomen, and extremities [143,144]. Another Tp53 knockout rat generated on the Sprague Dawley background also develops mostly sarcomas. However, the spectrum of tumors seems to be generally broader than in the Wistar knockout rats. OS is the most frequently observed type of tumor in homozygotes, but still, it constitutes only 18% of all tumors [145].



In general, the rat models seem to be a promising tool for studying the role of p53 malfunction of OS. Some of these models predominantly develop OSs in a relatively short time. The rat is also easier to handle and provides better perspectives for advanced imaging methods that would allow precise tracking of potential therapeutic approaches.



Another recently proposed model was developed in zebrafish (Danio rerio). In one of them, mutation p53I166T was induced by exposure of the embryos to gamma irradiation [146]. Both heterozygous and mutant fish developed soft tissue sarcomas with high penetrance but most frequently spindle cell tumors. Recently, a zebrafish Tp53 knockout was also generated [147]. These knockouts develop a wide range of tumors, including angiosarcomas, malignant peripheral nerve sheath tumors, germ cell tumors, or leukemias. Despite the limitations of the zebrafish models, they enable large-scale high throughput testing of potential therapeutics and direct visualization of tumor growth. Such a model could be valuable for the initial evaluation of the potential drugs.



On the other hand, experiments or trials performed on spontaneously developing tumors in pet dogs could be the final step of translating a potential therapeutic approach into human clinical trials and then routine applications [148]. OSs occur at least ten times more often in dogs than in humans (with an incidence rate estimated to be around 14 cases/100,000 dogs according to [149]). A review by Regan et al. [148] reported that OS was the second disease with the largest number of active clinical trials in pet animals. Importantly, TP53 mutations were reported in canine OSs, e.g., Kirpensteijn et al. [150] TP53 mutations were found in 40% of OSs.




5. p53 as a Therapeutic Target in Osteosarcoma


Though many papers are devoted to this subject, the p53 protein is not considered an easy target for cancer therapy. The problems are caused by the numerous different mutations, their varied effects on the protein, and the gain-of-function that some of them convey, and also even if the wild-type protein is present (if the wild-type TP53 gene is not lost), the mutated protein will affect the structure of the whole tetramer, which will not function properly [77].



Of course, different therapies would need to be applied if the p53 protein is missing and mutated and has acquired new activities [77]. Although TP53 is altered in many or most sarcomas, it is not an obvious nor easy target. In some reviews of potential new therapies for sarcoma, it is not even mentioned. As little has happened in the last 30 years, new therapies are needed, and survival rates for patients have essentially remained the same [153].



The way to treat OS by acting on p53 could be indirect by acting on its interactors. An example is shown by Samsa et al. [154]. JAB1 (JUN activation domain-binding protein) is overexpressed in OSs, and its knockdown decreases the oncogenic properties of OS cell lines. Moreover, a small molecule inhibitor of the protein affects the viability of OS cells, and Samsa et al. have developed an animal model which shows that JAB1 oncogenesis depends on TP53. It is suspected that targeting JAB1-associated miRNAs can be used for clinical intervention in OS.



Another OS treatment method may be miRNA-based therapeutics. miR-34 family members (miR-34a, miR-34b, miR-34c) are established regulators of tumor suppression, and their expression is transcriptionally controlled by p53 [155,156,157,158]. It was reported that miR-34a expression in OS is significantly down-regulated, promoting oncogenic properties of OS cells [159,160,161,162]. miRNA-34a is reported to increase cisplatin sensitivity in OS cells in vitro and be a key regulator in the dedifferentiation of OS [161,163]. Phase I clinical trials have investigated liposome-based delivery of the down-regulated miR-34a for advanced stages of multiple solid and hematological malignancies. However, due to reported immune-related adverse effects, the study had to be terminated [158,164].



Ganjavi et al. [165] used adenoviral vectors to introduce the wt p53 protein-coding gene into four sarcoma lines. They found that the cell lines became sensitive to cisplatin and doxorubicin, though these were not OS lines. The crucial problem in OSs and therapy aimed at TP53 is that in many OSs, the rearrangements lead to the activation of numerous genes. This is to some extent due to rearrangements involving the TP53 gene promoter, it is not clear whether attempts to reactivate or introduce a normal copy of the gene would be successful [132]. Numerous papers deal with targeting mutated TP53 and/or its interactors; however, they rarely refer to OS.



For tumors with decreased p53 levels, therapy could act on its interactors, which regulate p53 activity—MDM2 can affect p53 localization and promote its degradation; moreover, it can block its ability to transactivate by binding to the N-terminal domain of the p53 protein [13]. MDMX also binds to the N-terminal transactivating domain of p53. Various inhibitors of MDM and MDMX have been proposed, but as many OSs do not contain an active p53 molecule addressing its inhibitors may not be the solution in most cases. In neoplasms with mutant p53 small molecules are used to ‘normalize’ the protein; however, this is complicated as there are numerous TP53 mutations, which may not be relevant for osteosarcoma [166].



The literature on potential treatments of various types of cancer through acting on the p53 protein is abundant. It is essentially based either on stabilizing the wild-type form by acting on its destabilizers—mainly MDM2 (or on acting on the mutant p53 protein to restore its normal function) [167]. The former method may not apply to most OSs, as MDM2 up-regulation is relatively rare. As for the latter—it could apply to the tumors in which p53 is mutated, though not to the ones where the protein is absent due to rearrangements of the TP53 gene. Moreover, as TP53 mutations are rarely recurrent, and there are many different ones, this restoration would have to be tested for numerous mutations to see how effective it would be.



One of the molecules which could restore wild-type activity is PRIMA-1 (2,2-bis(hydroxymethyl)1-azabicyclo(2,2,2)3-octan-3-one) (PRIMA is an abbreviation for p53 reactivation and induction of massive apoptosis) and its methylated form PRIMA-1MET [167]. Both compounds inhibit the growth of various mutant p53 expressing cell lines in vitro and have shown low toxicity in animal models. Interestingly, PRIMA-1 has shown synergistic effects with camptothecin in an OS cell line [167].



Moreover, two compounds with potential activity to reactivate mutant p53, APR-246, a methylated structural analog of PRIMA-1, and COTI-2, a third-generation thiosemicarbazone, have been shown to work in pre-clinical models [168]. These two compounds have been used in phase I clinical trials but not for OSs [168]. Bykov et al. [70] list 20 different p53 targeting compounds, divided into several groups, but all are listed as experimental/and or pre-clinical. Moreover, the authors comment on the observed non-p53 related activities of many of these compounds, noting that this is expected of small molecules. The problem with TP53 mutations is that there are so many different ones. Still, some attempts to target specific mutations have been described, including a carbazole derivative molecule PhiKan083 which stabilizes the eighth most common mutation Y220C [70].



Different strategies are required to obtain stable p53 for the relatively rare nonsense mutations; this would require drugs, such as aminoglycosides, which promote translational readthrough, which would lead to a normal protein. Another approach would be to target NMD (nonsense-mediated decay) of nonsense-codon-containing mRNAs. At least one such inhibitor, NMD114, has been shown to improve the stability of the mRNA for p53 [70].



There are practically no data on targeting mutated p53 in OS. Still, some interesting results were recently obtained by Tang et al. [12], who used CRISPR-Cas to knock out mutated TP53 in OS cell lines, affecting their oncogenic properties. Similar results were obtained with NSC59984, which accelerates mutant p53 degradation. Both strategies decreased the expression of anti-apoptotic proteins survivin and Bcl-2 in the two tested OS cell lines; however, as mentioned above, many OSs do not carry mutated p53, but rearrangements involving its promoter, and Tang et al. only tested two OS cell lines [12].



5.1. Gene Therapy Approaches


The TP53 gene is also an important target for gene therapies [169]. Reduction of osteosarcoma cell proliferation, apoptosis induction, suppression of cell motility, and chemotherapy drug sensitivity enhancement as an effect of knocking out of mutant TP53 was reported [10,11,12]. In the last 20 years, most clinical trials (Table S2) concerning p53 gene therapy were conducted in China and the United States.



Gendicine™ (rAd-p53) is the first gene-drug—recombinant human p53 adenovirus. In 2003, the China Food and Drug Administration (CFDA) approved it to treat head and neck squamous cell carcinoma when used in combination with radiotherapy. The recombinant human TP53 gene is delivered into cancer cells by an adenovirus vector, and as a result, p53 protein is expressed. Gendicine is being used in China to treat patients with other advanced or unresectable tumors, including advanced lung cancer, liver cancer, gynecological tumors, and soft tissue sarcomas. Multimodal therapy with Gendicine and chemotherapy, radiotherapy, or other conventional treatment regimens demonstrated significantly higher response rates and progression-free survival than standard therapies alone [169]. The use of Gendicine in OS is to be evaluated.



At this point, alternative molecules that have been proven useful for redirecting adenoviral attachment and entry may be of potential interest in targeting OS, including fibroblast growth factor receptor, folate receptor, transferrin receptor, and vascular endothelial growth factor receptor [170]. Targeting the transferrin receptor was shown to be effective in OS. Nakase et al. studied liposome-p53 gene delivery targeted toward transferrin in vitro and in vivo and demonstrated reduced tumor growth of established xenografts [171].




5.2. Pharmacological Modulation of P53 Function


Pharmacological targeting of p53 is another approach used in the development of novel therapeutic strategies. There were few ways for p53 pharmacological modulation (Figure 3). The first method is the pharmacological inhibition of the principal ubiquitin ligase for p53, MDM2. One of the most broadly studied MDM2 antagonists is Nutlin-3a (RG7112), a molecule that acts through blockage of MDM2 in the p53-binding pocket, stabilizing the biologically active p53 protein [172]. Nutlin-3a was studied in preclinical studies on OS cell lines, and promising results showed that cells with wild-type p53 are sensitive to Nutlin-3a [173]. The clinical activity of Nutlin-3a was studied in an early phase clinical study of 20 patients with liposarcomas in a neoadjuvant setting. Unfortunately, unsatisfactory response rates were observed, with only one partial response obtained in a patient with MDM2 amplification [174]. Interestingly, it was documented in an ex vivo tissue explant system of sarcoma tissue biopsies that MDM2 status does not correlate with Nutlin-3a induced apoptosis [175]. An alternative target gene that could predict Nutlin-3a response was identified in this study: GADD45A, which, when not hypermethylated, was associated with the apoptotic response following Nutlin-3a treatment [175].



Since the development of Nutlin-3a, new generations of MDM2 inhibitors have been identified. MI-219 is an MDM2 inhibitor with higher affinity and selectivity than Nutlin-3a [176]; however, no data on its activity on OS in preclinical and clinical settings are available. The therapeutic effectiveness of another MDM2 small-molecule inhibitor, SAR405838, was assessed in in vivo and in vitro studies in dedifferentiated liposarcoma. Compared to other MDM2 inhibitors, Nutlin-3a and MI-219, treatment with SAR405838 resulted in similar antitumor activity [177]. Unfortunately, no objective responses were achieved in a phase I study of SAR405838 in patients with solid tumors [178]. In the subgroup of patients with de-differentiated liposarcoma, 22 of 31 patients (71%) achieved stable disease as the best response.



Another small molecule MDM2 inhibitor, RG7112, showed antitumor activity in a panel of different solid tumor cell lines with the strongest response in OS cells [179]. Moreover, RG7112 inhibited tumor growth in a dose-dependent manner in human OS xenografts with MDM2 gene amplification and MDM2 protein overexpression [179].



APG-115, another small molecule MDM2 inhibitor, was tested in a phase I study of 21 patients with liposarcomas and other solid tumors, including one with OS. In the study, one partial response and 12 stable diseases were achieved [180]. Among these 13 patients, 12 had TP53-wild-type tumors, and 7 had concurrent MDM2-amplification. Other MDM2 antagonists included idasanutlin (RG7388), AMG-232 (KRT-232), APG-115, BI-907828, CGM097, siremadlin (HDM201), and milademetan (DS-3032b); however, they have not yet been studied in OS [181].



Another approach to target p53 function with pharmacological intervention is restoring wild-type p53 activity by promoting proper folding of mutant p53. Since the development of the first p53-reactivating compound, CP-31398, several mutant p53-targeting substances were identified, including PRIMA-1 and its methylated analog APR-246, PK083, PK11007, NSC19630, NSC319726, and others [70,182]. Despite numerous preclinical investigations, data on the antitumor activity of these compounds in OS are scarce. The compound PRIMA-1 was identified in a cellular screening for substances that suppressed the proliferation of Saos-2 osteosarcoma cells in a p53-dependent manner [183]. Stictic acid, a natural product identified as a high-affinity binder to the L1/S3 pockets, could reactivate p21 expression in R175H mutant OS cells in a dose-dependent manner more strongly than PRIMA-1 [184]. Moreover, APR-246, a methylated analog of PRIMA-1, demonstrated synergistic activity with a quinoline alkaloid camptothecin, the Saos-2 osteosarcoma cell line [185]. STIMA-1, a small molecule compound similar to CP-31398, induced p53-dependent apoptosis in Saos2-osteosarcoma cells [186]. Unfortunately, no clinical investigations on this type of approach were carried out in OS patients to date.



Moreover, reactivation of the wt p53 function can be achieved by targeting specific p53 mutations. The Y220C mutation was identified as the eighth most common TP53 mutation [187]. Small-molecule stabilizers such as PK083 and PK7088 can bind to Y220C surface crevice [115,188], resulting in refolding into the wt p53 conformation. Suppression of other p53 mutants, including R175H and R273H, can be induced using P53R3, which has shown p53-dependent inhibition of glioma cell proliferation [189]. SCH529074, a small molecule activator of mutant p53, binds p53 DNA-Binding Domain (DBD) and demonstrated mutant-p53 reactivating abilities [190]. The compounds mentioned above have not yet been tested in preclinical or clinical settings in OS; however, they may have a potential role in OS treatment in the future.



Apart from restoring wild-type p53 activity, depletion of mutant p53 was studied as a possible approach to target p53 function in cancer [191]. Cholesterol-lowering drugs, statins, were hypothesized to suppress cancer cell growth by reducing mevalonate-5-phosphate, leading to CHIP ubiquitin ligase-mediated degradation of mutant p53. In the OS cell line, KHOS statins were shown to reduce mutant p53 levels and suppress cell proliferation [192].



A group of compounds that act through mutant p53 destabilization are heat shock protein 90 (Hsp90) inhibitors. Hsp90 causes the accumulation of mutant p53 by inactivating MDM2 and CHIP [193,194]. Treatment of undifferentiated pleomorphic sarcoma cells with Hsp90 inhibitor, 17-DMAG, led to decreased viability and invasiveness of the malignant cells [195]. Another Hsp90 inhibitor, HS10, showed synergistic activity with doxorubicin in OS cell lines [195]. PF4942847, a synthetic Hsp90 inhibitor, induced apoptosis, inhibited cell growth in a dose-dependent manner in an OS cell line, inhibited tumor growth, prolonged survival, and inhibited pulmonary metastases when administered orally in the OS mouse model [196]. Other Hsp90 inhibitors that showed potential antitumor activity in preclinical OS studies include 17-AAG [151], STA-1474 [152], STA-9090 (ganetespib) [197]. Ganetespib is a second-generation Hsp90 inhibitor with higher potency in degrading mutated p53 than the first-generation Hsp90 inhibitor 17-AAG [198]. Over 20 different Hsp90 inhibitors have been evaluated in clinical trials in various tumors; however, without effects sufficient for FDA approval [199]. Moreover, no clinical data on treatment with Hsp90 inhibitors in OS patients are available.



Another way to target p53 is treatment with substances that exclusively inhibit pathways involved in the proliferation of p53-mutated cells, including Chk1, polo-like kinase 1 (Plk1), and wee1 kinase (Wee1) [200]. AZD7762, a Chk1 inhibitor, induced cisplatin-mediated apoptosis in MNNG/HOS and Saos-2 osteosarcoma cell lines and caused inhibition of xenograft growth induced by cisplatin in an OS xenograft orthotopic model [201]. Treatment of U2OS, MG63, and SJSA osteosarcoma cell lines with GSK461364, a selective Plk1 inhibitor, resulted in mitotic arrest, apoptosis induction, enhanced cytotoxic effect when combined with paclitaxel [202]. Other inhibitors, BI2536 and BI6727, were also documented to have an antiproliferative effect on U2OS osteosarcoma cells mainly through enhanced MYC degradation [203]. The former substance was able to delay tumor growth in the OS xenograft mouse model [203].



Several Plk1 inhibitors are currently investigated in clinical trials in various cancer types, but none in OS patients [204]. Wee1 is another kinase that is crucial for proliferation in the p53-mutated cell. It controls the G2–M cell-cycle checkpoint and negatively regulates mitotic entry. Wee1 inhibition by a small molecule compound, PD0166285 in MG-63, U2OS, and Saos-2 osteosarcoma cell lines resulted in their sensitization to irradiation-induced cell death [205]. Another Wee1 inhibitor, MK-1775, enhanced the cytotoxic effect of gemcitabine in MG63, A673, U2OS, and HT-1080 osteosarcoma cell lines, OS-patient tumor explants, and a patient-derived mouse xenograft model. Interestingly, the effect of MK-1775 was independent of the p53 status of the cells [206]. Wee1 inhibitors were intensively studied in various tumors, including pancreatic, uterine, head and neck cancers, and hematologic malignancies [207]. To date, there are no data on the use of Wee1 inhibitors in OS patients.



NSC59984 is a small molecular compound that destabilizes mutant p53 and restores the wt p53 pathway via the activation of p73. At effective doses, it preferentially induces the death of tumor cells, stimulates p73 activity, and targets mutant p53 for degradation. This compound is nongenotoxic; thus, its clinical application could be possible. In contrast to p53, p73, a transcription factor with high structural and sequence homology top53 and has similar functions, is rarely deleted or mutated in human cancer. In mammalian cells under stress conditions, p73 is activated by complex signaling pathways that induce apoptosis and increase chemosensitivity. Many chemotherapeutic agents, such as camptothecin, etoposide, and cisplatin, up-regulate p73 expression. Mutant p53 inhibits p73 activation by binding to p73.



Additionally, NSC59984 induces mutant p53 protein degradation via MDM2-mediated ubiquitination and proteasomal degradation. Stabilization of mutant p53 results from its inability to interact with MDM2, an E3 ubiquitin ligase. It is unclear how mutant p53 and MDM2 are phosphorylated by signaling pathways stimulated by NSC59984 in mutant p53-expressing cancer cells. According to Fan Tang et al. (2019), NSC59984 strongly inhibits the expression of mutant p53 R156P in osteosarcomas. NSC59984 treatment results in mutant p53 degradation by MDM2-mediated ubiquitination and proteasomal degradation and restores TP53 pathway signaling via p73 activation. Administration of NSC59984 up-regulated the expression of p21, a potent CDK inhibitor that leads to cell-cycle arrest [12,208]. Fan Tang and et al. (2019) reported that the knockout of mutant TP53 using CRISPR-Cas 9 increases the cytotoxic effect of doxorubicin in MDR osteosarcoma cells. Improvement of the anti-cancer activity of doxorubicin was observed after NSC59984 treatment in MDR osteosarcoma cells in vitro. Thus, a potential application of NSC59984 would be to reduce chemoresistance [12].



Association between p53 and IGF-1R receptors is not fully understood but is expected to impact OS cell viability. IGF-1 is considered one of the main factors in osteosarcoma pathogenesis, so modulating the IGF-IR pathway is an attractive anticancer treatment strategy in p53 mutated OS. PPP (Picropodophyllin, a member of the cyclolignan family, a new inhibitor of IGF-IR) inhibits IGF-IR expression in osteosarcoma cell lines. PPP was shown to be active against osteosarcoma cell lines resistant to conventional chemotherapy with doxorubicin, paclitaxel, and vincristine. PPP is also active against primary tumor cells from osteosarcoma patients [159,209,210].





6. Conclusions


After the introduction of doxorubicin, methotrexate, and cisplatin in the late 1970s, the 5-year overall survival of OS patients and therapeutic outcomes have remained essentially unchanged [211]. Currently, there is an urgent need to identify novel cellular targets for developing new therapeutic regimens because of limitations in the optimal treatment of OS patients [12]. Recent cooperative international prospective clinical trials have attempted to intensify treatments or modulate immune responses but have had limited success without improving drug efficacy or toxicity [212,213].



Because a significant fraction of human cancers has mutations in the TP53 gene, the wild-type TP53 gene has become an important target for novel cancer gene therapy [169]. The TP53 gene encodes an important transcription factor (p53) with a tumor suppressor role. Mutated TP53 seems to play a critical role in maintaining cell proliferation and growth in OSs. In response to cellular stress, it activates various pathways that induce cell-cycle arrest, apoptosis, cell senescence, DNA repair, or changes in metabolism. Moreover, p53 plays a regulatory role in ontogenesis, myogenesis, angiogenesis [214]. p53 is also involved in activating several genes encoding apoptotic proteins (like PIG, BAX, Fas/Apo1, Killer/DR5, PUMA, or Noxa) [27,28,29], inducing pluripotency [215], regulating various metabolic pathways (reduction of glucose uptake, repression of transcription of GLUT1 and GLUT4 transporters genes) [54], or modulating inflammatory reactions [59,60,216]. Altered p53 may also contribute to drug resistance [64,106].



The presence of a mutation in the TP53 gene may exert three possible effects: deprivation of the ‘guardian’ p53 function, overcontrolling its co-expressed wild-type form (the dominant-negative effect), or gain-of-function [72]. However, these possibilities are not necessarily exclusive. Mutations in the TP53 gene frequently occur in Li–Fraumeni syndrome. Patients suffering from LFS develop sarcomas most frequently (32.7%). TP53 mutations are also commonly detected in OS specimens; current studies estimate that these mutations are present in 47–90% of cases. Importantly, somatic TP53 mutations are an unfavorable prognostic marker in OS patients [120].



The p53 protein is considered a challenging target for cancer therapy. In particular, the challenges are associated with numerous different mutations and their varied effects on the p53 protein. Even in the presence of the wild-type protein, the mutated protein may affect the structure of the whole tetramer [77]. Currently, the most promising approach is gene therapy. The China Food and Drug Administration (CFDA) approved the first anti-tumor gene therapy drug rAd-p53 (recombinant human p53 adenovirus), Gendicine™. However, it was approved for treating head and neck squamous cell carcinoma (HNSCC) in combination with radiotherapy, and the data on its therapeutic potential in OS is not available. Further clinical trials on TP53-targeted gene therapy approaches are also conducted in academic centers outside China.



Another approach is pharmacological p53 modulation. Several agents are in an early phase of development. One example could be the pharmacological inhibition of the principal ubiquitin ligase for p53, MDM2, with Nutlin-3a (RG7112) [172] or SAR405838 [177]. Some pharmacological interventions, e.g., CP-31398, attempt to restore the wild-type p53 activity by promoting proper folding of mutant p53 [70,182]. Another interesting approach is the administration of heat shock protein 90 (Hsp90) inhibitors (Hsp90 causes accumulation of mutant p53 by inactivating MDM2 and CHIP [193,194]). Unfortunately, the data on the possible application of p53-targeted pharmacological interventions in OS are currently scarce.
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Figure 1. The main functions of p53 in the cell life and death. 
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Figure 2. The primary structure of p53 protein with marked domains and amino acid codons showing the number of missense mutations. The X-axis represents the p53 amino acid sequence, Y-axis number of found substitutions. Transactivation domain (green); Core domain which can bind DNA (red); oligomerization domain (blue). Figure created basing on the data published in references [80,81,82,83,84,85,86,87,88,89,90,91,92,93] using cBioPortal Mutation Mapper [94,95]. 
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Figure 3. The main targets for pharmacological p53 modulation and selected molecules targeting p53-dependent pathways. 
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Table 1. Overview of animal models of osteosarcoma.
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	Species
	Mutations
	Malignancies
	References





	Mouse
	Trp53 knockout
	Spindle cell sarcomas and pleomorphic sarcomas develop if Trp53 is inactivated by Cre-loxP-mediated recombination
	[135]



	Mouse
	p53 R172H and p53 R270H mutations
	The spectrum of tumors that develop in mice depends on the various mutant alleles in the model. p. R270H (p. R273H in humans) results in a high frequency of carcinomas, whereas the ‘structural’ mutant p. R172H (p. R175H in humans) predominantly results in OSs.
	[137]



	Rat (Dark Agouti)
	Tp53 knockout
	Homozygotes develop angiosarcomas and lymphomas, and their lifespan is limited to 6 months. Heterozygotes live longer (up to 12 months) and develop a broader spectrum of tumors; however, angiosarcomas and lymphomas are also the most common, and OSs are rare
	[140,141]



	Rat (Wistar)
	Tp53C273X/C273X mutation.
	Homozygotes develop mostly angiosarcomas, while heterozygotes develop OSs and less frequently angiosarcomas and B-cell lymphomas
	[139,145].



	Rat (Sprague Dawley)
	Tp53 knockout
	Mostly sarcomas. The spectrum of tumors seems to be generally broader than in the Wistar knockout rats. OS is the most frequently observed type of tumor in homozygotes, but still, it constitutes only 18% of all tumors
	[145]



	Zebrafish (Danio rerio)
	mutation p53 I166T
	Both heterozygous and mutant fish developed soft tissue sarcomas with high penetrance but most frequently, spindle cell tumors
	[146].



	Zebrafish (Danio rerio)
	Tp53 knockout
	Wide range of tumors, including angiosarcomas, malignant peripheral nerve sheath tumors, germ cell tumors, or leukemias
	[147]



	Pet dogs
	Spontaneous Tp53 mutations
	Tp53 mutations were found in 40% of OSs
	[151,152]
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