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Cancer therapies have attempted to target the transcription factor p53, a gene also described as the “guardian of the genome,” for decades. However, the approach has faced numerous barriers to clinical efficacy due to several factors: mutations in p53 occur in almost half of all human cancers, mutations are cancer-specific, and the associated genomic changes grant mutant p53 with oncogenic potential unique from that of wild-type p53. A host of new therapeutic agents have emerged that work to target mutant p53. These agents can broadly be classified into six categories: the viral approach, direct modifiers of the p53 pathway, epigenetic modifiers of the p53 pathway, synthetic lethal agents, structural reactivators, and immune activating vaccines. Even these strategies have been met with limited success. Bypassing p53 entirely may be the next avenue in cancer therapeutics to kill tumor cells regardless of p53’s mutation pattern.
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INTRODUCTION
Tumor protein p53 (TP53) has long been recognized as one of the most important genes in regulating cell death, and has been called the “cellular gatekeeper” or “the guardian of the genome” (Lane, 1992; Levine, 1997). p53 is a tumor suppresser gene and its translated protein. When the transcription factor recognizes abnormal DNA, abnormal tubulin, or other abnormalities which could result in cancer, p53 plays a key role in initiating a cascade of events which results in cell death.
P53 as its translated protein is a 393 amino acid tetramer composed of several domains. These include DNA-binding and tetramerization domains as well as highly mobile, less structured domains (Cho et al., 1994; Clore et al., 1995; Bell et al., 2002; Jeffrey et al., 1995; Veprintsev et al., 2006). The DNA-binding core domain of the protein has been extensively characterized, as it is the most frequently mutated in cancer cells. Its surface is two loops that are stabilized by zinc ion and a loop-sheet-helix motif. The amino acid residues most frequently mutated within the core DNA-binding domain are referred to as either contact or structural residues, depending on their role in maintaining the structural integrity of the surface (Olivier et al., 2002). The hotspot mutations in the p53 protein have been studied via NMR and X-ray crystallography due to their oncologic potential (Joerger et al., 2005; Wong et al., 1999). These common polymorphisms have been shown to create characteristic local structural changes (Wong et al., 1999). Most notably, oncologic polymorphisms of active study include the structural mutants G245S and R249S. Loops L2 and L3 are the most commonly structural altered regions, which are hypothesized to disrupt the DNA-binding surface (Milner, 1995).
While many aspects of the p53 pathway are still under active investigation, it is clear that the p53 protein regulates the production of a host of proteins and microRNAs that then feedback to control p53 expression (Ghosh et al., 2004). Because of its function as both an activator and inhibitor of its own pathway containing a large host of genes critical to cellular survival, the p53 network is complex. As a tumor suppressor, wildtype p53 controls cell death in a highly redundant fashion, regulating five forms of cell death: 1) apoptosis, 2) ferroptosis, 3) necroptosis mediated by TNF, 4) necroptosis mediated by FAS ligand, and 5) senescence with an associated memory immune response (Levine, 2020b). The p53 program is influenced toward certain pathways of cell-cycle arrest through intrinsic and extrinsic stressors and degrees of several epigenetic modifiers (Levine, 2022; Tomicic et al., 2021).
Wildtype (WT) p53 in a healthy cell is expressed at very low levels, to prevent premature death. Expression is controlled via a negative feedback loop between WT p53 and Mouse double minute two homolog (MDM2), also known as E3 ubiquitin-protein ligase (Barak et al., 1993). The Mdm2 gene is a transcriptional target of the p53 protein and its product ubiquitinates p53 which renders it susceptible to degradation by proteosomes (Wade et al., 2010). Regular degradation keeps p53 expression down and maintains normal homeostasis. After cells with native p53 are exposed to extracellular or intracellular stressors, such as high levels of reactive oxygen, oncogene expression, nutrient or ribonucleotide depletion, or irradiation, the role of p53 is to help the cell detect DNA damage and inhibit further proliferation if necessary (Kruse and Gu, 2009; Mandinova and Lee, 2011; Laptenko and Prives, 2006). There is a strong association between WT p53 and microtubulin, such that microtubule dynamics regulate p53 levels and p53 signaling can influence microtubule activity and remodeling (Galmarini et al., 2003; Giannakakou et al., 2002; Giannakakou et al., 2000; Kim et al., 2013; Mabjeesh et al., 2003). Wildtype p53 in healthy cells accumulates in response to disrupted microtubule dynamics that signify increased cell stress. Alteration of microtubule function ultimately increases p53-dependent apoptosis (Giannakakou et al., 2002).
The source of cellular stress varies greatly, though in the classical model for p53 activation, the tumor suppressor gene will undergo three sequential activation steps. First, there is stress-induced stabilization of p53, typically through phosphorylation by kinases. This phosphorylation inhibits MDM2 from associating with p53. Second, the stabilized p53 protein accumulates and can now bind to its transcriptional activation site on the p53 gene. Third, the DNA-bound p53 recruits additional transcriptional machinery to activate the transcription of target genes in the p53 pathway (Kruse and Gu, 2009). The activation of its target genes, such as p21 (a promoter of cell cycle arrest) and pro-apoptotic proteins Bax (Bcl-2-associated protein), PUMA (p53 upregulated modulator of apoptosis), and Noxa (phorbol-12-myristate-13-acetate-induced protein 1), culminate to decide the cell’s fate: senescence or regulated death (Laptenko and Prives, 2006; Raycroft et al., 1990).
Briefly, p53 can control apoptosis through a separate cascade related to reactive oxygen species. It transactivates redox-related genes and initiates an intracellular generation of reactive oxygen species (ROS) which is toxic to the cell. The high levels of ROS within the cell kickstart the degradation of mitochondrial outer membranes as well as its lysosomal membranes, which then incites the cell’s mitochondria to release more ROS and the lysosome to release cellular degradation process. The result is the death of the cell (Polyak et al., 1997).
Other forms of cell death processes, such as ferroptosis, have also been shown to be p53 dependent. Ferroptosis, which is a form of regulated cell death initiated by oxidative perturbations of the intracellular microenvironment that is under control by GPX4 and able to be inhibited by iron chelators and lipophilic antioxidants, is a complex process that has been linked to cancer, aging and degenerative disease, and malaria (Liu and Gu, 2022b; Galluzzi et al., 2018). There are several core metabolic elements in ferroptosis – including iron levels, ROS, GPX4/p21, FSP1, iNOS, GCH1, and iPLA2β, among others – that are tightly linked to tumor biology, and each has been demonstrated to be affected by p53 expression (Dixon and Stockwell, 2019; Liu and Gu, 2022a; Venkatesh et al., 2020; Soula et al., 2020; Kapralov et al., 2020; Malley et al., 2018). Ferroptosis pathways previously thought to be p53-independent, have recently shown to be dependent on transcription factors such as TFE3 and TFEB, such that increased levels of TFE3/TFEB can decrease ferroptosis (Wang et al., 2021; Chen et al., 2023). In fact, these transcription factors in separate studies have been shown to be activated in a p53-dependent manner (Brady et al., 2018). Thus, p53 remains tightly linked to ferroptosis in both its canonical and noncanonical pathways via its regulation of lipid, iron, ROS, and amino acid metabolism.
In this review, we will discuss the challenges faced by therapeutics aimed at p53, either in its wildtype or mutant/null forms. Novel strategies of targeting tumors by bypassing p53 entirely as a method to overcome the various roadblocks encountered by p53-focused therapies are discussed and improve the current understanding of the immuno-oncology therapeutic landscape.
WILDTYPE P53 AND CANCER
While the tumor suppressor protein is often inactivated in cancer cells to allow for increased proliferation, the wildtype p53 is retained in certain cancers (Kim et al., 2009). In these cases, the pro-survival effects of p53 become the dominant driving force to cellular longevity. Specifically, p53 in these cells directly activates genes with anti-apoptotic activity and promotes maintenance of low levels of reactive oxygen species to prevent cell death (Kim et al., 2009). For example, in a subtype of glioblastoma multiforme (GBM) known as primary GBM, 70% of glioma cells express wildtype p53 and these cells have been observed to have a selective impairment of the apoptotic functions of WT p53, while still being able to regulate p53 control over DNA repair and control of cell cycle (Shu et al., 1998).
The second mechanism whereby wildtype p53 helps the cancer cell proliferate is in suppressing mitochondrial overproduction of reactive oxygen species. This mechanism has been well-demonstrated in hepatocellular carcinoma (HCC). In hepatocellular cancer cells, it was been shown that WT p53 promotes increased p53 upregulated modulator of apoptosis (PUMA) expression, consequently decreasing pyruvate uptake in the mitochondria, which then decreases cytotoxic ROS generation and helps these tumor cells survive (Kim et al., 2019).
Newer studies have shown that wildtype p53 is an important regulator of autophagy, a process by which the cell degrades and recycles its own organelles in response to stress (Shim et al., 2021). p53 can promote or inhibit autophagy depending on its subcellular localization, mutation status, and amount of stress in the cellular environment. Without stress and in physiologic conditions, wildtype p53 inhibits autophagy though when stress levels are high, p53 works oppositely to promote autophagy through activation of the mTORC1 pathway (Feng and Levine, 2010). Nuclear p53 can also promote autophagy through direct transcriptional activation of autophagy-related genes, such as DRAM1 and LCB3 (Crighton et al., 2006; Scherz-Shouval et al., 2010). P53-mediated metabolic shifts can also regulate autophagy through MDM2 (Duan et al., 2015). The regulation of autophagy has major implications for cell survival, and thus, in cancer models, the dual role of p53 may become apparent. Cancer cells with either altered metabolism, increased cellular stress, certain amplified genes in autophagy-related pathways, may have greater chance of evading p53-dependent autophagy and subsequently avoiding cell death (Lacroix et al., 2020; Liu and Gu, 2022a). In other models, autophagy can protect cancer cells from wildtype p53-mediated apoptosis (Fitzwalter et al., 2018; Shim et al., 2021). The nuanced duality of wildtype p53’s role in regulating autophagy has significant implications for cell survival.
p53 has long been a popular target for all kinds of anti-cancer therapies, because the inactivation of p53 functions is an almost universal feature of human cancer cells (Lane et al., 2010). The desire to focus on wildtype p53 was fueled by early experiments showing the ability of WT p53 restoration in previously cancerous cells to trigger cancer cell death or make these cells susceptible to chemotherapies (Ventura et al., 2007). Yet, the graveyard of wildtype p53 anti-cancer therapeutics is vast, with scientists attributing lack of success to a variety of factors, most often citing the negative crosstalk with mutant p53 where presence of surrounding mutant p53 passed genome instability and mutating ability to targeted cells which allowed them to escape effects of wildtype p53 (Vinyals et al., 1999; Zeimet and Marth, 2003).
THE PROBLEM WITH THE TRADITIONAL APPROACH: VARIATIONS IN P53
The critical problem with traditional cancer treatments targeting wildtype p53 is that almost fifty to sixty percent of all cancers have at least one mutated copy of p53 making them resistant to treatments with wildtype p53-directed therapies (Kandoth et al., 2013).
Mutations in p53 are most commonly missense mutations which allow for transcription of full-length mutant proteins with a single amino acid substitution (Brosh and Rotter, 2009). This mutation type sets p53 apart from other tumor suppressor genes whose mutations are frequently deletions or nonsense and cause little to no protein expression. The vast majority (80%–90%) of p53 missense mutations are in the DNA binding domain, and more specifically at six major hotspots: R175, G245, R248, R249, R273 and R282. Estimates for other types of p53 mutation are that 5%–7% are nonsense, another 5%–7% are frame-shift, and less than 5% respectively are in-frame insertions/deletions and synonymous mutations (Leroy et al., 2014). Mutations in p53 lead to loss of wild-type p53 functions and also form hetero-tetramers with any remaining wildtype p53, producing a dominant negative effect. Late-stage tumors that start with only one mutant p53 allele often have complete loss of wildtype p53 ultimately due to loss of heterozygosity on the second allele (Song et al., 2007). Many p53 mutants also develop gain-of-function (GOF) actions and become able to interact with other transcription factors such as p63, p73, NF-Y, Sp1, ETS1/2, NF-κB, ATM, and SMADs, which are transcription factors involved in cell cycle and apoptosis. The GOF mutations allow the tumor cells to proliferate at an accelerated rate, and some mutants become more resistant to chemotherapy or radiation (Amelio and Melino, 2020; D'Orazi and Cirone, 2019; Hanel and Moll, 2012; Liu et al., 2010). Looking at the mutational burden of p53, it becomes clear that almost all cancers have some form of compromised p53-related activities. Thus, many cancers are undruggable by wildtype p53-directed therapies.
For therapies that do attempt to target mutant p53, there are several challenges. First, restoring wildtype p53 in cancer cells with loss of function (the dominant negative type of tumor) is more difficult than inhibiting gain of function mutants, like oncogenic kinases. Because the p53 pathway is inactivated by deletion of mutation of p53 or by inhibitor overexpression (e.g., Mdm2 or Mdm4 overactivation), reactivating the WT p53 must be specifically designed to the genetics of a specific tumor type, depending on the method by which p53 is inhibited. For example, for tumors where the primary mechanism of low p53 activity is through elevated inhibitor levels, pharmaceutical agents will need to target the inhibitors or the binding of the inhibitors to p53. On the other hand, for tumors with higher levels of p53-null mutant types, therapies must either reintroduce p53 or convert the null-p53 to wild type (Lozano, 2019). These therapies require detailed knowledge of the method of p53 inactivation in each tumor type of interest.
Other factors that make mutant p53 difficult to target is that every p53-mutant allele examined in the literature differs from the other documented p53 mutants. Of the over three hundred p53 mutants observed in cancers, each mutation occurs at different frequencies and contributes differently to how resistant a cancer is to other treatments (Levine, 2022). In cancers caused by viral inactivation of p53, the mode of inactivation is through protein-protein interactions rather than through native mutations burden, which makes these viral-induced cancers (e.g., cervical cancer through the HHV19 and HHV21 viruses) hard to restore WT p53 function in. Finally, several cancers are resistant to cancer therapies that target WT p53, like acute promyelocytic leukemia (PML). Current treatments for PML rely on some small proportion of cells to express WT p53 such that the arsenic trioxide plus all-trans-retinoic acid can modify the WT p53 protein from a repressor to an initiator of senescence, which is necessary to either kill the PML cells or kickstart the differentiation of PML cancer cells to neutrophils (Levine, 2022).
To add to the challenges surrounding researchers’ understanding of what drives alterations in p53, newer studies have shown that the gut microbiome may also play an important role. For example, reports have shown the microbiome can affect the functions of mutant p53 to promote intestinal tumor formation (Kadosh et al., 2020; Lau and Yu, 2020). Specifically, certain metabolites and acids such as gallic acid may affect the function of mutant p53, possibly switching its role from tumor suppressor to oncogene and vice versa (Kadosh et al., 2020; Wong and Yu, 2019). Ultimately, many factors influence the structure and function of p53, making it an incredibly difficult protein and gene to target.
NOVEL SOLUTIONS AND STRATEGIES TO TARGET MUTANT P53
Despite the numerous challenges of targeting mutant p53 in cancer therapies, scientists and commercial pharmaceutical programs have attempted in multiple ways to circumvent the associated hurdles with novel therapeutic agents (Figure 1). None have been especially successful but are worth noting (Table 1).
[image: Figure 1]FIGURE 1 | Schematic Representing Strategies Targeting Mutant p53 for Cancer Treatment. Drug candidates have included epigenetic silencers (blue-grey), direct p53 pathway inhibitors (purple), mutant p53-targeting viruses (cyan), synthetic lethal agents (teal), structural reactivators (navy), and immune activators (dark green). These strategies have been met with minimal success due to acquired resistance among cells expressing mutant p53, toxicity of the therapeutic agent against healthy cells, and overall lack of response to the agent. Bypassing p53-targeting entirely (lime green) may represent the path to successful cancer treatment.
TABLE 1 | Therapeutic agents that have been aimed at targeting p53 in its various mutant forms are described. Mechanism of action include epigenetic silencers, direct p53 pathway inhibitors, mutant p53-targeting viruses, synthetic lethal agents, structural reactivators, and immune activators. The cancer type(s) where the agent has been tested or has entered clinical trials are also listed.
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There have been a handful of trials which use viruses to target missense p53. One technique is the use of mutant viruses that replicate only in cells that contain mutant p53, and consequently aim to kill only those cells. ONYX-015 was the first oncolytic therapy to reach human clinical trials. It consisted of a human adenovirus genetically engineered to incorporate deletions in the E1B-55k and E3B regions, which suppress p53 (Opyrchal et al., 2009). However, in clinical trials of ten patients with solid tumors metastatic to the lung, only one patient was found to have intratumoral virus detected. In a clinical trial of 18 patients with refractory colorectal cancer, 36% of patients were found to be positive for virally infected cells but among those patients, one died of disease progression with the viral agent seen in the spleen and normal liver on autopsy, with very low levels of virus seen in the tumor itself (Kaufman and Bommareddy, 2019). This raised questions on how effective the viral agent was at infecting cancer cells alone. Additionally, no antitumor responses were seen even after intratumoral administration in patients with pancreatic cancer or after intraperitoneal administration in patients with ovarian cancer (Vasey et al., 2002; Hecht et al., 2003). Further trials of ONYX-015 were not pursued.
Shenzhen SiBionoGene Technology similarly created a recombinant human adenovirus with a WT p53 tumor suppressor gene. Their studies show that the viral vector can infect human head and neck tumor cells and induce normal p53 expression, which effectively suppresses tumor cell growth. However, the effect of these therapies to kill tumor cells is unclear. Though their studies show that, when combined with traditional chemotherapy regimens, patients treated with rAD-p53 live longer post-diagnosis, the interpretation of these results must be put in the context of the finding that p53 mutation status did not significantly influence efficacy outcomes and long-term survival rate for Ad-p53-treated patients (Zhang et al., 2018). Therefore, it is unclear how specific these vectors are at targeting mutated p53.
The research team of Dr. Burt Vogelstein also tried to use adenovirus vectors to induce cell death in tumors expressing mutant p53. They worked to induce apoptosis in the colorectal cancer cell line DLD-1, which contains an inactive WT p53 gene (Ad-p53). The group infected these cancer cells with an adenovirus that halted replication in infected cells. Experiments showed mixed results, with limited cell killing (Polyak et al., 1997).
Another technique being pursued is to immunize patients with a viral vector which trains the immune system to act against p53 epitopes. At City of Hope, a clinical trial was started to immunize patients who have ovarian cancer with a vaccinia virus vector against p53 epitopes, e.g., p53 MVA. No results have been published from this clinical trial yet, though it has been theorized that the B-cell adaptive immune response triggered by this approach may not be sufficient to inhibit tumor growth (Levine, 2020b; Levine, 2020a).
Modification of the p53 pathway: Directly or through epigenetics
Modification of the p53 pathway, either directly or through epigenetics, is another method researchers have used to try to target cancer. To target the p53 pathway directly, various approaches have been tried. Many center around MDM2, which regulates the expression of p53 protein through negative feedback. Specifically, the protein binds to the p53 protein which weakens its transcriptional function and has a unique RING domain which helps p53 move out of the nucleus and into the cytoplasm thus decreasing p53 transcription function (Bang et al., 2019; Hock and Vousden, 2014). The inhibition of p53-MDM2 complexes is one direct manipulation of the p53 pathway where the blocking of this protein-protein interaction by small molecules or stapled peptides stops the negative feedback cycle and increases WT p53 levels. Such increased activity of WT p53 has been shown to cause remission of some tumors in several tissue types.
To date, there have been several MDM2 inhibitors with different structural types that have gone through clinical trials. These include RG7112 and RG7118 from Roche, SAR-405838 and APG-115, AMG-232, NVP-CGM097, and HDM201. These small molecules have reached Phase I and II trials for chronic myeloid leukemia (CML), acute myeloid leukemia (AML), solid tumors, and hematological tumors (Zhu et al., 2022). Recently, the MDM2 inhibitor RG7388 was developed and hit Phase III clinical trials for refractory AML, the first of the MDM2 inhibitors to reach this milestone (Montesinos et al., 2020). However, as a class, the MDM2 inhibitors have been met with several barriers to success. The reason is because these drugs work only with fractions of cancers that have WT p53 and not with those with mutant p53 proteins. Also, these drugs work on normal cells, including hematopoietic stem cells and rapidly re-populating gastrointestinal cells, thus there are many adverse on-target side effects that have limited use. The MDM2 inhibitors also lead to upregulation of non-MDM2 ubiquitin ligases, which degrade p53 and ultimately lead to acquired resistance. These mutations in p53 that lead to resistance to MDM2 inhibitors also has the potential to promote progression of any tumor present (Aziz et al., 2011; Hoffman-Luca et al., 2015; Jones et al., 2012). Other inhibitors of p53 pathway interactions, with associated proteins in the pathway including MDM4 and PPMID-1, have relied on similar principles of trying to raise WT p53 in cells in order to decrease dysfunctional p53 transcription driving tumor burden (Esfandiari et al., 2016; Pishas et al., 2015). These therapies have been met with poor results for the same reasons as the p53-MDM2 complex inhibitors – the reliance on WT p53 and the toxic side effect profile make these candidates either ineffective or not safe.
Another route pursued to decrease dysfunctional p53 in tumors is through epigenetic modification of the p53 pathway. There is clinical evidence that chemotherapeutic agents azacytidine or decitabine can work to change CpG methylation in the genome or in ribosomal RNA specifically for p53 or related proteins expression. Experiments show the epigenetic modifications induced by these two drugs cause superior inhibition of cell proliferation in cells with p53 mutations than in cells with WT p53 (Levine, 2020a; Levine, 2020b). In NCT03855371, a phase I trial with five patients with AML or myelodysplastic syndrome who were treated with decitabine and arsenic trioxide, there was remission in tumor burden (NCT03855371). A trial of patients with AML who harbored p53 mutations treated with decitabine alone had similar results (Welch et al., 2016). Epigenetic silencers of cells with mutated p53 have been attempted to treat refractory solid tumors, recurrent and metastatic ovarian and endometrial cancer (NCT04869475, NCT04489706, NCT04695223). Unfortunately, these trials ultimately had patients relapse and develop resistance to these agents. It is hypothesized that epigenetic-centered therapies have failed because the cancers rapidly mutate to escape the methylation-induced silencing. The findings support the concept that wildtype p53 is protective against significant epigenetic changes.
Synthetic lethal agents
In cancer therapeutics, synthetic lethality targets cells with high mutational burden. The paradigm is based on the idea where the inhibition of two genes is cytotoxic to the cell, while the inhibition of either gene individually is not. In cancers where there are inactive genes, therapies can target the synthetic lethal partner gene to exert its effect (Zhang et al., 2021). This is useful in cancers where the mutation causes loss-of-function. The synthetic lethal principle has been successful in treating ovarian and breast cancers harboring well-known mutations BRCA and PARP (Tewari et al., 2015).
To target mutant p53, there are several agents in trials acting on the synthetic legal principle, with limited success. For example, Treadwell Therapeutics developed an agent known as 400,945 to target acute myeloid leukemia cells with mutant p53 and high levels of aneuploidy. Drug 400,945 inhibits PLK-4, an enzyme important in the G2-M checkpoint step of cell division by sensing damaged chromosomal DNA (Veitch et al., 2019). In cells with mutant p53, inhibited PLK-4 combined with higher numbers of centromeres seen in mutant p53 cells causes drug-treated cells to develop aneuploidy and die quickly after (Jonas et al., 2022). Preliminary Phase 2 results in patients with acute myeloid leukemia, chronic myelomonocytic leukemia, and myelodysplastic syndrome with mutated p53 show no responses of cancer to therapy to date (Jonas et al., 2022).
Other G2-M checkpoint inhibitors, specifically targeting the wee-1 protein kinase, continue to be pursued to kill mutant p53 cancers. Wee-1 inhibitor AZD1775 was shown to cause cell death in KRAS-mutant non-small cell lung cancer. The efficacy of tumor NSCLC elimination in a mouse xenograft model was demonstrated. In these studies, AZD1775 inhibited the G2 checkpoint arrest and sensitized p53-mutant cells to DNA-damaging agents (Ku et al., 2017). The drug enhanced carboplatin efficacy in p53-mutant ovarian cancer as well (Leijen et al., 2016). At the time of this article, two other Wee1 inhibitors are also being tested: ZNL-02-096 and ZN-c3 (Tolcher et al., 2021; Topatana et al., 2020). Together, these agents represent the potential ability for synthetic lethal agents to cause selective killing in mutant p53 cells.
Structural reactivating agents
To target tumors that have lost p53 tumor suppressor activity, some groups have isolated or created small molecules able to manipulate mutated p53 protein back to its wildtype function. Several synthetic peptides have been created that use this concept to restore mutant p53 to a nontumorigenic form. The first discovered p53 reactivator is CP-31398. This small molecule was developed in 2003 and works by binding to several mutated sites on the p53 protein, specifically V173A, S241F, R249S, and R273H. These sites are all DNA-binding domains, and once bound by CP-31398, the p53 protein is able to enter its natural conformation (Wischhusen et al., 2003). Original studies were used to kill glioma cancer cell lines. However, early work illustrated pitfalls in the approach. Cell death induced by the CP-31398 structural reactivator worked through two pathways: an early pathway that was p53-dependent and required new p53 protein synthesis, and a late p53-independent pathway that killed cells via free radical formation. Ultimately, the CP-31398 small molecule reactivator was inconsistent and further refinement was needed to isolate only p53-independent cell death (Wischhusen et al., 2003).
Another example of a structural reactivator of p53 is CDB3. Developed by Friedler et al., CDB3 is a synthetic peptide derived from 53BP2, a p53 binding protein (Friedler et al., 2002). The proposed mechanism of action is that the compound rescues conformationally compromised mutant forms of p53 by binding only to naïve, not denatured, p53 protein. After binding to the core domain of p53, CDB3 stabilizes the tumor suppressor (Nikolova et al., 2000). This small molecule was shown to successfully restore DNA binding activity to a highly unstable p53 mutant I195T back to its wild-type function. However, this therapy has faced challenges in study trials due to competitive antagonism from gadd45 DNA (Friedler et al., 2002).
Structural reactivators have become especially popular in recent years, leading to a wide array of candidate molecules (Boeckler et al., 2008; Bykov and Wiman, 2014; Demma et al., 2010; Bykov et al., 2002). Some of these have entered clinical trials. APR-246 (eprenetapopt) is an especially promising candidate which is now combined with azacytidine to treat myelodysplastic syndromes in select patients. Clinical trials (NCT 03072043) have showed higher rates of complete remission in these patients (Sallman et al., 2018). COTI-2 is the only other p53 reactivator, at the time of this review, to have entered clinical trials (Synnott et al., 2020). The drugs that have come into clinical trials have faced similar problems as the original p53 structural reactivators, with effects from the small molecules that include both p53-dependent as well as p53-independent toxicities (Peng et al., 2013). Structural reactivators need to become more targeted before they can become reliable therapeutic options.
Immune activating p53 vaccines
Selective killing of p53-mutant cells by activating the immune system against certain variants has been attempted. In clinical trial NCT03113487, a modified vaccinia virus Ankara (MVA) vaccine was designed for patients with recurrent ovarian, primary peritoneal, or fallopian tube cancer (City of Hope Medical Center, 2023). A very similar candidate also using MVA was tested in NCT02432963, but against non-small cell lung, head and neck squamous cell, hepatocellular, renal cell, melanoma, bladder, soft tissue sarcoma, triple-negative breast, pancreatic and colorectal cancer (Chung et al., 2018). Both vaccinia-virus based therapies code for WT p53 and theoretically work to raise cellular immunity against cancer cells that contain highly excessive amounts of p53. The MVA therapeutic candidates are intended to generate antigen expression and present antigenic determinants on different HLA molecules (Hardwick et al., 2018). Once immunized with the full-length wild type p53 antigen, patients injected with the viral vector were studied for CD8+ and CD4+ T cell response. Both clinical trials also co-administered pembrolizumab. Early results have been mixed with only two patients showing p53-specific CD8+ T cell responses, while four patients had rapidly progressive disease (Chung et al., 2018).
Modified autologous dendritic cells represent another immune-activating vaccine approach. This method uses dendritic cells infected with viral vectors expressing p53 peptides controlled with viral promoters (Soliman et al., 2018). Abnormal accumulation of dysfunctional p53 protein in cancer cells has been attempted to be utilized for a therapeutic advantage with p53 DC vaccines to train T cells to recognize and activate against the excess p53 epitopes displaced on MHC Class I/II. For example, p53 DC vaccines were used to target the squamous carcinoma cell line SCC9 and the breast cancer cell line MDA-MB-468 (Barfoed et al., 2000). The DC vaccines originally showed promise in early trials, triggering p53 immune response in 57.1% of patients with SCLC after three immunizations (Antonia et al., 2006). Unfortunately, in phase II trials, there was no difference in DC-vaccine-treated patients versus control in response rate in SCLC (Chiappori et al., 2019). Another group tried to use indoximod, a small molecular inhibitor known to prevent T-cell anergy in tumor-draining lymph nodes, as a potentiator to the immune-activating effect (Soliman et al., 2018). Objective clinical data showed a minority of patients treated in the Phase 1/2 clinical trial had an immune response against p53 and best response was stable disease in four patients out of 39 (Soliman et al., 2018).
Ultimately, the immune-activating approach that trains the body to recognize pathogenic levels of p53 may be limited by reliance on p53 WT vs. mutational burden. It has not been shown to be a reliable therapeutic option.
Areas for progress
To date, numerous therapeutic strategies have emerged that target cancer via p53, first by attempting to target wildtype p53 to the various techniques to block, silence, or convert its mutated forms to create a nonpathogenic phenotype. The result has ultimately been the same: cancers have evaded these agents either partially or entirely. At the time of this piece, only three therapies targeting mutant p53 have reached phase III clinical trials: the structural reactivators APR-256 and COTI-2 to treat mutant p53 myelodysplastic syndrome, and the MDM2 inhibitor RG7388 or idasanutlin for refractory acute myeloid leukemia (Montesinos et al., 2020; Sallman et al., 2018). Resistance of tumors to these agents has already been seen, for example, with RG7388 and glioblastoma in vitro (Berberich et al., 2019). The patient groups for which these agents are indicated are also small, as they have only been taken to phase III trials for patients with specific mutant p53 status (Sallman et al., 2018).
Researchers in the field targeting WT and mutant p53 have begun to consider developing p53-targeting therapeutic agents that are highly individualized and specific to each patient (Hu et al., 2021). This is an effort to adapt to the high amount of variation in mutational status and mutational burden in each case of p53 tumor load. The challenge remains in an individualized approach, however, that oncogenic missense p53 mutants crosstalk within the cancer pathogenesis pathways and thus, even an personalized approach targeting just one individual pathway may not be highly effective (Mantovani et al., 2019). Another suggested future strategy has been to simultaneously target p53 missense mutants together with their core downstream pathways by treating patients with combination therapy using the various mutant p53 inhibitors (Bykov et al., 2002; Bykov and Wiman, 2014; Girardini et al., 2014; Lehmann et al., 2012). By combining various strategies of mutant p53-targeting agents, there may be a higher likelihood that tumor cells may not be able to evade each agent in the cocktail. For example, by combining a structural reactivator with a mutant p53 DC vaccine, if there was a mutation that allowed the cancer cell to evade the structural reactivator, then the DC vaccine may serve as a second line of defense. Alternatively, there may be small molecule agents able to be used in combination with the mutant p53 inhibitors that can stabilize mutant p53, such as Histone deacetylase inhibitors (HDACi) or ROS scavengers (Suh et al., 2011; New et al., 2012; Girardini et al., 2014). Pre-treatment with these compounds stabilize mutant p53 and potentially allow the protein to be more reliably targeted by the other agents described. A national p53 initiative has also been suggested to direct increased resources to finding a successful mutant or WT p53 approach (El-Deiry, 2023). The areas for progress remain large, including agents to effectively kill solid tumors and a robust strategy to kill cancer cells of any p53 status, with less likelihood of acquired resistance.
A NEW PARADIGM: BYPASSING P53 DEPENDENCE
It is possible that the dependence on p53, in any of its wildtype or mutational states, as part of a therapeutic target pathway, sets up for failure due to the heterogenous properties and high mutational burden of this protein sequence (Figure 2A). Therapeutic strategies that are p53-independent, that is, able to kill tumor cells regardless of p53’s mutation pattern, are a promising alternative. Identifying agents that are capable of cell killing without reliance on p53 gives an opportunity to determine whether p53-independent apoptosis is a common phenomenon induced by a wide host of drugs, or rather whether there are unifying, shared p53-independent pathways to apoptosis (Figure 2B).
[image: Figure 2]FIGURE 2 | Visual hypothesis describing the failure of (A) p53-directed therapies versus (B) therapies that circumvent p53. (A) Antibody-drug-conjugates (ADCs) with cytotoxic payloads have been shown to have effectiveness against WT p53-expressing tumors, though with only limited effectiveness against mutant p53 and no to little effect on cells with null p53 mutations. (B) Strategies that target cancer cells by bypassing p53, with one example being through lysosome-induced immunogenic cell death shown here, have shown effectiveness in cell killing for tumor cells regardless of p53 expression.
In large screenings of drug compounds from the National Cancer Institute mechanistic sets, encompassing agents with diverse mechanisms of action that were effective in killing p53-null cells, a common theme among the agents with nonnuclear targets was the induction of lysosomal membrane permeabilization (LMP) (Erdal et al., 2005). This observation opens the question of whether LMP may be a pathway to cell death that is p53-independent. Other studies have also showed LMP and mitochondrial membrane permeabilization both working to cause cell death independent of the transcription of p53 target genes (Boya et al., 2003). It is likely that LMP may have a role in both p53-dependent and independent apoptosis due to studies showing that early LMP occurs in p53-induced apoptosis. The idea that there may be an avenue of p53-independent cell death through a lysosomal pathway is intriguing (Yuan et al., 2002).
There are certain types of cell death inducers, deemed “Type II Immunogenic Cell Death” inducers whose primary effect is not on the cell’s nucleus but on the endoplasmic reticulum directly, causing ER stress that triggers massive LMP (Krysko et al., 2012; Terenzi et al., 2016; Wang et al., 2018; Xie et al., 2022). These inducers are able to cause LMP without dependence on p53 status. One way in which these agents can work on the ER is through ROS generation, which is a well-cited cause of ER stress (Lee et al., 2022; Ma et al., 2016; Taura et al., 2013). For example, in cervical cancer cells, thioridazine (TDZ) was shown to cause Bax-Bak dependent and independent apoptosis by enhancing ROS production followed by ER stress (Seervi et al., 2018). ROS has been shown to drive ER stress and subsequent apoptosis in platinum-treated gastric carcinoma cells (Wang et al., 2017). Thus, one theorized pathway for p53 independent apoptosis is through ROS generation leading to ER stress and subsequent LMP-induced cell death (Iulianna et al., 2022).
Two documented examples of pathways involving LMP and bypassing dependence on p53 include hypericin-based photodynamic therapy (PDT) and heat shock protein (HSP) antagonists. The former approach has been tested in a variety of cancer models whereby the photosensitizer hypericin is combined with directed light treatment in red or near-infrared regions and molecular oxygen to elicit cancer cell death (Aniogo et al., 2021; Zhang et al., 2020). The mechanism relies on exogenous ROS generation created by the PDT targeted towards the tumor microenvironment, which then gets internalized and causes ER stress (Kong et al., 2020; Zhang et al., 2020). Oxidative stress to the ER and lysosome oxidative stress from photooxidation can cause lysosomal release of large numbers of proteases that help activate endogenous apoptosis-related proteins (Dai et al., 2020; Turubanova et al., 2019). The cell killing has been shown to be effective, regardless of p53 status (Lee et al., 2006).
HSP70 is a protein important for lysosomal stabilization, and thus the HSP70 antagonists have been shown to cause lysosomal leakage and p53-independent cell death. The agent apoptozole (Az), for example, has been shown to primarily translocate into lysosomes of cancer cells where Az then induces LMP and subsequent lysosome-mediated apoptosis (Park et al., 2018). Lysosomal membrane permeabilization induced by HSP70 have been effective against various osteosarcoma, breast, and pancreatic carcinoma cell lines independent of the p53-state of the tumor cells (Leu et al., 2009). The proposed mechanism of action is via the formation of p62-oligomers that can induce dysfunctional autophagy without dependence on caspase activation (Nitzsche et al., 2023).
Ultimately, the lysosome and its membrane permeabilization may play a central role in developing therapeutics that bypass the need for dependence on p53. While current drug development is focusing on antibody drug-conjugates with cytotoxic payloads like doxorubicin or antimitotic agents like maytansinol, these may prove to be ineffective because their toxic payloads do not work in p53-null or mutant cancers (Edwards et al., 2011; Sun et al., 2016). The reason is likely related to doxorubicin’s dependence on p53 in order to elicit a cancer-cell-killing effect (Wang et al., 2004). Anthracyclines’ primary mechanism of action is the intercalation into DNA, which interferes with DNA replication and activates the p53-dependent cellular stress signals (Garg et al., 2012). Thus, in cells where p53 is mutated, these drugs will be ineffective at causing the appropriate cytotoxicity of tumor cells and anticancer immune response. The localization of p53 also affects the type of cell death induced by doxorubicin: internal localization of p53 in the nucleus has been shown to leads to autophagy after doxorubicin treatment, while external localization leads to apoptosis (Mrakovcic and Fröhlich, 2018). When anthracyclines do not reach the nucleus because of defective subcellular localization, this can also effect its ability to cause cell death (Li et al., 2010). Future research is needed to develop anticancer agents whose mechanism of action is known to work without reliance on p53.
By sidestepping the guardian of the genome, we can come closer to a cancer treatment modality that is reliable and clinically effective. In an example of sidestepping p53 when it is defective, it has been shown that while doxorubicin is capable of initiating cell death through inducing lysosomal leakage, the same treatment is unable to produce lysosomal leakage and cell death in breast cancer p53-mutant cell lines (Nguyen et al., 2022). If p53 is nonfunctional a recent report shows that generation of extracellular superoxide results in uptake of oxidation products including oxidized LDL through endocytosis. This induces lysosomal leakage and immunogenic cell death (Taritsa et al., 2022). While further study is required, this finding may provide effective therapy for cancers that lack active p53 (Figure 2B).
CONCLUSION
We summarize here the multitude of strategies that have been attempted to kill tumor cells via targeting of p53, either in its wildtype or mutated forms, and suggest that the reason these may have faced challenges is due to their underlying mechanism of action and target. Focusing attention on alternate routes, such as bypassing the transcription factor entirely, may result in superior clinical outcomes. P53-independent strategies, such as inducing lysosome-induced immunogenic cell death, may become an important step in dethroning the “Emperor of all Maladies”.
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