[image: image1]Recent findings on the role of wild-type and mutant p53 in cancer development and therapy

		REVIEW
published: 26 September 2022
doi: 10.3389/fmolb.2022.903075


[image: image2]
Recent findings on the role of wild-type and mutant p53 in cancer development and therapy
Mehregan Babamohamadi1, Esmaeil Babaei1,2*, Burhan Ahmed Salih3,4, Mahshid Babamohammadi5, Hewa Jalal Azeez1 and Goran Othman3,4
1Department of Biology, School of Natural Sciences, University of Tabriz, Tabriz, Iran
2Interfaculty Institute for Bioinformatics and Medical Informatics (IBMI), University of Tübingen, Tübingen, Germany
3Department of Medical Laboratory Technology, Erbil Health and Medical Technical College, Erbil Polytechnic University, Erbil, Iraq
4Department of Medical Laboratory Technology, AlQalam University College, Kirkuk, Iraq
5Student Research Committee, Faculty of Pharmacy, Tabriz University of Medical Sciences, Tabriz, Iran
Edited by:
José Díaz-Chávez, Instituto Nacional de Cancerología (INCAN), Mexico
Reviewed by:
Guilherme A. P. de Oliveira, Federal University of Rio de Janeiro, Brazil
Marco Cordani, Complutense University of Madrid, Spain
* Correspondence: Esmaeil Babaei, BABAEI@TABRIZU.AC.IR
Specialty section: This article was submitted to Cellular Biochemistry, a section of the journal Frontiers in Molecular Biosciences
Received: 23 March 2022
Accepted: 19 August 2022
Published: 26 September 2022
Citation: Babamohamadi M, Babaei E, Ahmed Salih B, Babamohammadi M, Jalal Azeez H and Othman G (2022) Recent findings on the role of wild-type and mutant p53 in cancer development and therapy. Front. Mol. Biosci. 9:903075. doi: 10.3389/fmolb.2022.903075

The p53 protein is a tumor suppressor encoded by the TP53 gene and consists of 393 amino acids with four main functional domains. This protein responds to various cellular stresses to regulate the expression of target genes, thereby causing DNA repair, cell cycle arrest, apoptosis, metabolic changes, and aging. Mutations in the TP53 gene and the functions of the wild-type p53 protein (wtp53) have been linked to various human cancers. Eight TP53 gene mutations are located in codons, constituting 28% of all p53 mutations. The p53 can be used as a biomarker for tumor progression and an excellent target for designing cancer treatment strategies. In wild-type p53-carrying cancers, abnormal signaling of the p53 pathway usually occurs due to other unusual settings, such as high MDM2 expression. These differences between cancer cell p53 and normal cells have made p53 one of the most important targets for cancer treatment. In this review, we have dealt with various issues, such as the relative contribution of wild-type p53 loss of function, including transactivation-dependent and transactivation-independent activities in oncogenic processes and their role in cancer development. We also discuss the role of p53 in the process of ferroptosis and its targeting in cancer treatment. Finally, we focus on p53-related drug delivery systems and investigate the challenges and solutions.
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INTRODUCTION
The TP53 gene encodes a tumor suppressor protein called P53. The p53 protein was first identified in 1979 as a cellular protein that binds to the large T antigen of the simian virus (SV40) and accumulates in the nucleus of cancer cells. This protein contains domains of transcriptional activation, DNA binding, and oligomerization. The encoded P53 protein responds to various cellular stresses to regulate the expression of target genes, thereby causing DNA repair, cell cycle arrest, apoptosis, metabolic changes, and aging. Mutations in this gene and the functions of the wild-type p53 protein (wtp53) have been linked to various human cancers (Hofseth et al., 2004; Duffy et al., 2017).
According to studies, Eight TP53 gene mutations are located in codons that make up 28% of all p53 mutations. Mutations in these alleles appear in many human cancers and tissues. These alleles are called hotspots (Figure 1). Mutations in p53 gene hotspots are seen in human cancers for four reasons; one, proteins produced by mutant hotspots alleles have a highly altered structure. Two, mutagenic agents environmentally cause-specific allelic changes in the p53 gene. Three, these gene mutations are caused by specific DNA sequences. The performance loss and the changes in p53 mutant proteins are also seen. Hence, some of these mutant proteins have specific allelic functions that cause cancer (Baugh et al., 2018). The researchers found that the key to understanding the pathobiological activity of P53 was the false mutations found in the original TP53 cDNA clones. The ability of p53 to form tetramers allows the protein to behave predominantly negatively so that the p53 mutant allele suppresses wild-type p53 activity. Hence, some mutations in p53 may cause oncogenic activity (Scheffner et al., 1990; Sigal and Rotter, 2000).
[image: Figure 1]FIGURE 1 | Schematic structure of TP53 and its different domains. Mutations frequently occur within the DNA-binding domain. Mutant codons are shown in red: Transcriptional activation domain (TAD); Proline-rich domain (PRD); DNA binding domain (DBD); Tetramerization domain (TD); Regulatory domain (RD).
The p53 protein is vital in maintaining DNA stability and preventing cancer. Normally, wild-type p53 protein (wtp53) binds to a negative regulator and is inactivated or degraded. However, when DNA damage occurs in a cell, the p53 protein is induced, causing the cell cycle to stop. This gives the cells a chance to repair, but if the damage is severe, the cells will develop apoptosis. The p53 (mtp53) gene mutation has been linked to various cancers Many mutations occur in the DNA binding domain of the p53 gene. On the other hand, the successful interaction of wtp53 protein with transcription factors facilitates the repression or activation of appropriate target genes. This process is disrupted by the presence of the defective mtp53 protein. Thus, converting mtp53 protein to wild-type p53 protein could be a promising way to prevent or reverse tumor progression (Zilfou and Lowe, 2009; Berke et al., 2022).
Among these, we can mention some small molecular compounds, such as RITA (RNA-induced transcriptional activation), which target p53. This molecular compound directly binds to p53, disrupts the interaction between p53 and MDM2, and prevents p53 degradation. RITA increases tumor suppressor expression and suppresses oncogene expression through p53 reactivation; As a result, it causes cell death mediated by p53 (Valente et al., 2018).
The p53 is a biomarker for tumor progression and a perfect target for designing cancer treatment strategies. In wild-type p53-carrying cancers, abnormal signaling of the p53 pathway usually occurs due to other unusual settings, such as high MDM2 expression. These differences between cancer cell p53 and normal cells have made p53 one of the most important targets for cancer treatment (Zhang et al., 2022).
In recent years, studies in this field have shown the structure, function, and role of p53 in tumor formation and development. These basilar studies strongly support the design and development of new approaches to targeting the mutant and wild-type p53 in cancer treatment. For example, delivery of wild-type p53 by adenovirus infection kills cancer cells and affects and suppresses tumor growth in preclinical and clinical trials (Valente et al., 2018). Also, methods such as chemotherapy, radiotherapy, and immunotherapy with specific targeting of the mutant p53 to suppress tumor growth are becoming a promising approach in the treatment of cancer (Beckta et al., 2014; Huang, 2021). Some plant substances and compounds are effective on wild-type and mutant p53 by inducing apoptosis or preventing cell proliferation, for example, Gemini curcumin and dendrosomal nano-curcumin in colorectal and breast cancer cell lines (Sobhkhizi et al., 2020; Ebrahimi et al., 2021).
STRUCTURE OF WILD-TYPE P53 AND MUTATIONS LEADING TO CANCER
The p53 protein consists of 393 amino acids, with four main functional domains: transcription, DNA binding, tetramerization, and regulatory (Figure 1). Also, this protein includes five protected regions under the headings (I, II, III, IV, and V) and the loop-helix structure (L, S, and H). Highly protected domains overlap with loop domains and are part of the protein’s three-dimensional structure. In addition, there is a strong association between mutations and p53 three-dimensional structural domains (May and May 1999). Typically, wild-type p53 loses its function with a single-point mutation. This mutation causes a change in the structure of the core DNA binding domain of the protein (conformational mutation) or a change in the DNA binding capacity (contact mutation). Recent findings suggest that p53 mutants and their fragments can form protein masses both in vitro and in vivo (Higashimoto et al., 2006; Xu et al., 2011). Accumulation of p53 in both contact and conformational mutations in samples taken from patients’ tumor tissue has been observed in several cancer cell lines; this indicates an association between mutated p53 accumulation and tumor growth (Kanapathipillai, 2018).
In most human cancers, p53 hot spot mutations (both conformational and structural) are observed at the amino acid sites 175, 245, 248, 249, 273, and 282 (Figure 1) (Freed-Pastor and Prives, 2012). Meanwhile, R248Q, R248W, and R175H mutations showed p53 protein accumulation in different tumor samples, while p53 protein accumulation was not reported in tumor samples containing R273H and R249S hot spot mutations (Soragni et al., 2016; De Smet et al., 2017).
As mentioned, two hotspots and common cancer mutations in p53 protein are amino acid sites 175 and 273. R175H and R273H are more prone to aggregation than wild-type (WT) p53, and their pathological aggregation can lead to various cancers. A recent study investigated the dynamic and structural properties of the R175H and R273H mutants in the p53 core domain (p53C) using extensive all-atom molecular dynamics simulations. In this regard, the researchers found that in both R175H and R273H mutations, the β-sheet structure is well preserved; however, a larger hydrophobic surface and a higher loop flexibility than WT p53C were seen, thus predisposing proteins to accumulate in the cell. Also, an allosteric pathway has been identified through which the R273H mutation increases the flexibility of the N-terminal region around loop 2. These results indicate mechanical insights into the high accumulation tendencies of R175H and R273H mutants (Bykov et al., 2018; Li et al., 2020).
THE LOSS OF WILD-TYPE P53 FUNCTION IN ONCOGENIC PROCESSES AND CANCER DEVELOPMENT
In cancer biology, the vital point about p53 is that; the p53 mutant protein is found in 50% or more of 50% of human cancers. In addition to losing function, the mutant p53 can have a dominant-negative effect on the remaining wild-type p53 allele and subsequently inactivate it by losing heterozygosity (LOH). Also, some p53 mutations have additive functions, which will cause the tumor to grow. In cancers in which wild-type p53 is conserved, it is usually in regulatory genes that encode the up or down pathways of p53; changes are observed (Steels et al., 2018).
Among p53 mutants, missense mutations not only cause the mutated p53 protein to lose its wild-type (LOF) function and gain dominant-negative activity but also increase the function of the mutated p53, leading to the tumor’s more aggressive behavior and drug resistance (Zhang et al., 2022).
In the remainder of this section, we will discuss the relative contribution of wild-type p53 loss of function, including transactivation-dependent and transactivation-independent activities in oncogenic processes and their role in cancer development.
The role of p53 protein in tumor suppression, transcription factor, and stress sensor; transactivation-dependent activities
The TP53 gene acts as a tumor suppressor and cellular stress sensor. In stress-free cells, p53 is targeted for degradation by E3 ubiquitin ligase MDM2 and kept at low levels. Stress signals, such as DNA damage, oncogene expression, and hypoxia relieve P53 from MDM2 inhibition. Mutations in human cancers that occur mainly in the domain of DNA binding and specific sequences; disrupt p53 activation. A mutation in the TP53 gene disrupts the binding capacity of DNA by disrupting the structure of the p53 protein; it also increases oncogenic function. The TP53 gene also encodes a transcription factor that is an essential factor in cancer prevention. Inactivation of this gene leads to the most common mutation in sporadic human cancers (Boutelle and Attardi, 2021).
Studies have shown that p53-R248Q expression reduces the motility and invasiveness of lung and breast cancer cells in a p53 transactivation-dependent manner. Indeed, in the cell lines expressing p53-R248Q, myosin light chain two expression decreases. This chain is a protein involved in actomyosin-based motility. Also, the expression of R248Q in Matrigel’s absence significantly reduces the migration rate in a trans-dependent manner (Olszewski et al., 2019).
The wild-type p53 regulates the expression of more than 2,500 genes as a transcription factor. The p53 helps respond to various stresses such as DNA damage, hypoxia, and oncogene activation. Also, depending on the severity and duration of stress, it leads to cell cycle arrest or apoptosis (Dehghan et al., 2015). Some of the genes that are activated by wild-type p53 and some functional consequences of wild-type p53 activation and the mutant type are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Some genes are transactivated by wild-type p53, and several functional consequences of p53 activation (A). Functional implications of mutant p53 (B).
The wild-type p53 dysfunction can disrupt autophagy signaling. In this regard, the nuclear transactivation-dependent activation of autophagy by p53 is often impaired due to inactivation or deficiency of p53 in the cytoplasm. However, the tumor can stimulate pro-autophagic functions. The downregulation of the mTOR set translates this activity. The researchers found that p53 may inhibit autophagy using direct protein-protein interactions. Based on the findings of a study, gain-of-function (GOF) mutant p53 proteins inhibit the autophagic pathway and increase the proliferation of pancreatic and breast cancer cells. This reaction has been accompanied by stimulation of AMPK-mTOR genes and suppression of DRAM, Beclin-1, ATG12, and sestrin genes (Cordani et al., 2016; Mrakovcic and Fröhlich, 2018).
Another dimension of tumor suppression: p53 functions independent of transactivation
Although most studies on p53-mediated tumor suppression mechanisms are based on the activation of p53 target genes, other aspects of this issue include the performance of p53 independent of the reaction, which has been reported recently. Induction of apoptosis in mitochondria can be considered the best function of p53 independent of transactivation. The p53 protein can bind members of the BCL-2 family of anti-apoptosis to replace them with members of the BCL-2 family of pro-apoptotic. It can also directly activate BAK and BAX, infiltrate the external mitochondrial matrix, and stimulate apoptosis (Table 1) (Ho et al., 2020).
TABLE 1 | The function of transactivation-independent p53.
[image: Table 1]The p53 protein, in addition to mitochondria, has functions other than transactivation in other sites, such as the cytoplasm and nucleus (Table 1), which can help suppress the tumor. In the cytoplasm, the p53 protein can bind and inhibit the rate-limiting enzyme of the pentose phosphate pathway, G6PD, thereby restricting the metabolic pathway leading to the tumor (Jiang et al., 2011). The p53 protein in the nucleus can also increase genomic integrity to prevent excessive and erroneous recombination. P53 does this by various methods, such as limiting the motility of transposons and other classes of repetitive elements and binding the homologous recombination protein RAD51. These findings suggest that activation-independent performance of P53 may be necessary for some settings in tumor suppression, and future trials will shed light on the importance of this in tumor suppression (Ho et al., 2020).
In a study of mouse models of intestinal cancer based on the Wnt signaling pathway caused by an ApcMin/+ mutation or deletion of Csnk1a1 in the proximal intestine, cancer was suppressed in the presence of p53R172H. It can be said that this repression is based on a mutation in the DNA binding domain that is responsible for the trans-activation of the target gene and is related to the p53 −/− model. This is related to the inhibition of TCF4 chromatin binding in the Wnt pathway and, in a sense, the suppression of this pathway and tumor-independent p53 activation. Further tests are needed to prove this mutant’s neomorphic activity or presence in wild-type p53 (Kadosh et al., 2020).
Based on the analysis of knock-in mouse models in another study, which expresses a mutation in p53R178E, The mutation P53R178E has been shown to behave like an empty p53 allele in both spontaneous and Eμ-Myc mouse tumorigenesis. This mutant retains apoptotic activity in chemotherapy in Eμ-Myc mouse lymphoma and is MDM2-deficient in growing embryos in vivo. p53R178E may provide a potential mechanism for apoptosis independent of the transactivation induced by p53R178E, and it can localize in the mitochondria (Timofeev et al., 2019).
The MDM2 is commonly known as the primary negative regulator of p53, but evidence suggests that MDM2 has functions independent of its role in regulating p53. Disruption of the regulation of these p53-independent functions could underlie the oncogenic property of MDM2, which is seen in the absence of p53. These findings explain why about 10% of human tumors overexpress MDM2 instead of inactivating p53 through other mechanisms. Since the p53-independent functions represent new targets for potential therapeutic interventions, the finding of these cellular roles, including the function of MDM2 in pathogenesis, will be important in tumor biology studies and cancer treatment (Bohlman and Manfredi, 2014). MDM2 is generally thought to suppress P53 by two distinct mechanisms, one is to cover p53 access to the transcription machinery by connecting to the N-terminal domain of p53, and the other is to target it for proteasomal degradation and ubiquitinating p53 (Pei et al., 2012).
THE ROLE OF TUMOR SUPPRESSOR PROTEIN P53 IN THE REGULATION OF FERROPTOSIS
When p53 stops the G1 cell cycle and facilitates DNA repair or apoptosis to kill damaged cells, it can be considered the best description of p53 function in response to acute DNA damage (Boutelle and Attardi, 2021). In addition to known activities of wild-type p53, including effects on checkpoints, cell cycle arrest, and apoptosis, there is recent evidence of the importance and role of other mechanisms in tumor suppression. Ferroptosis has been highly regarded as an iron-dependent method that causes non-apoptotic cell death defined in 2012. Unlike apoptosis, p53 activation alone is insufficient in cell death by direct induction of ferroptosis. It differs from apoptosis, necrosis, and other types of cell death in genetics, morphology, metabolism, and molecular biology. (Zhao et al., 2020; Liu and Gu, 2022).
Ferroptosis is a type of cell death that occurs following lipid peroxidation and reactive oxygen species (ROS) that can be regulated in various ways, including levels of transcription factors and changes in the activity of antioxidant enzymes. The wild-type p53 regulates ferroptosis through lipid peroxidation, amino acid metabolism, and the biosynthesis of glutathione and phospholipids (Zhao et al., 2020; Ji et al., 2022). Also, through its metabolic targets, the p53 protein in the ferroptosis process can modulate this response in the presence of ferroptosis stimuli, such as high levels of ROS and GPX4 inhibitors (Figure 3). GPX4 is a member of the GPX family and is essential in maintaining cellular homeostasis. The critical point is that the pathways of wild-type P53-mediated ferroptosis can be effective in treating human cancers (Zhao et al., 2020; Liu and Gu, 2022).
[image: Figure 3]FIGURE 3 | Induction of ferroptosis mechanism to suppress tumor by emphasizing the role of p53 and other factors.
It is important to note that p53 sometimes reduces cellular susceptibility to ferroptosis. Studies have shown that wild-type p53 protein activates p21 protein in a transcription-dependent manner and delays the onset of ferroptosis (Tarangelo and Dixon, 2018; Tarangelo et al., 2018). Researchers have also found that p53 in colorectal cancer cells (CRC) can play a role in inhibiting ferroptosis with the help of a compound called dipeptidyl peptidase 4 (DPP4) (Xie et al., 2017). To put it better, p53 plays a double-edged sword role in the ferroptosis process. On the one hand, it can increase cell susceptibility to ferroptosis, kill abnormal cells and prevent tumorigenesis. On the other hand, it can act as an inhibitor of the ferroptosis pathway. The role of p53 in the ferroptosis signaling pathway is complex. So far, this mechanism has not been thoroughly studied, and the specific function of p53 in this pathway and cancer treatment needs further study (Zhao et al., 2020). It is important to note that iron-based nanomaterials (such as iron-doped nanomaterials and iron oxide nanoparticles) can be used as anticancer agents. They stimulate ferroptosis in cells by over-producing ROS (Zhang et al., 2021).
The effect of erastin on p53 and its outlook in cancer treatment
There are two main pathways in the induction of ferroptosis. The cysteine-glutamate transporter is the first pathway, which includes erastin, sulfasalazine, and glutamate. The second pathway in the induction of ferroptosis directly inhibits glutathione peroxidase (GPX) activity and includes RSL3 and DP17 (Yang et al., 2014; Liang et al., 2019). In the meantime, erastin is different from other stimulants of ferroptosis because it can stimulate several molecules and have an effective, rapid, and lasting effect (Figure 3). In other words, erastin does not determine a single path (Sato et al., 2018).
One of the roles of erastin is to influence the voltage-dependent anion channel (VDAC). This ion channel is located in the mitochondria’s outer membrane (Figure 3). VDAC controls molecular and ion exchange between mitochondria and cytoplasm (Mazure, 2017; Becker and Wagner, 2018). VDAC permeability can be altered with the help of drugs. This causes mitochondrial metabolic disorders, ROS production, and ultimately oxidative death (Maldonado, 2017).
Erastin as a tubulin antagonist, can alter the permeability of the outer mitochondrial membrane by opening the VDAC channel. In other words, erastin prevents VDAC from being blocked by cytoplasmic-free tubulin (Yagoda et al., 2007; DeHart et al., 2018). VDAC opening has three biological effects: increased mitochondrial metabolism, decreased glycolysis, and increased ROS production. Since inhibition of mitochondrial metabolism and glycolysis are metabolic features of cancer cells, increased VDAC opening by certain drugs and the production of ROS affects most cancer cells and can kill these cells or reduce their proliferation (DeHart et al., 2018; Fang and Maldonado, 2018). Because non-proliferating cells do not have the high levels of free tubulin that characterizes cancer cells, one of the therapeutic benefits of erastin as a VDAC-tubulin antagonist is that it specifically kills cancer cells. Therefore, erastin can be used as a new anticancer drug target by regulating metabolism (Reina and De Pinto, 2017). The critical point is that erastin can increase ferroptosis by activating P53. Wild-type p53 induces ferroptosis by inhibiting the activity of the XC− system (Gnanapradeepan et al., 2018).
Studies have shown that after treatment of A549 lung cancer cells with erastin, p53 transcription products were significantly regulated, and ROS levels increased. According to the findings, p53 activation depends on ROS due to erastin exposure and activates the downstream p53 pathway (Huang et al., 2018).
In 2015, Jiang and colleagues at Columbia University Cancer Genetics Institute created p533KR mutant cells that lacked acetylation. These cells lost the function of wild-type p53 to induce apoptosis but still could inhibit SLC7A11 transcription. SLC7A11 is highly expressed in human tumors and inhibited by ROS-induced ferroptosis. The p53 protein inhibits cysteine uptake by inhibiting the expression of SLC7A11, a key anti-Porter component of cysteine/glutamate, and induces ferroptosis in cells. When erastin was used separately to treat p53-deleted cells, and p533KR mutant cells, p53-deficient cell mortality was reported to be very low (≤10%); This was while the p533KR mutant cell mortality was very high (>90%). However, if the expression of SLC7A11 is excessive in p533KR mutant cells, treatment with erastin will significantly reduce the cell death rate (20%) (Jiang et al., 2015).
In another type of mutant p53, wild-type p53 function and the ability to inhibit SLC7A11 transcription were lost. This mutant model, called p534KR98, significantly reduces cell death and tumor inhibitory function during treatment with erastin. These results suggest that activating p53 by erastin may play an essential role in tumor inhibition by inhibiting transcription of SLC7A11 and stimulating the ferroptosis process (Wang et al., 2016a).
It should be noted that the role of erastin in activating p53 and inducing ferroptosis is not applicable in all cells. However, it helps identify specific targets for inducing cancer cell death and inhibiting ferroptosis in normal cells to reduce the side effects of chemotherapy and provides ample scope for future research (Zhao et al., 2020).
The role of radiotherapy in tumor suppression with effect on p53 in the mechanism of ferroptosis
Radiotherapy (RT) breaks down two strands of DNA and produces reactive oxygen species (ROS); this causes the cessation of the cell cycle, aging, and cell death (Azzam et al., 2012). Since the p53 is the most common mutated gene in human cancers, it is considered one of the main goals of radiotherapy. Hence, ferroptosis is a critical mechanism for mediating p53 function in tumor radiosensitivity. RT-mediated p53 activation reduces SLC7A11 expression and induces RT-induced ferroptosis by suppressing glutathione synthesis. In other words, p53 deficiency increases the resistance of cancer cells or tumors to radiotherapy by inhibiting SLC7A11-mediated ferroptosis. Studies have shown that ferroptosis inducers (FINs) that inhibit SLC7A11 display significant radiation sensitizing effects on tumor organoids and xenografts derived from patients with p53 deficiency or mutation. Accordingly, activation of p53 and RT-induced ferroptosis leads to better clinical outcomes for RT in cancer patients, and it is suggested that these FINs be used in combination with radiotherapy to treat p53 mutant cancers (Lei et al., 2021; Yang et al., 2022).
RECENT ADVANCES IN THE USE OF DRUGS TO TREAT CANCER BY TARGETING P53 SIGNALING PATHWAYS
The frequency of p53 mutations in most cancers is about 50%, but this frequency varies depending on the type of cancer. For example, p53 mutation has been reported in cancers of laryngeal (40.4%), esophageal (43.1%), head and neck (40.6%), ovarian (47.8%), and colorectal (43.2%). However, the frequency of p53 mutation in a small number of cancers is less than 20%. For example, endocrine (14.6%), hematopoietic (12.7%), and cervical (5.8%) tumors have the lowest frequency of p53 mutations (Olivier et al., 2010). Therefore, it is imperative that p53 mutations be targeted for drugs and that studies be developed in this field (Issaeva, 2019). Recent studies point to using designer peptides and poly arginine analogs to inhibit p53 accumulation and tumor growth by treating cancer as a protein accumulation disease (p53 protein accumulation). Also, the use of small stress molecules as potential anti-p53 accumulation drugs has been suggested (Table 2) (Kanapathipillai, 2018).
TABLE 2 | A summary of therapeutic approaches to counteract the accumulation of mutated p53.
[image: Table 2]Protein accumulation, instability, improper folding, and defective transport generally lead to cellular functions and processes dysfunction. Many of these protein accumulation diseases are caused by the wrong folding of the protein, possibly due to genetic mutations and environmental stress conditions (Brodsky, 2014; Valastyan and Lindquist, 2014). Accordingly, therapies for reactivation of wild-type p53, recovery of p53 downstream pathway function, and degradation of mutant p53 have been considered. It is important to note that these therapeutic strategies for inhibiting p53 accumulation are relatively new and require further research (Bossi and Sacchi, 2007; Wang and Sun, 2010).
The role of designer peptides in preventing p53 protein accumulation
Based on recent studies, a peptide-based approach to inhibit p53 mutant accumulation has been considered. In this regard, the designer peptide, ReACp53, inhibits p53 mutant accumulation and suppresses tumors in vitro and in vivo. These peptides are for the region prone to p53 accumulation; amino acids 252–258 are designed. For example, research has been conducted on treating different models of ovarian cancer in vivo and in vitro and the potential of these peptides in accumulating p53 mutants (Table 2). This study showed that peptides could improve p53 function, inhibit p53 accumulation and stop tumor growth in vivo (Soragni et al., 2016; Bykov et al., 2018).
The role of small stress molecules in preventing p53 protein accumulation
As mentioned, small stress molecules stabilize proteins under challenging conditions, and following the accumulation of peptides, they show inhibitory potential in neurodegeneration (Kanapathipillai et al., 2008). Small stress molecules such as mannosylglycerate (MG), ectoine and hydroxyectoine help to stabilize proteins in stressful situations and effectively inhibit peptide-related neurodegenerative diseases (Kanapathipillai et al., 2005; Ryu et al., 2008). On the other hand, cancers in which p53 mutates may have a common aggregation mechanism with neurological diseases. Also, based on the prion aggregate-like behavior of p53 mutant, there may be similarities between protein accumulation in neurological diseases and cancer. Based on this, it can be said that small stress molecules have the potential to modulate the accumulation of p53 mutants (Silva et al., 2014). According to studies, arginine can also be a small stress molecule in the breakdown and stabilization of proteins (Baynes et al., 2005).
Arginine analogues, including canavanine, citrulline, and ornithine, can stabilize proteins and be used as candidates for treating cancers caused by p53 accumulation. For example, mutant types R248Q and H719 in lung cancer and mutations SK-BR-3 and R175H in breast cancer prevent the proliferation of cancer cells (Table 2) (Chen et al., 2017). In this type of treatment, molecules can be delivered through appropriate drug carriers or nanotubes, which increases the half-life, effective targeting, and effectiveness of treatment. These studies need further investigation (Kanapathipillai, 2018). In addition to the above, other small stress molecules, including the cation molecules acetylcholine chloride, can inhibit the accumulation of the R248W mutant peptide and have anti-cancer properties (Table 2) (Chen and Kanapathipillai, 2017).
The role of MDM2/MDM4 pharmaceutical inhibitors on the p53 mutant
One of the methods associated with P53 in cancer treatment is using pharmacological inhibitors of the p53-MDM2 interaction with dose-limiting thrombocytopenia. In addition, newer compounds such as dual MDM2/MDM4 inhibitors are under clinical trial (Zhao et al., 2015; Issaeva, 2019). Mutation and down reduction of wild-type p53 mediated by MDM2/MDM4 are the main mechanisms of p53 disruption (MDM2 and MDM4 are known as HDM2 and MDMX, respectively). Therefore, various p53-MDM2/MDM4 antagonists are undergoing clinical trials, the most important of which is idasanutlin, which is currently in the third phase of clinical trials in patients with recurrent or refractory acute myeloid leukemia. There are also reports of the impact of the two combinations APR-246 and COTI-2, which are mutant p53 activators. These compounds are MDM2/MDM4 inhibitors, and advances have accompanied research in this field, but in order to be clinically effective, more studies are needed (Issaeva, 2019; Duffy et al., 2020).
The role of HSPs pharmaceutical inhibitors on the p53 mutant
Another essential item is the HSP90. This heat shock protein is involved in the accumulation of mutant p53 by inactivating the p53 ubiquitin ligands, CHIP and MDM2. Targeting the p53-HSP mutant complex, which results in the degradation of the p53 mutant protein, is one treatment strategy (Alexandrova et al., 2015). Studies have shown that non-small cell lung cancer (NSCLC) cells become sensitive to radiation by the HSP90 inhibitor ganetespib, and this has been associated with advances in clinical trials (Phase III Study) in NSCLC (Wang et al., 2016b; Pillai et al., 2020).
The role of histone deacetylase inhibitors on the p53 mutant
The kevetrin (thiobutyronitrile), which has an inhibitory effect on histone deacetylase (HDAC), can directly affect mutant p53 and lead to p53 phosphorylation in serine 15 and cessation of cell division in the G2/M stage and finally tumor cell death. It should be noted that its role in inhibiting ovarian cancer cell lines is well known (Kumar et al., 2011; Kumar et al., 2017).
Effect of zinc deficiency on wild-type p53 and its therapeutic solution
According to recent studies, zinc deficiency induces oxidative DNA damage and is involved in developing the mutated p53 (Hainaut and Mann, 2001; Ho and Ames, 2002). Researchers have investigated using thiosemicarbazones as zinc metallochaperones to reactivate mutated p53. To solve this problem, they proposed a two-step mechanism that activates the wild-type protein structure of p53 through post-translational modifications. Therefore, they first regenerated the zinc linker and then modified the mutant p53 that had lost its function (Puca et al., 2011; Yu et al., 2017; Kogan and Carpizo, 2018).
The latest therapeutic achievements: Novel nanomedicines to counteract p53 mutations
Some of these methods have limitations and may not be used to treat all cancers associated with p53 accumulation. For example, in the designer peptide method, if wild-type p53 is somewhat compacted or unfolded, wild-type p53 structures may also be targeted. If this occurs in normal cells in the body, it can lead to systemic toxicity. Also, in therapies based on small molecules, peptides are rapidly eliminated from the bloodstream due to their short half-lives, small molecular weight, and size; as a result, more optimization is needed (Kanapathipillai, 2018). Hence, it would be ideal if nanotechnology approaches could be used to formulate small stress molecules in a latent drug carrier. One of the central delivery systems in cancer drug delivery is the use of nanoformulations. Nanoparticles have the potential to deliver the drug efficiently to the tumor site, do not affect normal tissues, have better plasma solubility, and produce successful therapeutic results. Also, this method increases the half-life of drug-carrying molecules, and the instability of these peptides is eliminated (Alexis et al., 2010; Kanapathipillai et al., 2014).
Another treatment method is the production of gold nanoparticles (AuNPs). These nanostructures provide a robust and non-toxic delivery system for gapmers in cancer cells and significantly reduce mutant p53 proteins. They overcome chemoresistance to gemcitabine. The formulation of AuNPs consists of a combination of a mixed polymer layer of polyethylene glycol (PEG) and PEI and a layer-by-layer assembly of bPEI through a sensitive linker. These nanoparticles can bind oligonucleotides through electrostatic interactions and release them as glutathione (García-Garrido et al., 2021).
The redox response for efficient delivery of p53-encoding synthetic messenger RNA (mRNA) is another nanoparticle (NP)-based engineered platform. Based on the findings, synthetic p53-mRNA nanoparticles significantly delay the growth of p53-null HCC and NSCLC cells by inducing apoptosis and cell cycle arrest. Also, p53 restoration significantly improves the sensitivity of these tumor cells to everolimus, a mammalian target of rapamycin (mTOR) inhibitor that is not expressed in HCC and advanced NSCLC. Furthermore, co-targeting the mTOR and p53 signaling pathways lead to distinct antitumor effects in several animal models of HCC and NSCLC in vitro. These findings suggest that combining synthetic mRNA NP delivery strategy with other cancer treatments can be very effective (Kong et al., 2019).
In addition to the above, monoclonal antibodies can be potent tools against p53-specific mutations and maximize treatment potential with personalized or precision medicine approaches (Hwang et al., 2018).
CONCLUSION AND OUTLOOK
Since the wild-type P53 protein has important and extensive roles and functions within the cell; as a result of mutations in this protein, which can occur due to various factors, causes various types of cancer. According to the findings, the p53 mutant protein is found in 50% or more of 50% of human cancers. Therefore, specialized therapeutic approaches to target P53 mutants or pathways associated with this protein have received much attention recently Although research in this area needs further investigation, it is hoped that it will lead to proper and effective treatments for various types of cancer and pave the way for future studies.
AUTHOR CONTRIBUTIONS
MeB, MaB and HJ wrote the original draft of the manuscript and drew the pictures. BA, GO and HJ revised manuscript, added new data and checked the quality of photos. EB supervised the manuscript, evaluated plagiarism, and revised the paper.
ACKNOWLEDGMENTS
The authors thank staff of genomics and molecular biology lab at the University of Tabriz for their assistance.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Alexandrova, E. M., Yallowitz, A., Li, D., Xu, S., Schulz, R., Proia, D., et al. (2015). Improving survival by exploiting tumour dependence on stabilized mutant p53 for treatment. Nature 523 (7560), 352–356. doi:10.1038/nature14430
 Alexis, F., Pridgen, E. M., Langer, R., and Farokhzad, O. C. (2010). Nanoparticle technologies for cancer therapy. Drug Deliv. (Lond). 2010, 55–86. doi:10.1007/978-3-642-00477-3_2
 Azzam, E. I., Jay-Gerin, J-P., and Pain, D. (2012). Ionizing radiation-induced metabolic oxidative stress and prolonged cell injury. Cancer Lett. 327 (1-2), 48–60. doi:10.1016/j.canlet.2011.12.012
 Baugh, E. H., Ke, H., Levine, A. J., Bonneau, R. A., and Chan, C. S. (2018). Why are there hotspot mutations in the TP53 gene in human cancers?Cell. Death Differ. 25 (1), 154–160. doi:10.1038/cdd.2017.180
 Baynes, B. M., Wang, D. I., and Trout, B. L. (2005). Role of arginine in the stabilization of proteins against aggregation. Biochemistry 44 (12), 4919–4925. doi:10.1021/bi047528r
 Becker, T., and Wagner, R. (2018). Mitochondrial outer membrane channels: Emerging diversity in transport processes. Bioessays. 40 (7), 1800013. doi:10.1002/bies.201800013
 Beckta, J. M., Ahmad, S. F., Yang, H., and Valerie, K. (2014). Revisiting p53 for cancer-specific chemo-and radiotherapy: Ten years after. Cell. cycle 13 (5), 710–713. doi:10.4161/cc.28108
 Berke, T. P., Slight, S. H., and Hyder, S. M. (2022). Role of reactivating mutant p53 protein in suppressing growth and metastasis of triple-negative breast cancer. Onco. Targets. Ther. 15, 23–30. doi:10.2147/OTT.S342292
 Bohlman, S., and Manfredi, J. J. (2014). p53-independent effects of Mdm2. Subcell. Biochem. 85, 235–246. Mutant p53 and MDM2 in Cancer. doi:10.1007/978-94-017-9211-0_13
 Bossi, G., and Sacchi, A. (2007). Restoration of wild‐type p53 function in human cancer: Relevance for tumor therapy. Head. Neck 29 (3), 272–284. doi:10.1002/hed.20529
 Boutelle, A. M., and Attardi, L. D. (2021). p53 and tumor suppression: it takes a network. Trends Cell. Biol. 31 (4), 298–310. doi:10.1016/j.tcb.2020.12.011
 Brodsky, J. L. (2014). The threads that tie protein-folding diseases. Cambridge, United Kingdom: The Company of Biologists Limited, 3–4.
 Bykov, V. J., Eriksson, S. E., Bianchi, J., and Wiman, K. G. (2018). Targeting mutant p53 for efficient cancer therapy. Nat. Rev. Cancer 18 (2), 89–102. doi:10.1038/nrc.2017.109
 Chen, Z., Chen, J., Keshamouni, V. G., and Kanapathipillai, M. (2017). Polyarginine and its analogues inhibit p53 mutant aggregation and cancer cell proliferation in vitro. Biochem. Biophys. Res. Commun. 489 (2), 130–134. doi:10.1016/j.bbrc.2017.05.111
 Chen, Z., and Kanapathipillai, M. (2017). Inhibition of p53 mutant peptide aggregation in vitro by cationic osmolyte acetylcholine chloride. Protein Pept. Lett. 24 (4), 353–357. doi:10.2174/0929866524666170123142858
 Cordani, M., Oppici, E., Dando, I., Butturini, E., Dalla Pozza, E., Nadal-Serrano, M., et al. (2016). Mutant p53 proteins counteract autophagic mechanism sensitizing cancer cells to mTOR inhibition. Mol. Oncol. 10 (7), 1008–1029. doi:10.1016/j.molonc.2016.04.001
 De Smet, F., Saiz Rubio, M., Hompes, D., Naus, E., De Baets, G., Langenberg, T., et al. (2017). Nuclear inclusion bodies of mutant and wild‐type p53 in cancer: A hallmark of p53 inactivation and proteostasis remodelling by p53 aggregation. J. Pathol. 242 (1), 24–38. doi:10.1002/path.4872
 DeHart, D. N., Fang, D., Heslop, K., Li, L., Lemasters, J. J., and Maldonado, E. N. (2018). Opening of voltage dependent anion channels promotes reactive oxygen species generation, mitochondrial dysfunction and cell death in cancer cells. Biochem. Pharmacol. 148, 155–162. doi:10.1016/j.bcp.2017.12.022
 Dehghan, R., Hosseinpour Feizi, M. A., Pouladi, N., Babaei, E., Montazeri, V., Fakhrjoo, A., et al. (2015). Association of P53 (− 16ins-Pro) haplotype with the decreased risk of differentiated thyroid carcinoma in Iranian-Azeri patients. Pathol. Oncol. Res. 21 (2), 449–454. doi:10.1007/s12253-014-9846-y
 Duffy, M. J., Synnott, N. C., and Crown, J. (2017). Mutant p53 as a target for cancer treatment. Eur. J. Cancer 83, 258–265. doi:10.1016/j.ejca.2017.06.023
 M. J. Duffy, N. C. Synnott, S. O’Grady, and J. Crown (Editors) (2020). “Targeting p53 for the treatment of cancer,” Seminars in cancer biology (Amsterdam, Netherlands: Elsevier). 
 Ebrahimi, M., Babaei, E., Neri, F., and Feizi, M. A. H. (2021). Anti-proliferative and apoptotic effect of gemini curcumin in p53-wild type and p53-mutant colorectal cancer cell lines. Int. J. Pharm. 601, 120592. doi:10.1016/j.ijpharm.2021.120592
 Fang, D., and Maldonado, E. N. (2018). VDAC regulation: A mitochondrial target to stop cell proliferation. Adv. Cancer Res. 138, 41–69. doi:10.1016/bs.acr.2018.02.002
 Freed-Pastor, W. A., and Prives, C. (2012). Mutant p53: One name, many proteins. Genes. Dev. 26 (12), 1268–1286. doi:10.1101/gad.190678.112
 García-Garrido, E., Cordani, M., and Somoza, Á. (2021). Modified gold nanoparticles to overcome the chemoresistance to gemcitabine in mutant p53 cancer cells. Pharmaceutics 13 (12), 2067. doi:10.3390/pharmaceutics13122067
 Gnanapradeepan, K., Basu, S., Barnoud, T., Budina-Kolomets, A., Kung, C-P., and Murphy, M. E. (2018). The p53 tumor suppressor in the control of metabolism and ferroptosis. Front. Endocrinol. 9, 124. doi:10.3389/fendo.2018.00124
 Green, D. R., and Kroemer, G. (2009). Cytoplasmic functions of the tumour suppressor p53. Nature 458 (7242), 1127–1130. doi:10.1038/nature07986
 Hainaut, P., and Mann, K. (2001). Zinc binding and redox control of p53 structure and function. Antioxid. Redox Signal. 3 (4), 611–623. doi:10.1089/15230860152542961
 Higashimoto, Y., Asanomi, Y., Takakusagi, S., Lewis, M. S., Uosaki, K., Durell, S. R., et al. (2006). Unfolding, aggregation, and amyloid formation by the tetramerization domain from mutant p53 associated with lung cancer. Biochemistry 45 (6), 1608–1619. doi:10.1021/bi051192j
 Ho, E., and Ames, B. N. (2002). Low intracellular zinc induces oxidative DNA damage, disrupts p53, NFkappa B, and AP1 DNA binding, and affects DNA repair in a rat glioma cell line.Proc. Natl. Acad. Sci. U. S. A. 99 (26), 16770–16775. doi:10.1073/pnas.222679399
 Ho, T., Tan, B. X., and Lane, D. (2020). How the other half lives: What p53 does when it is not being a transcription factor. Int. J. Mol. Sci. 21 (1), 13. doi:10.3390/ijms21010013
 Hofseth, L. J., Hussain, S. P., and Harris, C. C. (2004). p53: 25 years after its discovery. Trends Pharmacol. Sci. 25 (4), 177–181. doi:10.1016/j.tips.2004.02.009
 Huang, C., Yang, M., Deng, J., Li, P., Su, W., and Jiang, R. (2018). Upregulation and activation of p53 by erastin-induced reactive oxygen species contribute to cytotoxic and cytostatic effects in A549 lung cancer cells. Oncol. Rep. 40 (4), 2363–2370. doi:10.3892/or.2018.6585
 Huang, J. (2021). Current developments of targeting the p53 signaling pathway for cancer treatment. Pharmacol. Ther. 220, 107720. doi:10.1016/j.pharmthera.2020.107720
 Hwang, L-A., Phang, B. H., Liew, O. W., Iqbal, J., Koh, X. H., Koh, X. Y., et al. (2018). Monoclonal antibodies against specific p53 hotspot mutants as potential tools for precision medicine. Cell. Rep. 22 (1), 299–312. doi:10.1016/j.celrep.2017.11.112
 Issaeva, N. (2019). p53 signaling in cancers. Basel, Switzerland: Multidisciplinary Digital Publishing Institute, 332.
 Ji, H., Wang, W., Li, X., Han, X., Zhang, X., Wang, J., et al. (2022). p53: A double-edged sword in tumor ferroptosis. Pharmacol. Res. 2021, 106013. doi:10.1016/j.phrs.2021.106013
 Jiang, L., Kon, N., Li, T., Wang, S-J., Su, T., Hibshoosh, H., et al. (2015). Ferroptosis as a p53-mediated activity during tumour suppression. Nature 520 (7545), 57–62. doi:10.1038/nature14344
 Jiang, P., Du, W., Wang, X., Mancuso, A., Gao, X., Wu, M., et al. (2011). p53 regulates biosynthesis through direct inactivation of glucose-6-phosphate dehydrogenase. Nat. Cell. Biol. 13 (3), 310–316. doi:10.1038/ncb2172
 Kadosh, E., Snir-Alkalay, I., Venkatachalam, A., May, S., Lasry, A., Elyada, E., et al. (2020). The gut microbiome switches mutant p53 from tumour-suppressive to oncogenic. Nature 586 (7827), 133–138. doi:10.1038/s41586-020-2541-0
 Kanapathipillai, M., Brock, A., and Ingber, D. E. (2014). Nanoparticle targeting of anti-cancer drugs that alter intracellular signaling or influence the tumor microenvironment. Adv. Drug Deliv. Rev. 79, 107–118. doi:10.1016/j.addr.2014.05.005
 Kanapathipillai, M., Ku, S. H., Girigoswami, K., and Park, C. B. (2008). Small stress molecules inhibit aggregation and neurotoxicity of prion peptide 106–126. Biochem. Biophys. Res. Commun. 365 (4), 808–813. doi:10.1016/j.bbrc.2007.11.074
 Kanapathipillai, M., Lentzen, G., Sierks, M., and Park, C. B. (2005). Ectoine and hydroxyectoine inhibit aggregation and neurotoxicity of Alzheimer’s β-amyloid. FEBS Lett. 579 (21), 4775–4780. doi:10.1016/j.febslet.2005.07.057
 Kanapathipillai, M. (2018). Treating p53 mutant aggregation-associated cancer. Cancers 10 (6), 154. doi:10.3390/cancers10060154
 Kogan, S., and Carpizo, D. R. (2018). Zinc metallochaperones as mutant p53 reactivators: A new paradigm in cancer therapeutics. Cancers 10 (6), 166. doi:10.3390/cancers10060166
 Kong, N., Tao, W., Ling, X., Wang, J., Xiao, Y., Shi, S., et al. (2019). Synthetic mRNA nanoparticle-mediated restoration of p53 tumor suppressor sensitizes p53-deficient cancers to mTOR inhibition. Sci. Transl. Med. 11 (523), eaaw1565. doi:10.1126/scitranslmed.aaw1565
 Kumar, A., Brennan, D. P., Chafai-Fadela, K., Holden, S. A., Ram, S., Shapiro, G. I., et al. (2017). Kevetrin induces p53-dependent and independent cell cycle arrest and apoptosis in ovarian cancer cell lines representing heterogeneous histologies. Cancer Res. 77(13 Suppl). 
 Kumar, A., Hiran, T., Holden, S. A., Chafai-Fadela, K., Rogers, S., Ram, S., et al. (2011). Kevetrin™, a novel small molecule, activates p53, enhances expression of p21, induces cell cycle arrest and apoptosis in a human cancer cell line. Pennsylvania, United States: AACR. 
 Lei, G., Zhang, Y., Hong, T., Zhang, X., Liu, X., Mao, C., et al. (2021). Ferroptosis as a mechanism to mediate p53 function in tumor radiosensitivity. Oncogene 40 (20), 3533–3547. doi:10.1038/s41388-021-01790-w
 Li, L., Li, X., Tang, Y., Lao, Z., Lei, J., and Wei, G. (2020). Common cancer mutations R175H and R273H drive the p53 DNA-binding domain towards aggregation-prone conformations. Phys. Chem. Chem. Phys. 22 (17), 9225–9232. doi:10.1039/c9cp06671c
 Liang, C., Zhang, X., Yang, M., and Dong, X. (2019). Recent progress in ferroptosis inducers for cancer therapy. Adv. Mat. 31 (51), 1904197. doi:10.1002/adma.201904197
 Liu, Y., and Gu, W. (2022). p53 in ferroptosis regulation: the new weapon for the old guardian. Cell. Death Differ. 29, 895–910. doi:10.1038/s41418-022-00943-y
 Maldonado, E. N. (2017). VDAC–tubulin, an anti-Warburg pro-oxidant switch. Front. Oncol. 7, 4. doi:10.3389/fonc.2017.00004
 May, P., and May, E. (1999). Twenty years of p53 research: Structural and functional aspects of the p53 protein. Oncogene 18 (53), 7621–7636. doi:10.1038/sj.onc.1203285
 Mazure, N. (2017). VDAC in cancer. Biochim. Biophys. Acta. Bioenerg. 1858 (8), 665–673. doi:10.1016/j.bbabio.2017.03.002
 Mrakovcic, M., and Fröhlich, L. F. (2018). p53-mediated molecular control of autophagy in tumor cells. Biomolecules 8 (2), 14. doi:10.3390/biom8020014
 Olivier, M., Hollstein, M., and Hainaut, P. (2010). TP53 mutations in human cancers: Origins, consequences, and clinical use. Cold Spring Harb. Perspect. Biol. 2 (1), a001008. doi:10.1101/cshperspect.a001008
 Olszewski, M. B., Pruszko, M., Snaar-Jagalska, E., Zylicz, A., and Zylicz, M. (2019). Diverse and cancer type-specific roles of the p53 R248Q gain-of-function mutation in cancer migration and invasiveness. Int. J. Oncol. 54 (4), 1168–1182. doi:10.3892/ijo.2019.4723
 Pei, D., Zhang, Y., and Zheng, J. (2012). Regulation of p53: A collaboration between Mdm2 and mdmx. Oncotarget 3 (3), 228–235. doi:10.18632/oncotarget.443
 Pillai, R. N., Fennell, D. A., Kovcin, V., Ciuleanu, T-E., Ramlau, R., Kowalski, D., et al. (2020). Randomized phase III study of ganetespib, a heat shock protein 90 inhibitor, with docetaxel versus docetaxel in advanced non–small-cell lung cancer (GALAXY-2). J. Clin. Oncol. 38 (6), 613–622. doi:10.1200/JCO.19.00816
 Puca, R., Nardinocchi, L., Porru, M., Simon, A. J., Rechavi, G., Leonetti, C., et al. (2011). Restoring p53 active conformation by zinc increases the response of mutant p53 tumor cells to anticancer drugs. Cell. cycle 10 (10), 1679–1689. doi:10.4161/cc.10.10.15642
 Reina, S., and De Pinto, V. (2017). Anti-cancer compounds targeted to VDAC: Potential and perspectives. Curr. Med. Chem. 24 (40), 4447–4469. doi:10.2174/0929867324666170530074039
 Ryu, J., Kanapathipillai, M., Lentzen, G., and Park, C. B. (2008). Inhibition of β-amyloid peptide aggregation and neurotoxicity by α-d-mannosylglycerate, a natural extremolyte. peptides 29 (4), 578–584. doi:10.1016/j.peptides.2007.12.014
 Sato, M., Kusumi, R., Hamashima, S., Kobayashi, S., Sasaki, S., Komiyama, Y., et al. (2018). The ferroptosis inducer erastin irreversibly inhibits system xc− and synergizes with cisplatin to increase cisplatin’s cytotoxicity in cancer cells. Sci. Rep. 8 (1), 968–969. doi:10.1038/s41598-018-19213-4
 Scheffner, M., Werness, B. A., Huibregtse, J. M., Levine, A. J., and Howley, P. M. (1990). The E6 oncoprotein encoded by human papillomavirus types 16 and 18 promotes the degradation of p53. Cell. 63 (6), 1129–1136. doi:10.1016/0092-8674(90)90409-8
 Sigal, A., and Rotter, V. (2000). Oncogenic mutations of the p53 tumor suppressor: The demons of the guardian of the genome. Cancer Res. 60 (24), 6788–6793.
 Silva, J. L., Gallo, C. V. D. M., Costa, D. C., and Rangel, L. P. (2014). Prion-like aggregation of mutant p53 in cancer. Trends biochem. Sci. 39 (6), 260–267. doi:10.1016/j.tibs.2014.04.001
 Sobhkhizi, A., Babaei, E., Azeez, H. J., Katiraee, F., Hussen, B. M., and Hoseinpour Feizi, M. A. (2020). Dendrosomal nano-curcumin modulates P-glycoprotein activity and induces apoptosis in wild type and P53-mutant breast cancer cell lines. Jentashapir J. Cell. Mol. Biol. 11 (4), e109143. doi:10.5812/jjcmb.109143
 Soragni, A., Janzen, D. M., Johnson, L. M., Lindgren, A. G., Nguyen, A. T-Q., Tiourin, E., et al. (2016). A designed inhibitor of p53 aggregation rescues p53 tumor suppression in ovarian carcinomas. Cancer Cell. 29 (1), 90–103. doi:10.1016/j.ccell.2015.12.002
 A. Steels, A. Verhelle, O. Zwaenepoel, and J. Gettemans (Editors) (2018). Intracellular displacement of p53 using transactivation domain (p53 TAD) specific nanobodies (Taylor & Francis: MAbs). 
 Tarangelo, A., and Dixon, S. (2018). The p53-p21 pathway inhibits ferroptosis during metabolic stress. Oncotarget 9 (37), 24572–24573. doi:10.18632/oncotarget.25362
 Tarangelo, A., Magtanong, L., Bieging-Rolett, K. T., Li, Y., Ye, J., Attardi, L. D., et al. (2018). p53 suppresses metabolic stress-induced ferroptosis in cancer cells. Cell. Rep. 22 (3), 569–575. doi:10.1016/j.celrep.2017.12.077
 Timofeev, O., Klimovich, B., Schneikert, J., Wanzel, M., Pavlakis, E., Noll, J., et al. (2019). Residual apoptotic activity of a tumorigenic p53 mutant improves cancer therapy responses. EMBO J. 38 (20), e102096. doi:10.15252/embj.2019102096
 Valastyan, J. S., and Lindquist, S. (2014). Mechanisms of protein-folding diseases at a glance. Dis. Model. Mech. 7 (1), 9–14. doi:10.1242/dmm.013474
 Valente, J. F., Queiroz, J. A., and Sousa, F. (2018). p53 as the focus of gene therapy: past, present and future. Curr. Drug Targets 19 (15), 1801–1817. doi:10.2174/1389450119666180115165447
 Wang, S-J., Li, D., Ou, Y., Jiang, L., Chen, Y., Zhao, Y., et al. (2016). Acetylation is crucial for p53-mediated ferroptosis and tumor suppression. Cell. Rep. 17 (2), 366–373. doi:10.1016/j.celrep.2016.09.022
 Wang, Y., Liu, H., Diao, L., Potter, A., Zhang, J., Qiao, Y., et al. (2016). Hsp90 inhibitor ganetespib sensitizes non–small cell lung cancer to radiation but has variable effects with chemoradiation. Clin. Cancer Res. 22 (23), 5876–5886. doi:10.1158/1078-0432.CCR-15-2190
 Wang, Z., and Sun, Y. (2010). Targeting p53 for novel anticancer therapy. Transl. Oncol. 3 (1), 1–12. doi:10.1593/tlo.09250
 Xie, Y., Zhu, S., Song, X., Sun, X., Fan, Y., Liu, J., et al. (2017). The tumor suppressor p53 limits ferroptosis by blocking DPP4 activity. Cell. Rep. 20 (7), 1692–1704. doi:10.1016/j.celrep.2017.07.055
 Xu, J., Reumers, J., Couceiro, J. R., De Smet, F., Gallardo, R., Rudyak, S., et al. (2011). Gain of function of mutant p53 by coaggregation with multiple tumor suppressors. Nat. Chem. Biol. 7 (5), 285–295. doi:10.1038/nchembio.546
 Yagoda, N., von Rechenberg, M., Zaganjor, E., Bauer, A. J., Yang, W. S., Fridman, D. J., et al. (2007). RAS–RAF–MEK-dependent oxidative cell death involving voltage-dependent anion channels. Nature 447 (7146), 864–868. doi:10.1038/nature05859
 Yang, W. S., SriRamaratnam, R., Welsch, M. E., Shimada, K., Skouta, R., Viswanathan, V. S., et al. (2014). Regulation of ferroptotic cancer cell death by GPX4. Cell. 156 (1-2), 317–331. doi:10.1016/j.cell.2013.12.010
 Yang, Y., Ma, Y., Li, Q., Ling, Y., Zhou, Y., Chu, K., et al. (2022). STAT6 inhibits ferroptosis and alleviates acute lung injury via regulating P53/SLC7A11 pathway. Cell. Death Dis. 13 (6), 530–614. doi:10.1038/s41419-022-04971-x
 Yu, X., Blanden, A., Tsang, A. T., Zaman, S., Liu, Y., Gilleran, J., et al. (2017). Thiosemicarbazones functioning as zinc metallochaperones to reactivate mutant p53. Mol. Pharmacol. 91 (6), 567–575. doi:10.1124/mol.116.107409
 Zhang, S., Carlsen, L., Borrero, L. H., Seyhan, A. A., Tian, X., and El-Deiry, W. S. (2022). Advanced strategies for therapeutic targeting of wild-type and mutant p53 in cancer. Biomolecules 12, 548. doi:10.3390/biom12040548
 Zhang, Y., Xia, M., Zhou, Z., Hu, X., Wang, J., Zhang, M., et al. (2021). p53 promoted ferroptosis in ovarian cancer cells treated with human serum incubated-superparamagnetic iron oxides. Int. J. Nanomedicine 16, 283–296. doi:10.2147/IJN.S282489
 Zhao, Y., Aguilar, A., Bernard, D., and Wang, S. (2015). Small-molecule inhibitors of the MDM2–p53 protein–protein interaction (MDM2 inhibitors) in clinical trials for cancer treatment: Miniperspective. J. Med. Chem. 58 (3), 1038–1052. doi:10.1021/jm501092z
 Zhao, Y., Li, Y., Zhang, R., Wang, F., Wang, T., and Jiao, Y. (2020). The role of erastin in ferroptosis and its prospects in cancer therapy. Onco. Targets. Ther. 13, 5429–5441. doi:10.2147/OTT.S254995
 Zilfou, J. T., and Lowe, S. W. (2009). Tumor suppressive functions of p53. Cold Spring Harb. Perspect. Biol. 1 (5), a001883. doi:10.1101/cshperspect.a001883
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Babamohamadi, Babaei, Ahmed Salih, Babamohammadi, Jalal Azeez and Othman. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fmolb-09-903075-t002.jpg
Anti-accumulation of p53

Type of effect

Type of
tissue

In-vitro/in
vivo

References

Designer peptide

Arginine and analogues (Small stress
molecules)

Acetylcholine chloride (Small stress
molecules)

Inhibit p53 mutant accumulation

Inhibit p53 mutant (R248Q) mimetic peptide
accumulation

Inhibit p53 mutant (H719, R248Q) and cancer cell
proliferation

Inhibit p53 mutant (SK-BR-3, R175H) and cancer cell
proliferation

Inhibit p53 mutant (R248W) mimetic peptide
accumulation

Ovarian cancer

lung cancer

lung cancer

Breast cancer

in vitro and in
vivo

in vitro

in vitro

in vitro

in vitro

Soragni et al. (2016)
Chen et al. (2017)
Chen et al. (2017)
Chen et al. (2017)

Chen and Kanapathipillai,
(2017)





OPS/images/fmolb-09-903075-g003.gif





OPS/images/fmolb-09-903075-t001.jpg
Cellular position

Mitochondria

Cytoplasm

Nuclear

Effects

Induction of apoptosis

Direct activation of BAX and BAK
Binding of anti-apoptotic BCL-2 family members
Infltration into the external matrix
Centrosome duplication

Apoptosis induction via MOMP
Restriction of tumor metabolic pathways
Inhibition of autophagy

Transrepression

Homologous recombination

DNA replication

Increase genomic integration

References

Ho et al. (2020)

Green and Kroemer, (2009), Jiang et al. (2011)

Green and Kroemer (2009), Ho et al. (2020)





OPS/xhtml/nav.xhtml
Contents

		Cover

		Recent findings on the role of wild-type and mutant p53 in cancer development and therapy		Introduction

		Structure of wild-type p53 and mutations leading to cancer

		The loss of wild-type p53 function in oncogenic processes and cancer development		The role of p53 protein in tumor suppression, transcription factor, and stress sensor; transactivation-dependent activities

		Another dimension of tumor suppression: p53 functions independent of transactivation





		The role of tumor suppressor protein p53 in the regulation of ferroptosis		The effect of erastin on p53 and its outlook in cancer treatment

		The role of radiotherapy in tumor suppression with effect on p53 in the mechanism of ferroptosis





		Recent advances in the use of drugs to treat cancer by targeting p53 signaling pathways		The role of designer peptides in preventing p53 protein accumulation

		The role of small stress molecules in preventing p53 protein accumulation

		The role of MDM2/MDM4 pharmaceutical inhibitors on the p53 mutant

		The role of HSPs pharmaceutical inhibitors on the p53 mutant

		The role of histone deacetylase inhibitors on the p53 mutant

		Effect of zinc deficiency on wild-type p53 and its therapeutic solution

		The latest therapeutic achievements: Novel nanomedicines to counteract p53 mutations





		Conclusion and outlook

		Author contributions

		Acknowledgments

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Biosciences






OPS/images/fmolb-09-903075-g001.gif





OPS/images/fmolb-09-903075-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Molecular Biosciences





