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Abstract

:

p53 is a sequence-specific short-lived transcription factor expressed at low concentrations in various tissues while it is upregulated in damaged, tumoral or inflamed tissue. In normally proliferating cells, p53 protein levels and function are tightly controlled by main regulators, i.e., MDM2 (mouse double minute 2) and MDM4 proteins. p53 plays an important role due to its ability to mediate tumor suppression. In addition to its importance as a tumor suppressor, p53 coordinates diverse cellular responses to stress and damage and plays an emerging role in various physiological processes, including fertility, cell metabolism, mitochondrial respiration, autophagy, cell adhesion, stem cell maintenance and development. Interestingly, it has been recently implicated in the suppression of autoimmune and inflammatory diseases in both mice and humans. In this review based on current knowledge on the functional properties of p53 and its regulatory pathways, we discuss the potential utility of p53 reactivation from a therapeutic perspective in oncology and chronic inflammatory disorders leading to autoimmunity.
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1. Introduction


p53 (transformation-related protein 53) is part of a sequence-specific transcription factor family also including p63 and p73 [1]. The protein is expressed at low concentrations in various tissues while it is upregulated in damaged, tumoral or inflamed tissues [2,3,4,5]. Within the p53 molecule, a transactivation domain resides at the amino-terminus of the protein, a DNA-binding domain towards the middle section and an oligomerizationdomain at the carboxy-terminus. A portion of the COOH-terminus negatively regulates the central DNA binding site. p53 protein is a recognized short-lived transcription factor with important regulatory effects on the genome [6]. The effect of the protein is fulfilled by its action on several genes that regulate apoptosis and cell cycle arrest, as well as senescence, necroptosis, and others, in response to stress or genotoxic damage. A huge number of p53 target genes have been discovered in various cell types. Regarding the apoptotic pathway, Fas, death receptor 5, Bax (Bcl-2 associated X protein), PIG3 (p53-inducible gene 3), p85, PAG608 (p53 activated gene 608) and IGF-Bp3 (insulin-like growth factor binding protein 3) have been implicated [7,8,9,10,11,12,13,14,15,16,17]. p53 also intervenes in the regulation of NF-κB (nuclear factor kappa light chain enhancer of activated B cells) signaling [18] as applied to some transcription co-factors such as p300/CBP [19]. In addition, by inhibiting IKKs (IKB kinase) and histone H3 kinase, p53 suppresses NF-κB transcriptional activity [20]. Conversely, p53 is also able to induce the activation of NF-κB. Furthermore, loss of NF-κB function specifically abolishes the p53-mediated apoptotic response suggesting that has NF-κB an unexpected pro-apoptotic activity [21].



In normally proliferating cells, p53 is tightly controlled by the function of its main regulators, MDM2 (mouse double minute 2) and MDM4 proteins, which perform non-redundant activities [22]. Indeed, loss of MDM2 and MDM4 function in single knock-out mice (KO) leads to lethal activation of p53 and embryonic death at different stages of development [23,24,25]. MDM2 is an E3 ubiquitin ligase that ubiquitinates p53 and targets it to the proteasome for degradation. It also inhibits p53 transactivation activity [26,27]. MDM4 inhibits p53 transactivation activity as well but it is not able to ubiquitinate it [28]. However, through its binding to MDM2 it gives rise to a more effective ubiquitination executor [29,30,31]. Under basal growth conditions, this MDM2/MDM4 heterodimer is the functional inhibitor of p53 [29,30,31]. Following sublethal dose of DNA damage, MDM2, in addition to its role as p53 inhibitor, directs p53 activity towards the growth arrest response by downregulating proapoptotic cofactors [32]. Conversely, under severe conditions of DNA damage, MDM4 promotes p53-mediated mitochondrial apoptosis [33]. In agreement with these data, the lethality of the mdm4 and mdm2 KO mice is accomplished by an apoptotic outcome in the mdm2 KO and mostly by a growth arrest response in the mdm4 KO [23,24,25]. The dissociation of MDM4 from MDM2 increases the activation of p53 whereas the association of MDM2 to MDM4 counteracts the proapoptotic activity of the last [34].



The role of p53 in human cancer has been the object of intensive investigations. Leading to evidence on the different mechanisms by which this protein mediates tumor suppression [35]. Recent data suggest emerging non-canonical functions of p53. In particular p53 regulates several cell programs including cell cycle arrest, non-canonical cell death mechanisms (apoptosis, autophagy) [36,37], metabolism [38], fertility [39], senescence [40], stem cell maintenance and development [41] and immune regulation [36]. p53 plays an emerging role in various physiological processes and coordinates diverse cellular responses to stress and damage [42]. In this manuscript we first review existing knowledge on the role of p53 in tumors to further discuss more recent insights on the ability of the protein to suppress inflammatory and autoimmune conditions both in humans and mice [36,43], thus opening up perspectives on the possible application of its reactivation mechanisms in the treatment of cancer, chronic inflammatory and autoimmune disorders.




2. p53 in Human Tumors


A variety of tumor suppressive mechanisms underlie the onset and progression of cancers. To inhibit tumor proliferation effectively, fine sensors are needed to single out the normal versus neoplastic growth [44]. p53 serves to selectively allow normal growth and inhibit the proliferation of the tumor thanks to its potent suppressive functions triggered only under damage or transforming conditions. Indeed, there is strong selection in almost all cancers against p53 activity [42].



As evidence of its protective role against tumor development, loss or mutation of p53 predisposes to a variety of spontaneous and induced tumors in animal models [35,45]. Most, if not all, human cancers negatively select for p53 function by either sporadic mutations in the p53 gene or alterations in genes that encode its main regulators [35,46,47,48]. Since p53 can prevent the malignant evolution of tumor cells, the tumor can regress and be cleared out by the reactivation of p53 activity in vivo. As stated above, p53 induction is crucial for tumor suppression throughout different biological responses, depending on the context, i.e., from growth arrest to senescence and autophagy [35,45,46,47,48]. It can also suppress tumor growth by switching on the major form of programmed cell death, apoptosis, which comprises specific and sequential events in the induction of cell death without inducing an inflammatory response [35]. In cultured cells, stress type and intensity, cell type and genetic background can be the triggering factors for the final response following p53 induction [35,49]. Moreover, crosstalks between other pathways can rebalance the decision versus either growth arrest or apoptosis. Furthermore, the anti-tumorigenic effect in different cell types can be exerted through several mechanisms [6].



In those tumors that retain the wild-type p53 protein, its pathway is, however, abrogated, leading to aberrant p53 inactivation and avoidance of the tumor suppressor response [45]. These inactivating mechanisms include increased expression of the p53-negative regulators MDM2 and MDM4 [46,47,48] and deletion or epigenetic inactivation of the p53-positive regulator and MDM2 inhibitor ARF (Alternate Reading Frame tumor suppressor protein) [50,51]. On the other hand, in tumors that present a mutated p53 protein, usually located in the DNA binding domain, lead to impaired p53 transcriptional function and confer to the mutant protein a dominant negative activity over the remaining wild-type allele [52,53]. Moreover, many p53 mutants also gain new oncogenic properties [54]. These different situations require different therapeutic strategies to reactivate the p53 on cosuppressive response, currently under investigation [55] (Figure 1).



Regarding the different approaches to reactivate p53, whenever this protein is found as awild type in tumors and the p53-regulatory pathways are defective, the approach to its reactivation is the use of small molecules or peptides to inhibit the N-terminal interaction between p53 and MDM2 or MDM4. Most of these molecules induce p53 activation by disruption of its binding to MDM2, either acting in the p53 binding cleft of MDM2 (i.e., Nutlin, [56]) or by direct p53 targeting (i.e., RITA, [57]). Another study developed MDM4 inhibitors to be used in combination with those for MDM2 [58]. One of the drawbacks of these molecules is the inability to target both p53 regulators simultaneously. Therefore, recent studies attempted to develop dual MDM2/MDM4 inhibitors [44,59]. At last, the possibility to reactivate p53 in tumors by the use of a peptide that targets the MDM2/MDM4 heterodimer was exploited [60]. This approach allows the inhibition on p53 to be released more effectively.



Whenever p53 is mutated, such mutations lead to structural defects that prevent its appropriate folding, thus abolishing its binding to DNA. The ability of a molecule that acts as a chaperone to restore and stabilize the correct protein conformation was exploited (i.e., PRIMA-1, [61]). This approach was proven feasible based on the ability to correct misfoldings in other parts of p53 that are induced by the primary missense mutation [62]. Another attempt to restore the DNA-binding activity of p53 is the addition of zinc, used both in vitro and in xenograft models, an element important for the proper folding of the central core domain [63]. One additional approach was analyzed for those p53 mutations that result in early termination of translation to achieve bypassing of stop codons [44,64].



It must be emphasized that other strategies in the field of cancer therapeutics might be linked to the p53 pathway. One example is evident in the reactivation of the tumor suppressor retinoblastoma susceptibility gene (RB) through RB-inducing agents. RB protein plays an important role in faithful chromosome segregation, checkpoint control, apoptosis, senescence and terminal differentiation. This protein suppresses tumor formation by means of its multiple biological functions. Moreover, RB has been shown to bind to MDM2, the negative regulator of p53. By doing so, RB positively regulates p53 apoptotic activity [65]. Another example is the treatment of non-small cell lung cancer with the homeopathic remedy sulphur. This strategy leads to the activation of p53, which in turns competes with NF-κB for the binding to p300. The favored p53–p300 complex antagonizes the anti-apoptotic activity of NF-κB-p300 complex by the activation of apoptosis-inducing Bax factor [66].




3. p53 in Inflammatory and Autoimmune Conditions


The role of p53 in inflammation has been extensively in experimental animal models especially in reference to non-organ specific autoimmune diseases [36,43,67,68,69]. Systemic p53-deficient mice develop more rapidly collagen-induced arthritis and antigen-induced arthritis [70,71]. These strains are also more susceptible to developing experimental autoimmune encephalomyelitis and streptozotocin (STZ)-induced diabetes in respect to control wild type mice [72,73]. Systemic p53-deficient CD45.1 mice also develop a disorder similar to glomerulonephritis with high titers of proinflammatory cytokines [74].



As regards to organ-specific autoimmune diseases, the putative role of the p53 protein has been investigated in insulin-dependent diabetes (Type 1 diabetes, T1D) [73]. In more detail Zheng et al. (2005) [73] evaluated the role of the protein in regulating the autoimmune process in low-dose STZ-p53 deficient C57BL/6 mice. They showed that this strain produces higher levels of proinflammatory cytokines interleukin (IL-) 1, 6 and 12. Furthermore p53−/− macrophages exhibited a higher innate immune response to lipopolysaccharide (LPS) and interferon γ (IFN γ) compared to p53+/+ mice. They provide evidence that p53 deficiency increases the incidence of T1D caused by p53-mediated inhibition of proinflammatory cytokines and of total and phosphorylated signal transducer and activator of transcription STAT-1.



In the light of the foregoing, the mechanism by which p53 is involved in the suppression of autoimmunity development remains to be further elucidated. While unravelling this issue, we have to bear in mind that, as for many transcription factors, the net effect of the protein comes from the balance of its expression in cells of the immune system as well as in non-immune cells such as the pancreatic islets in T1D. As regards several functionally distinct peripheral T cell subpopulations, they play a pivotal role in the control of the immunological response, i.e., effector, regulatory and memory T cells. In normal conditions, T regulatory cells (Treg) are present in the peripheral blood where they represent approximately 2%–5% of the total pool. FoxP3 (forkhead box P3) Treg originate in the thymus as a naturally arising subset and in the peripheral compartment as an inducible population [75]. Treg play an important role in maintaining immunological tolerance and homeostasis within the lymphocyte compartment and preventing autoimmunity onset by antagonizing the effect of autoreactive T cells. As opposite to the phenomenon of thymic negative selection of self-antigen reactive or autoreactive T cells, Treg exert in a immunosuppression dominant manner [75,76] throughout secretion of contraregulatory cytokines (i.e., IL-10 and IL-35), affecting or eliminating antigen-presenting cells (APC) and deprivation of cytokines [77,78,79,80]. Interestingly Kawashima et al. [67] attempted to investigate the mechanism of p53 suppression of autoimmunity development in p53-deficient mice CD4-Cre p53 fl/fl mice or p53 conditional KO mice. They found that aged p53/cKO mice spontaneously developed several inflammatory diseases such as thyroiditis, sialoadenitis, interstitial pneumonitis, hepatis, gastritis and glomerulonephritis. Moreover, they observed that in p53/KO mice the development of inflammatory lesions was paralleled by the reduction of FoxP3 CD4+CD25+ Treg. These data strongly support the putative effect of p53 in inducing the expression of FoxP3, i.e., a master regulator of Treg, by binding to the promoter and the conserved noncoding DNA sequence-2 of the Foxp3 gene. Interestingly, p53’s effects appeared to be on the development and maintenance of Treg rather than on their suppressive function [67].



Of note, Park et al. [68] investigated the connection between p53 and IL-17/Treg cell balance in DBA/1J and C57BL/6 mice. They observed that CD4+ T cells from p53−/− mice decreased the activity of signal transducer and activator of transcription 5 (STAT-5), lowered the level of STAT-5 and compromised Treg cell differentiation. CD4+ T cells from p53−/− mice were less prone to differentiate toward Treg expressing lower FoxP3 levels. They also demonstrated that p53 regulates Treg cell differentiation by interacting directly with STAT-5. In inflammatory conditions p53 suppressed Th17 cell differentiation skewing T cells toward Treg through STAT-5 signaling. In mice affected by collagen-induced arthritis, administration of a p53 overexpression vector or an antagonist of MDM2 controlled arthritis development [68]. Consistently in rheumatoid arthritis (RA) patients, inhibition of p53-MDM2 interaction up-regulated Treg [68].



Interestingly, activation-induced cell death (AIDC) of T lymphocytes is a recognized mechanism of immune regulation ensuring the control of the size of the activated pool of T cells subsequent to its expansion [81]. Caspase activation, Fas (CD95) expression and IL-2 are critical in AIDC [82,83]. This phenomenon appeared to be independent of p53, although consistently, p53-deficient mice activated T cells were equally sensitive to AIDC as control mice [84]. Singh et al. (2010) [85] observed a non-classical process of antigen-induced T cell death in CD4+CD25− and CD8+ T cells by sustained T cell receptor (TCR) stimulation caused by plate-bound anti-CD3/anti-CD28 antibodies (Abs) which is dependent on p53. The last contributes to cell death of CD4+CD25− cells via upregulation of Fas. Remarkably, naturally occurring FoxP3+ Treg were found resistant to this form of apoptosis undergoing significant expansion upon stimulation [85]. Watanabe et al. (2014) [86,87] highlighted, still in a mouse model, that downmodulation of p53 following TCR signaling enforces antigen-specific CD4+ T cell responses while limiting bystander proliferation of non-specific T cells. Instead, in absence of TCR signaling, IL-2 induces sustained T cell proliferation.



Several studies also document the effect of p53 in human experimental models of inflammation. NK-κB and p53, known to exert opposite effects in cancer cells, coregulate proinflammatory cytokine secretion in primary human monocytes and macrophages, thus modulating their control on tissue microenvironment [88]. A novel p53-dependent enhancement of IFN (interferon) signaling through the induction of genes containing IFN-stimulated response elements was demonstrated in virally infected human cell lines, indicating that p53 could lead to an inhibitory effect on early virus replication [89]. A role of p53 has been documented in the regulation of Toll-like receptor 3 (TLR3) expression and function in human epithelial cell lines [90]. This suggests the existence of a positive feedback loop between p53, TLR3 and IFN-beta (β) in anti-viral defenses and a putative p53 role in the modulation of innate immune and antiviral responses. Genotoxic drugs were found to activate a novel STAT1 pathway dependent on p53 in human cell lines, thus sensitizing cells to IFN response [91]. p53 and its target p53-upregulated modulator of apoptosis (PUMA) were found to upregulate independently apoptosis of intestinal epithelial cells in patients and mice affected by colitis [92]. In human settings aAbs to the C-terminal domain of p53 were detected in the sera of patients affected by systemic lupus erythematosus (SLE) [93] responsible for inhibition of the protein function. p53 autoAbs were also reported in the sera of patients with systemic sclerosis (SS) [94] and Sjὃgren syndrome [95]. As opposite to the above mentioned studies in the Caucasian population, absence of anti-p53 Abs was noted in Chinese patients with SLE and RA [96]. Overexpression of TATA binding protein (TBP) and p53 as well as corresponding autoAbs were detected in the serum of Asian Indian patients affected by SLE, overlap syndromes including mixed connective tissue diseases (MCTD) and SS [97] possibly due to the hyperactivation of regulatory regions in these genes. High prevalence of anti-p53 Abs was also depicted in Japanese patients with dermatomyositis/polymyositis [98]. In patients positive for anti-p53 Abs immunoglobulin G levels were significantly higher [98]. Anti-p53 Abs were found to mimic damaged DNA immunologically [99]. High titers of anti-p53 Abs were also depicted in patients affected by Graves’ disease and immune vasculitis including Wegener’s granulomatosis [100]. 23% was the overall prevalence corresponding to that of cancer patients.



Gene expression microarrays analysis of patients with benign multiple sclerosis (BMS) revealed a signature with 30 p53 target genes. Among these, 19 had expression consistent with activation of p53 protein [101]. Furthermore, p53 gene mutations have been discovered in synovial cells of patients affected by RA [102,103]. Mutants of p53 and subsequent selection of mutant synoviocytes would not be causative of RA but could contribute to disease progression and perpetuation. Mutants N239S and R213 can be dominant negative and suppress endogenous wild-type protein, thus altering the function of synovial cells [104]. A TP53 codon 72 Arg/Arg polymorphism was found associated with a higher risk for inflammatory bowel disease development [105].




4. Cancer and Autoimmunity: p53 Probing the Link


In recent years, longitudinal observational studies have highlighted a bidirectional and dynamic link between cancer and autoimmunity, especially for non-organ-specific rheumatic diseases [106]. The association of thyroid autoimmunity and breast cancer has also been reported [107]. Chronic inflammation, damage, or effects of treatments may lead to malignant transformation or immune responses generated against tumor growth and can further result in autoimmune progression. In the light of this, there is an increased need to define best strategies to screen for, diagnose and treat these associated conditions.



The underlying reason for this increased risk remains to be elucidated at the molecular level although in some patients a common inciting trigger may act for both cancer and “paraneoplastic” autoimmune disease [108].



Recent evidences further support the double role of p53 in cancer and autoimmunity. As regards the expression of FoxP3, as master regulator suppressing breast cancer oncogenes Skp2 (S-phase kinase associated protein 2) and ErbB2 (epidermal growth factor receptor 2) involved in cancer progression, was detected in p53-dependent DNA damage responses in human breast and colon cancer cells [109]. In the context of tumor suppression FoxP3 induction was found regulated via a p53-dependent manner upon DNA damage.



Remarkably, to further unravel this issue, it is interesting to observe the secondary autoimmune responses detected in cancer patients. In relation to this phenomenon, p53 Abs were detected in the sera of patients affected by pancreatic adenocarcinoma, serous ovarian and breast cancer [110]. These have been proposed as potential biomarkers for early detection and prognosis [110,111]. In the other studies, immunoreactivity against MDM2 and p53 has also been envisaged as biomarker for the immunodiagnosis of esophageal squamous cell carcinoma [112].




5. Conclusive Remarks: Therapeutic Perspectives Based on p53 Reactivation


Discovery of new molecular targets for treatment of pathological conditions at increased incidence worldwide is an area in which considerable efforts are being employed to develop new and safe therapeutic agents [60]. In the light of the aforementioned acquired knowledge and discussion on the functional properties of p53 and its regulatory pathways, this protein can offer a focused target for future therapeutic perspectives in oncology and chronic inflammatory disorders that lead to autoimmunity. We also need to highlight that the co-occurrence of autoimmune responses in cancer patients or the presentation of associated autoimmune diseases and cancer [107] may putatively suggest the double-utility of p53 reactivation as therapeutic goal. More in detail, pharmacological blockade of the interaction between p53 and its crucial inhibitor MDM2 has been an attractive pipeline for tumors expressing wild-type p53 [44]. The NF-κB antagonist and p53-agonist activities of MDM2 inhibitors may have potential therapeutic effects by blocking the autoreactive T and B cell responses in systemic autoimmune disorders such as SLE.



Recently, in addition to reactivating p53 by targeting the interface between the protein and MDM2 or MDM4, novel strategies have been proposed that interfere with MDM2/MDM4 heterodimerization [60] (Figure 2). These can also open up new pathways for treatment of autoimmunity and associated conditions of cancer and autoimmune diseases. This new pipeline for treatment may not only act on the transcriptional and non-transcriptional anti-tumor activities, but can also be beneficial for the induction of anti-tumor inflammatory responses, Fas-mediated apoptosis and tumor-sensitivity to IFNγ. With special reference to autoimmunity, the immunomodulatory treatment may function through induction of Treg and Foxp3 expression at diagnosis and during long-term disease to control disease development in association with hormonal replacement therapy in case of endocrine autoimmune disorders but also with specific treatments applied to non-organ-specific conditions.



Nevertheless, as for every new area of drug discovery, safety and efficacy concerns must be addressed both in preclinical and clinical settings, especially when a certain cell type has to be targeted and/or a biological effect is desired. Side effects can be produced by inappropriate dosing, such as suppressive effects on wound healing or tissue repair following toxic or ischemic damage or impaired host defense responses [69]. Thus, appropriate dosing of the drug is necessary to control intensity and duration of effect thus to warrant a desired level of p53 activity.



In the light of the foregoing, activation or restoring of p53 pathway has already reached the step of clinical trial exploitation [44]. As regards small molecule inhibitors of p53-MDM2 interaction or p53, drugs that act as chaperones in correcting a dysfunctional p53 pathway are under investigation [44]. For example, Nutlin [56] has been developed to target the p53-MDM2 interaction. Ongoing Phase I trials are selectively evaluating safety and efficacy of p53-MDM2 interaction including RG7112 (Roche) or MI-773 (Sanofi) or DS-3032b (Daiicgi-Sankyo). These represent initial milestones of a promising research pipeline for therapy.
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Figure 1. p53 regulation. Under normal growth conditions p53 is tightly controlled by its two main regulators, MDM2 and MDM4 proteins. Both can inhibit p53 transactivation activity. MDM2 is able to ubiquitinate p53 addressing it for degradation through the proteasome but it is sustained in this activity by the formation of a heterodimer with MDM4. Following severe stress, the MDM2 and MDM4 proteins dissociate by a still undefined mechanism while a variety of post-translational modifications are known for p53 (i.e., phosphorylation and acetylation). p53 is now free and active to orchestrate a response specifically related to the incoming stress and subsequently restore the normal condition by controlling its own regulator MDM2 in a negative feedback loop. However, if the damage is too severe, p53 can switch on programmed cell death in order to maintain genome integrity and prevent malignancies. 
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Figure 2. Implications of p53 reactivation for the treatment of cancer, autoimmunity and their associated conditions. Drug-induced inhibition of the MDM2/MDM4 heterodimer leads to reactivation of p53 function. Restored p53 activity would exhibit an anti-tumor role in cancer, an immunomodulatory activity in the context of autoimmune diseases and increased inflammatory immune response against tumor. This double effect could be exerted in patients affected by associated conditions of cancer and autoimmunity. 
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