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MDM2 is the principal inhibitor of p53, and MDM2 inhibitors can disrupt the physical interaction between MDM2 and p53. The half-life of p53 is very short in normal cells and tissues, and an uncontrolled increase in p53 levels has potential harmful effects. It has been shown that p53 is frequently mutated in most cancers; however, p53 mutations are rare in retinoblastoma. Therefore, therapeutic strategies aimed at increasing the expression levels of wild-type p53 are attractive. In this minireview, we discuss the potential use of nutlin-3, the prototype small molecule inhibitor that disrupts the MDM2-p53 interaction, for the treatment of retinoblastoma. Although p53 has pleiotropic biological effects, the functions of p53 depend on its sub-cellular localization. In the nucleus, p53 induces the transcription of a vast array of genes, while in mitochondria, p53 regulates mitochondrial metabolism. This review also discusses the relative contribution of p53-mediated gene transcription and mitochondrial perturbation for retinoblastoma treatment.
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Introduction

Retinoblastoma is the most common intraocular pediatric cancer that arise in the retina. In developing countries that harbor approximately 80% of patients with retinoblastoma, the mortality rate is about 60% (1). Worldwide, the standard incidence rate of retinoblastoma varies from 1.8 (in native Americans) to 6.0 (in Southeast Asian population) per million person-years in children aged 0-14 years, occurring as a bilateral or unilateral disease (2, 3). Bilateral tumors are mainly due to new germline mutations, whereas unilateral tumors are linked to somatic mutations in the developing retina (3). In countries with a good health care system, the survival rate of children with retinoblastoma is high; however, patients at an advanced stage have a high risk of metastasis, vision loss, and globe rupture (4). For early diagnosed tumors, chemotherapy (combination of vincristine, carboplatin, and etoposide (VCE) as standard of care or topotecan, anthracyclines, and melphalan as alternative therapies) in association with adjunctive local treatment increases globe survival in approximately (90%) of cases when the treatment is promptly initiated (4, 5), while plaque radiotherapy is used as the last option (6). Enucleation is the most common approach for preventing metastasis in patients with advanced retinoblastoma (1). Although retinoblastoma etiopathogenesis has been debated for a long time, recent studies have demonstrated that retinoblastoma arises from post-mitotic cone precursors during the development (7–9). The proliferation of these precursors is dependent on E2F-regulated genes and these cells strongly express both MYCN and MDM2 (8, 9). In 95% of the cases, tumor arises due to the biallelic loss of the tumor suppressor gene RB1, and its development is sustained by genetic and epigenetic factors that lead to leukocoria, a white pupillary reflex (3).

RB1 and TP53 are the main tumor suppressor genes that regulate pathways involved in the cellular response to insults (10). Rb and p53 interact to regulate the cell cycle via the p53-p21-Rb axis, in which p21, a cyclin-dependent kinase inhibitor, plays a pivotal role in regulating Rb phosphorylation (11). Loss or inactivation of RB1, as observed in retinoblastoma, leads to the sustained activation of E2F family proteins resulting in uncontrolled cell proliferation. Interestingly, unlike most cancers, mutations in TP53 are rare in retinoblastoma (3). Nevertheless, during retinoblastoma progression, upregulation of MDM2/4 prevents p53-mediated apoptosis, thus promoting tumor survival and favoring uncontrolled cell proliferation by reducing basal levels of p53 (10, 12). Under normal physiological conditions, MDM2, an E3 ubiquitin ligase, ubiquitinates p53 leading to its subsequent degradation via the 26S proteasome, thus maintaining the p53 levels low.

MDM2 plays important roles in various cancers. It has been shown that MDM2 overexpression confers resistance to conventional chemotherapy (13, 14). Thus, pharmacological and/or genetic interventions that could restore or reactivate the p53 pathway by reducing the p53-MDM2 interaction, is a rational approach that was demonstrated in vitro as well as in vivo in xenograft models with significant tumor regression (15–17). This review focuses on MDM2 inhibitors as p53 reactivating agents for retinoblastoma treatment. Moreover, the review also describes the roles of p53 in different cellular compartments: nuclear p53 as a transcription factor and mitochondrial p53 as a regulator of mitochondrial metabolism.



MDM2 inhibitors

Several molecules have been developed that can inhibit the MDM2-p53 interaction. Nutlins (nutlin-1, -2, and -3) are the first synthetic molecules that act as potent and selective MDM2 inhibitors (18). It has been demonstrated that the active enantiomer nutlin-3a (IC50 ~90 nM) possesses anti-tumor activity in vitro (19). Nutlins are cis-imidazoline analogs that interact with the p53 binding pocket of MDM2 (20). Nutlin-3a exerts a vast array of biological effects, such as cell cycle arrest, enhancement of senescence, and induction of apoptosis by stabilizing p53 (21). However, the pharmacological properties of nutlins are suboptimal for clinical application, thus, their use is limited to preclinical studies (20).

The first clinically tested molecule is RG7112 (IC50 ~20 nM), a new member of the nutlin family (20, 22, 23). Furthermore, idasanutlin, a second-generation molecule (RG7388, IC50 ~6 nM), possesses better pharmacokinetic properties, enhanced potency, better selectivity, and enhanced bioavailability compared to the first-generation nutlins and RG7112. Idasanutlin can be orally administrated, is relatively well-tolerated, and dose-dependently stabilizes the p53 protein (23, 24). Recently, idasanutlin monotherapy and combination therapy have been proposed, and a phase III clinical study on acute myeloid leukemia (AML) has been recently terminated (25–27).

The imidazopyrrolidinone siremadlin is an advanced molecule that has been tested in patients with solid tumors and hematological malignancies harboring no p53 mutations. In a phase I clinical study involving patients with AML, siremadlin has demonstrated promising results (28). Moreover, siremadlin is being investigated alone or in combination with other drugs in five different clinical trials that are still recruiting patients (29–34). Other MDM2-targeting molecules that have entered phase I clinical trials for solid tumors or hematological malignancies include ALRN-6924 (35), milademetan (36), AMG-232 (37, 38), CGM097 (39), APG-115 (40) and BI-907828 (41, 42). Of these, only the dual MDM2/MDM4 inhibitor, ALRN-6924 in combination with cytarabine is under investigation in retinoblastoma (43). This study is ongoing since 2018 and still recruiting patients; however, no results have been published yet.



Action of MDM2 inhibitors on nuclear gene transcription and mitochondrial metabolism

Nutlin-3a has been shown to induce apoptosis in different types of cancer cells, including retinoblastoma; however, the relative role of the p53 transcriptional activity or mitochondrial functions, remains unclear (5, 44–46). Following nutlin-3 treatment, p53 levels increase rapidly, and p53 is either translocated to the nucleus, where it regulates transcription, or localized to mitochondria (Figure 1). It has been hypothesized that the indirect effects of MDM2 inhibitors on the nuclear transcription machinery might contribute to their cytotoxicity by inducing the transcription of pro-apoptotic genes, such as NFRSF10B/TRAIL-R2 (47, 48), PUMA (48–51), BAX (51–54) and the apoptosis-related protein in TGF-β signaling pathway ARTS (55). However, several studies have shown that inhibition of p53 transcriptional activity (by other agents) significantly increases MDM2 inhibitors-mediated cytotoxicity (44, 56–58). A possible explanation for these paradoxical findings could be that p53 simultaneously activates the pro-apoptotic and pro-survival pathways (59–61). The balance between these opposing effects highly depends on the cell type and relative nuclear p53 levels. Increasing the nuclear p53 levels depletes the pool of cytoplasmic p53, which is more effective in promoting apoptosis by acting on the mitochondria (62). Steele et al. showed that following nutlin-3a treatment, a major fraction of p53 remains stably associated with the mitochondria where it binds to Bcl-2 (56). Moreover, pifithrin-α, an inhibitor of p53-mediated transcription, blocked the up-regulation of PUMA levels. Surprisingly, pifithrin-α dramatically augments apoptosis induced by molecules that increase intracellular p53 levels. Another study showed that mono-ubiquitinated p53 preferably translocates to the mitochondria in response to stress (44). Of note, nutlin-3 does not interfere with the ability of MDM2 to monoubiquitinate p53 because MDM2-p53 complexes are only partially disrupted by nutlin-3 treatment, and nutlin-3-stabilized MDM2 retains its E3 ubiquitin ligase activity. Blocking the transcriptional arm of p53 using α-amanitin or pifithrin-α greatly potentiates the nutlin-induced apoptosis (44, 56). In summary, the direct mitochondrial program is a major mechanism in nutlin-induced p53-mediated apoptosis.




Figure 1 | 
  Nuclear and mitochondrial p53 destination after MDM2/4 inhibition. Schematic representation of different destination of p53 after treatment with a MDM2/4 inhibitor. Cytoplasmatic monoubiquitinated p53 can move through nucleus or mitochondria and activate programs of gene expression or direct apoptosis induction, with different percentage depending on cellular context. p53-mediated expression modulates live and death pathways, resulting typically in cell cycle block and apoptosis after MDM2 inhibition. A negative-feedback control is represented by the MDM2 p53-dependent expression. Treatment with a specific inhibitor of p53-mediated transcription, such as Pifithrin-alpha (PTFα), orients the program to mitochondria, resulting in mitochondrial damage, membrane permeability (MOMP) and higher apoptotic levels. Created with Biorender.com
.



At the mitochondrial molecular level, nutlin-3 reduces the levels of dihydrolipoamide dehydrogenase/dihydrolipoamide acetyltransferase protein complexes, which leads to the disruption of the pyruvate dehydrogenase complex and inhibition of the mitochondrial activity (58). Moreover, nutlin-3 along with bortezomib induces dilatation of the endoplasmic reticulum (ER) and mitochondria (63). Interestingly, it has been shown that a negative feedback loop exists at the mitochondrial level which prevents p53-induced apoptosis (64). Nutlin-3-induced mitochondrial translocation of p53 stimulates ERK1/2 activation, an anti-apoptotic signal, via mitochondrial ROS generation.

When p53 is monoubiquitinated by MDM2, such as in the presence of nutlin-3, is stabilized (44). This modification promotes p53 translocation to mitochondria, where p53 is deubiquitinated by herpesvirus-associated ubiquitin-specific protease (HAUSP), and the deubiquitinated protein enhances the mitochondrial outer membrane permeabilization by interacting with Bcl-2 family proteins (BclXL/Bcl2 and Bax) (65). Both in vitro as well as in vivo studies have shown that p53 induces apoptosis by altering the mitochondrial outer membrane permeabilization, although the p53 protein lacks a mitochondrial localization signal. It is widely accepted that ubiquitination patterns drive the fate of proteins. For instance, polyubiquitination of proteins at Lys48 acts as a cellular signal for proteasomal degradation, whereas multi-(lysine)-monoubiquitinated proteins are stable in the cytosol and this modification acts as a signal for intracellular trafficking (65, 66). Moreover, the second generation MDM2 inhibitor idasanutlin has been reported to enhance the phosphorylation and degradation of Mcl-1, promote Bak release and mitochondrial membrane damage, and induce apoptosis (52).

In parallel, MDM2 inhibitors can directly affect mitochondrial bioenergetics independently of p53 due to the role of MDM2 in integrating respiration and apoptosis (67–69). Cytosolic MDM2 can translocate to the mitochondria and suppress the transcription of NADH-dehydrogenase 6 (MT-ND6), which is present in the mitochondrial genome, thus, inhibiting respiration and inducing ROS (53). Localization of MDM2 to mitochondria is accompanied by ultrastructural changes in the organelle, such as reduction in matrix electron density and misoriented and reduced cristae, and these changes are not associated with increased apoptosis (53). Interestingly, this type of mitochondrial morphology is observed in retinoblastoma (described in the next section), which leads to the hypothesis that a large fraction of MDM2 could localize to the mitochondria and induce changes in its morphology and functions. These specific features of MDM2 can enhance the p53-mediated effects of MDM2 inhibitors and help induce cytotoxicity in cancer cells, even in the presence of mutated or altered p53.



Mitochondrial morphology and metabolism in retinoblastoma

Several common ocular diseases, such as glaucoma and diabetic retinopathy are characterized by mitochondrial dysfunction in the neural retina and retinal pigment epithelium (RPE). For such diseases, recent studies have focused on improving mitochondrial functions to restore vision, with therapeutic approaches directed to ameliorate mitochondrial membrane potential and stability, ROS production, mitochondrial fusion and fission, mitochondrial biogenesis, mitophagy, apoptosis, and mitochondrial DNA (mtDNA) transcription (70). Retinoblastoma is not classified as a mitochondrial disease; however, evidence suggests that mitochondria are affected in this disease (Figure 2). In normal retinal cone cells, mitochondria exhibit a specific distribution and organization. These organelles are present in the inner segments parallel to the orientation of the cell that helps in concentrating light onto the outer segment of the photoreceptors (71, 72). Since the original morphology of the cone cell is lost in the tumor, the mitochondria appear disorganized in the cytoplasm of the retinoblastoma cells. Moreover, ultrastructural analyses of poorly differentiated retinoblastoma revealed reduced mitochondrial number and morphological aberrations. These mitochondria appear swollen or elongated due to fusion-fission phenomena, and partial or complete alteration of cristae is evident, with membrane loss in some mitochondria (73). Some of these features, particularly aberrations in cristae with partial or complete cristolysis, have also been observed in retinal cell organoids and are associated with the tumor phenotype (7).




Figure 2 | Altered mitochondria in retinoblastoma. Schematic representation of the altered mitochondria and cellular environment in retinoblastoma tumoral cell respect to a normal cone photoreceptor, as proposed by recent literature data discussed in paragraph 4. In the normal cell (left), basal levels of p53 can regulated both nuclear and mitochondrial effects and maintain the intracellular homeostasis. The presence of Rb protein guarantees both the cell cycle inhibition as well as the ROS control. In the retinoblastoma tumoral cell (right), Rb is lost and high levels of MDM2, E2F-1 and MYCN favorite p53 degradation and uncontrolled cell cycling. Mitochondria metabolism is deregulated with predominance of fatty acids instead of glucose consume, DNA mutations in the D-loop region and ROS hyper-production compensated by anti-ROS hyper-induction. Therefore, mitochondria appear dysmorphic and aberrant but functional for survival and apoptosis escape. Created with Biorender.com.



Clearly, altered mitochondrial structure in retinoblastoma cells indicates some degree of mitochondrial dysfunction. Furthermore, Nicolay et al. reported that in RB1KO RPE cells, mitochondrial respiration associated with proton leakage is reduced during the electron transfer (74). Defective electron transfer to oxygen increases the production of superoxide ions, which act as a growth signal (75). Simultaneously, free reactive species promote lipid peroxidation and tumor invasiveness to the choroid, optic nerves, and orbit (76). Despite the increase in ROS production, the oxidative balance is maintained, preventing cell death. Indeed, it has been shown that levels of the antioxidant enzymes, such as superoxide dismutase, catalase, and glutathione peroxidase, are increased in Y79 cells following peroxide stimulation (77). Moreover, in the serum of retinoblastoma patients, the GSH/GSSG ratio is reportedly high, suggesting the abundance of reduced form, which acts as a cellular antioxidant (78). Conversely, high levels of the mitochondrial-associated protein LRPPRC inhibit autophagy, and in Y79 and WERI-Rb-1 cells, high levels of LRPPRC activate ROS production and promote tumor progression (79).

In addition, Singh et al. published a detailed investigation of the mtDNA, analyzing the mutations in the displacement loop (D-loop) region in 60 Rb tumors (80). The authors demonstrated that high-frequency mutations in the mtDNA D-loop correlate with altered mitochondrial structure, as described previously, indicating the possible role of these mutations in the etiopathogenesis of retinoblastoma.

Other mitochondrial functions that are altered in retinoblastoma include energy metabolism. In a recent comparison of retinoblastoma tumors to pediatric retina, it has been observed that advanced retinoblastoma have lower expression of glycolytic genes, particularly HK1, and altered expression of Krebs cycle-related genes, suggesting reduced dependence on glycolysis and altered Krebs cycle, together with a preference for fatty acid metabolism when compared to the average of all pediatric retinal cells (81). Moreover, in the same comparison, these tumors exhibit lower expression of FOXO3, a protein that regulates apoptosis and autophagy under normal conditions. FOXO3 triggers apoptosis in the absence of survival factors, and low expression of FOXO3 in advanced retinoblastoma indicates the tumor strategy to escape apoptosis. However, further studies are required for a detailed understanding of how differences between retinoblastoma cells versus total pediatric retina relates to retinoblastoma tumorigenesis.

In summary, although mitochondria are dysmorphic in retinoblastoma cells, their functions are maintained to ensure tumor cell proliferation. At the molecular level, rapid proliferation of the retinoblastoma cells is due to the loss of Rb, which leads to sustained and high levels of free E2F family proteins. Simultaneously, p53 levels are maintained low in these cells due to high MDM2 and MDM4 expression.



Preclinical studies of MDM2 inhibitors in retinoblastoma

Despite encouraging in vitro results of nutlin-3 in retinoblastoma cell lines and primary cells with TP53wild-type/RB1mutated background (10, 46, 82), results of the in vivo experiments are not very promising. Animal models receiving systemic intravenous and oral nutlin-3 administration failed to achieve IC50 in the vitreous and retina due to the low permeability of the blood-ocular barrier (83).

To overcome this limitation, local delivery of nutlin-3a through subconjunctival injection has been performed in an orthotopic retinoblastoma xenograft model; however, the reduction in tumor volume was low, but the results were significantly improved with topotecan combination (10). Brennan et al. developed an ocular formulation of nutlin-3a (nutlin-3aoc) for subconjunctival administration, and using this formulation, 2000- and 20000-fold higher intravitreal nutlin-3a levels can be achieved compared to oral and intravenous administration (45). This formulation has been validated in combination with systemic topotecan in two mouse models of retinoblastoma: MDMX mice (constitutively expressing MDMX, Chx10-Cre; Rblox/lox; p107-/-; MDMXTg background) and p53TKO mice (Chx10-Cre; Rblox/lox; p107-/-; p53lox/lox background). Results showed that the activation of p53 was higher and the response was overall better in mice constitutively expressing MDMX than in mice lacking p53, confirming that nutlin-3a activates p53 in cells with high MDMX levels (45). In an orthotopic and more aggressive model of retinoblastoma, subconjunctival nutlin-3aoc administration combined with systemic topotecan, showed significant improvement in survival due to tumor necrosis and activation of the p53 pathway compared to that observed using multimodal chemotherapeutic regimens (VCE or carboplatin/topotecan) (45)



Discussion and future perspectives

Clinical applications of MDM2 inhibitors are limited due to drug resistance as a result of mutations in MDM2, p53, or other proteins involved in the response pathways, or due to the off-target effects (22). To reduce the selection pressure, innovative therapeutic approaches are needed, such as MDM-2 inhibitors in combination with other drugs and genetic tools targeting different molecular pathways or targeting/activating other cell types present within the tumor microenvironment.

Indeed, new synergistic therapies for retinoblastoma have recently been developed by combining DNA-damaging drugs (topotecan and etoposide) with inhibitors of DNA repair agents (B02), and this combination has synergic effects on p53-dependent cell death leading to a reduction in Y79 or RB1021 cell-derived tumors, but not in WERI-Rb1 cell-derived tumors in xenograft models (84). This drug resistance of WERI-Rb1 cell-derived tumors is due to the preference for p21 rather than Bax following p53 activation, which can be prevented by using navitoclax, a Bcl2/Bcl-XL inhibitor. Navitoclax/topotecan, navitoclax/B02, or navitoclax/topotecan/B02 combination act synergistically to promote apoptosis in WERI-Rb1 cells by inducing Bax activation in the mitochondria via the p53 pathway (84). These results represent another proof of concept that the activation of the p53 pathway is beneficial in retinoblastoma and support the possibility that MDM2 inhibitors, the non-genotoxic activators of p53, may be used in combination with other drugs targeting intracellular pathways to overcome drug resistance. Another strategy for retinoblastoma treatment could be MDM2 inhibitors in combination with gene therapy using the oncolytic adenovirus CVN-01, which selectively replicates in tumor cells with high levels of free E2F-1. CVN-01 has been used successfully in primary retinoblastoma cells, xenografts, and in a preliminary phase I trial that reported a reduction in vitreous tumor seeds in one patient (85). Another approach could be modifying the tumor microenvironment by targeting angiogenesis. In retinal vasculature, nutlin-3 possesses anti-neoangiogenic activity and does not affect mature blood vessels (86). However, the issue of drug resistance while using a single agent remains a constrain, and combination with known antiangiogenic drugs, such as bevacizumab, could attenuate the selective pressure leading to the inhibition of angiogenesis and tumor cell death, as observed in a xenograft model of neuroblastoma (87). Moreover, nanoparticles, such as trans-ethosomes, have recently been proposed as ophthalmic formulations (88), with local noninvasive methods of treatment.

Recently, retinal organoids have been generated from patient-specific induced pluripotent stem cells (iPSC), which may help in further advancement of the preclinical research (7, 89, 90). These organoids represent a unique tool for investigating novel therapeutics and their impact on the differentiation, proliferation, morphology, and metabolism of tumors. Retinal organoids can be used to study the effects of MDM2 inhibitors on mitochondria within the original tumor since these organoids have a 3D architecture that permits full cell-to-cell contact. Indeed, in the normal retina, the plasma membrane contact between the adjacent inner segment of photoreceptors, together with the correct alignment of the mitochondria inside the cell, seems fundamental for mitochondrial functions, photoreceptor homeostasis, and correct visual capacity (71). Since retinoblastoma cells have alterations in the number, localization, and morphology of mitochondria (73), retinal organoids can be used to study the effects of MDM2 inhibitors, either alone or in combination, on p53-dependent mitochondrial metabolism in a close-to-real setting, including that observed during the early phases of tumor development.

We believe that the development of new preclinical models together with recent results from clinical trials, may open new opportunities for the treatment of retinoblastoma and encourage the use of MDM2 inhibitors.



Author contributions

Conceptualization, GZ. Writing original draft preparation, GZ, RV, and AR. Writing review and editing, GZ, AR, EZ, SA, SA-S and RV. All authors contributed to the article and approved the submitted version.



Funding

This work received no external funding. Funds for open access publication fees were received by RV as local funding from University of Ferrara (FIRD program).



Acknowledgments

We would like to thank Editage (http://www.editage.com) for editing and reviewing this manuscript for English language.



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.



Acknowledgments

We would like to thank Editage (http://www.editage.com) for editing and reviewing this manuscript for English language.



References

1. Global Retinoblastoma Study Group. The global retinoblastoma outcome study: A prospective, cluster-based analysis of 4064 patients from 149 countries. Lancet Glob Health (2022) 10:e1128–40. doi: 10.1016/S2214-109X(22)00250-9

2. Steliarova-Foucher, E, Colombet, M, Ries, LAG, Moreno, F, Dolya, A, Bray, F, et al. International incidence of childhood cancer, 2001–10: A population-based registry study. Lancet Oncol (2017) 18:719–31. doi: 10.1016/S1470-2045(17)30186-9

3. McEvoy, JD, and Dyer, MA. Genetic and epigenetic discoveries in human retinoblastoma. Crit Rev Oncog (2015) 20:217–25. doi: 10.1615/CritRevOncog.2015013711

4. Kaewkhaw, R, and Rojanaporn, D. Retinoblastoma: Etiology, modeling, and treatment. Cancers (2020) 12:2304. doi: 10.3390/cancers12082304

5. Pritchard E, M, Dyer M, A, and Kiplin Guy, R. Progress in small molecule therapeutics for the treatment of retinoblastoma. Mini-Rev Med Chem (2016) 16:430–54. doi: 10.2174/1389557515666150722100610

6. American Brachytherapy Society - Ophthalmic Oncology Task Force, and ABS – OOTF Committee. The American brachytherapy society consensus guidelines for plaque brachytherapy of uveal melanoma and retinoblastoma. Brachytherapy (2014) 13:1–14. doi: 10.1016/j.brachy.2013.11.008

7. Rozanska, A, Cerna-Chavez, R, Queen, R, Collin, J, Zerti, D, Dorgau, B, et al. pRB-depleted pluripotent stem cell retinal organoids recapitulate cell state transitions of retinoblastoma development and suggest an important role for pRB in retinal cell differentiation. Stem Cells Transl Med (2022) 11:415–33. doi: 10.1093/stcltm/szac008

8. Xu, XL, Fang, Y, Lee, TC, Forrest, D, Gregory-Evans, C, Almeida, D, et al. Retinoblastoma has properties of a cone precursor tumor and depends upon cone-specific MDM2 signaling. Cell (2009) 137:1018–31. doi: 10.1016/j.cell.2009.03.051

9. Xu, XL, Singh, HP, Wang, L, Qi, D-L, Poulos, BK, Abramson, DH, et al. Rb Suppresses human cone-precursor-derived retinoblastoma tumours. Nature (2014) 514:385–8. doi: 10.1038/nature13813

10. Laurie, NA, Donovan, SL, Shih, C-S, Zhang, J, Mills, N, Fuller, C, et al. Inactivation of the p53 pathway in retinoblastoma. Nature (2006) 444:61–6. doi: 10.1038/nature05194

11. Engeland, K. Cell cycle regulation: P53-p21-RB signaling. Cell Death Differ (2022) 29:946–60. doi: 10.1038/s41418-022-00988-z

12. Guo, Y, Pajovic, S, and Gallie, BL. Expression of p14, MDM2, and MDM4 in human retinoblastoma. Biochem Biophys Res Commun (2008) 375:1–5. doi: 10.1016/j.bbrc.2008.07.055

13. Morselli, E, Galluzzi, L, Kepp, O, and Kroemer, G. Nutlin kills cancer cells via mitochondrial p53. Cell Cycle (2009) 8:1645–8. doi: 10.4161/cc.8.11.8746

14. Hou, H, Sun, D, and Zhang, X. The role of MDM2 amplification and overexpression in therapeutic resistance of malignant tumors. Cancer Cell Int (2019) 19:216. doi: 10.1186/s12935-019-0937-4

15. Ventura, A, Kirsch, DG, McLaughlin, ME, Tuveson, DA, Grimm, J, Lintault, L, et al. Restoration of p53 function leads to tumour regression in vivo. Nature (2007) 445:661–5. doi: 10.1038/nature05541

16. Galluzzi, L, Morselli, E, Kepp, O, Tajeddine, N, and Kroemer, G. Targeting p53 to mitochondria for cancer therapy. Cell Cycle (2008) 7:1949–55. doi: 10.4161/cc.7.13.6222

17. Lee, S-Y, Shin, SJ, and Kim, H-S. ERK1/2 activation mediated by the nutlin-3-induced mitochondrial translocation of p53. Int J Oncol (2013) 42:1027–35. doi: 10.3892/ijo.2013.1764

18. Vassilev, LT, Vu, BT, Graves, B, Carvajal, D, Podlaski, F, Filipovic, Z, et al. In vivo activation of the p53 pathway by small-molecule antagonists of MDM2. Science (2004) 303:844–8. doi: 10.1126/science.1092472

19. Konopleva, M, Martinelli, G, Daver, N, Papayannidis, C, Wei, A, Higgins, B, et al. MDM2 inhibition: An important step forward in cancer therapy. Leukemia (2020) 34:2858–74. doi: 10.1038/s41375-020-0949-z

20. Vu, B, Wovkulich, P, Pizzolato, G, Lovey, A, Ding, Q, Jiang, N, et al. Discovery of RG7112: A small-molecule MDM2 inhibitor in clinical development. ACS Med Chem Lett (2013) 4:466–9. doi: 10.1021/ml4000657

21. Rimondi, E, Melloni, E, Romani, A, Tisato, V, Casciano, F, Rigolin, GM, et al. Overcoming of microenvironment protection on primary chronic lymphocytic leukemia cells after treatment with BTK and MDM2 pharmacological inhibitors. Curr Oncol Tor Ont (2021) 28:2439–51. doi: 10.3390/curroncol28040223

22. Haronikova, L, Bonczek, O, Zatloukalova, P, Kokas-Zavadil, F, Kucerikova, M, Coates, PJ, et al. Resistance mechanisms to inhibitors of p53-MDM2 interactions in cancer therapy: can we overcome them? Cell Mol Biol Lett (2021) 26:53. doi: 10.1186/s11658-021-00293-6

23. Pápai, Z, Chen, L-C, Da Costa, D, Blotner, S, Vazvaei, F, Gleave, M, et al. A single-center, open-label study investigating the excretion balance, pharmacokinetics, metabolism, and absolute bioavailability of a single oral dose of [14C]-labeled idasanutlin and an intravenous tracer dose of [13C]-labeled idasanutlin in a single cohort of patients with solid tumors. Cancer Chemother Pharmacol (2019) 84:93–103. doi: 10.1007/s00280-019-03851-0

24. Khurana, A, and Shafer, DA. MDM2 antagonists as a novel treatment option for acute myeloid leukemia: Perspectives on the therapeutic potential of idasanutlin (RG7388). OncoTargets Ther (2019) 12:2903–10. doi: 10.2147/OTT.S172315

25. Zauli, G, Tisato, V, and Secchiero, P. Rationale for considering oral idasanutlin as a therapeutic option for COVID-19 patients. Front Pharmacol (2020) 11:1156. doi: 10.3389/fphar.2020.01156

26. Duffy, MJ, Synnott, NC, O’Grady, S, and Crown, J. Targeting p53 for the treatment of cancer. Semin Cancer Biol (2022) 79:58–67. doi: 10.1016/j.semcancer.2020.07.005

27. Montesinos, P, Beckermann, BM, Catalani, O, Esteve, J, Gamel, K, Konopleva, MY, et al. MIRROS: A randomized, placebo-controlled, phase III trial of cytarabine ± idasanutlin in relapsed or refractory acute myeloid leukemia. Future Oncol (2020) 16:807–15. doi: 10.2217/fon-2020-0044

28. Stein, EM, DeAngelo, DJ, Chromik, J, Chatterjee, M, Bauer, S, Lin, C-C, et al. Results from a first-in-Human phase I study of siremadlin (HDM201) in patients with advanced wild-type TP53 solid tumors and acute leukemia. Clin Cancer Res (2022) 28:870–81. doi: 10.1158/1078-0432.CCR-21-1295

29. University Hospital Inselspital, Berne. HDM201 and midostaurin (HDMM) in Relapsed/Refractory AML with FLT3mut and TP53wt; a phase I study (2022). Available at: https://clinicaltrials.gov/ct2/show/NCT04496999 (Accessed July 13, 2022).

30. Centre Leon Berard. MegaMOST - a multicenter, open-label, biology driven, phase II study evaluating the activity of anti-cancer treatments targeting tumor molecular Alterations/Characteristics in Advanced/Metastatic tumors (2022). Available at: https://clinicaltrials.gov/ct2/show/NCT04116541 (Accessed July 13, 2022).

31. Novartis Pharmaceuticals. A randomized, open-label, phase I/II open platform study evaluating safety and efficacy of novel ruxolitinib combinations in myelofibrosis patients (2022). Available at: https://clinicaltrials.gov/ct2/show/NCT04097821 (Accessed July 13, 2022).

32. Novartis Pharmaceuticals. A phase ib, multi-arm, open-label, study of HDM201 in combination with MBG453 or venetoclax in adult subjects with acute myeloid leukemia (AML) or high-risk myelodysplastic syndrome (MDS) (2022). Available at: https://clinicaltrials.gov/ct2/show/NCT03940352 (Accessed July 13, 2022).

33. Centre Leon Berard. A single-center, phase 1 dose escalation study of trametinib combined with HDM201 in patients with RAS/RAF mutant and TP53 wild-type Advanced/Metastatic colorectal cancer (2021). Available at: https://clinicaltrials.gov/ct2/show/NCT03714958 (Accessed July 13, 2022).

34. Novartis Pharmaceuticals. A phase I, open label, multicenter, dose-escalation study of HDM201 in adult patients with advanced solid and hematological tumors characterized by wild-type TP53 (2021). Available at: https://clinicaltrials.gov/ct2/show/NCT02143635 (Accessed July 13, 2022).

35. Saleh, MN, Patel, MR, Bauer, TM, Goel, S, Falchook, GS, Shapiro, GI, et al. Phase 1 trial of ALRN-6924, a dual inhibitor of MDMX and MDM2, in patients with solid tumors and lymphomas bearing wild-type TP53. Clin Cancer Res (2021) 27:5236–47. doi: 10.1158/1078-0432.CCR-21-0715

36. Takahashi, S, Fujiwara, Y, Nakano, K, Shimizu, T, Tomomatsu, J, Koyama, T, et al. Safety and pharmacokinetics of milademetan, a MDM2 inhibitor, in Japanese patients with solid tumors: A phase I study. Cancer Sci (2021) 112:2361–70. doi: 10.1111/cas.14875

37. Gluck, WL, Gounder, MM, Frank, R, Eskens, F, Blay, JY, Cassier, PA, et al. Phase 1 study of the MDM2 inhibitor AMG 232 in patients with advanced P53 wild-type solid tumors or multiple myeloma. Invest New Drugs (2020) 38:831–43. doi: 10.1007/s10637-019-00840-1

38. Erba, HP, Becker, PS, Shami, PJ, Grunwald, MR, Flesher, DL, Zhu, M, et al. Phase 1b study of the MDM2 inhibitor AMG 232 with or without trametinib in relapsed/refractory acute myeloid leukemia. Blood Adv (2019) 3:1939–49. doi: 10.1182/bloodadvances.2019030916

39. Bauer, S, Demetri, GD, Halilovic, E, Dummer, R, Meille, C, Tan, DSW, et al. Pharmacokinetic–pharmacodynamic guided optimisation of dose and schedule of CGM097, an HDM2 inhibitor, in preclinical and clinical studies. Br J Cancer (2021) 125:687–98. doi: 10.1038/s41416-021-01444-4

40. Ascentage Pharma Group Inc. A phase I study of the safety, pharmacokinetic and pharmacodynamic properties of orally administered APG-115 in patients with advanced solid tumors or lymphomas (2022). Available at: https://clinicaltrials.gov/ct2/show/study/NCT02935907 (Accessed July 13, 2022).

41. Boehringer Ingelheim. A phase Ia/Ib, open label, dose-escalation study of the combination of BI 907828 with BI 754091 (Ezabenlimab) and BI 754111 and the combination of BI 907828 with BI 754091(Ezabenlimab) followed by expansion cohorts, in patients with advanced solid tumors (2022). Available at: https://clinicaltrials.gov/ct2/show/NCT03964233 (Accessed July 13, 2022).

42. Boehringer Ingelheim. An open-label, fixed sequence trial to investigate the potential drug-drug interaction when BI 907828 is Co-administered with an OATP1B1 and/or OATP1B3 transporter inhibitor in patients with various solid tumours (2022). Available at: https://clinicaltrials.gov/ct2/show/NCT05372367 (Accessed July 13, 2022).

43. Shulman, DS. Phase 1 study of the dual MDM2/MDMX inhibitor ALRN-6924 in pediatric cancer (2018). Available at: https://clinicaltrials.gov/ct2/show/study/NCT03654716?term=MDM2&age=0&draw=2&rank=1.

44. Vaseva, AV, Marchenko, ND, and Moll, U. The transcription-independent mitochondrial p53 program is a major contributor to nutlin-induced apoptosis in tumor cells. Cell Cycle (2009) 8:1711–9. doi: 10.4161/cc.8.11.8596

45. Brennan, RC, Federico, S, Bradley, C, Zhang, J, Flores-Otero, J, Wilson, M, et al. Targeting the p53 pathway in retinoblastoma with subconjunctival nutlin-3a. Cancer Res (2011) 71:4205–13. doi: 10.1158/0008-5472.CAN-11-0058

46. Van Maerken, T, Rihani, A, Van Goethem, A, De Paepe, A, Speleman, F, and Vandesompele, J. Pharmacologic activation of wild-type p53 by nutlin therapy in childhood cancer. Cancer Lett (2014) 344:157–65. doi: 10.1016/j.canlet.2013.11.002

47. Secchiero, P, Barbarotto, E, Tiribelli, M, Zerbinati, C, di Iasio, MG, Gonelli, A, et al. Functional integrity of the p53-mediated apoptotic pathway induced by the nongenotoxic agent nutlin-3 in b-cell chronic lymphocytic leukemia (B-CLL). Blood (2006) 107:4122–9. doi: 10.1182/blood-2005-11-4465

48. Park, EJ, Choi, KS, Yoo, YH, and Kwon, TK. Nutlin-3, a small-molecule MDM2 inhibitor, sensitizes caki cells to TRAIL-induced apoptosis through p53-mediated PUMA upregulation and ROS-mediated DR5 upregulation. Anticancer Drugs (2013) 24:260–9. doi: 10.1097/CAD.0b013e32835c0311

49. Uo, T, Kinoshita, Y, and Morrison, RS. Apoptotic actions of p53 require transcriptional activation of PUMA and do not involve a direct Mitochondrial/Cytoplasmic site of action in postnatal cortical neurons. J Neurosci (2007) 27:12198–210. doi: 10.1523/JNEUROSCI.3222-05.2007

50. Valente, LJ, Aubrey, BJ, Herold, MJ, Kelly, GL, Happo, L, Scott, CL, et al. Therapeutic response to non-genotoxic activation of p53 by Nutlin3a is driven by PUMA-mediated apoptosis in lymphoma cells. Cell Rep (2016) 14:1858–66. doi: 10.1016/j.celrep.2016.01.059

51. Coll-Mulet, L, Iglesias-Serret, D, Santidrián, AF, Cosialls, AM, de Frias, M, Castaño, E, et al. MDM2 antagonists activate p53 and synergize with genotoxic drugs in b-cell chronic lymphocytic leukemia cells. Blood (2006) 107:4109–14. doi: 10.1182/blood-2005-08-3273

52. Natarajan, U, Venkatesan, T, Dhandayuthapani, S, Dondapatti, P, and Rathinavelu, A. Differential mechanisms involved in RG-7388 and nutlin-3 induced cell death in SJSA-1 osteosarcoma cells. Cell Signal (2020) 75:109742. doi: 10.1016/j.cellsig.2020.109742

53. Athanasakis, E, Melloni, E, Rigolin, GM, Agnoletto, C, Voltan, R, Vozzi, D, et al. The p53 transcriptional pathway is preserved in ATMmutated and NOTCH1mutated chronic lymphocytic leukemias. Oncotarget (2014) 5:12635–45. doi: 10.18632/oncotarget.2211

54. Schneider, LS, Ulrich, M, Lehr, T, Menche, D, Müller, R, and von Schwarzenberg, K. MDM2 antagonist nutlin-3a sensitizes tumors to V-ATPase inhibition. Mol Oncol (2016) 10:1054–62. doi: 10.1016/j.molonc.2016.04.005

55. Hao, Q, Chen, J, Liao, J, Huang, Y, Gan, Y, Larisch, S, et al. p53 induces ARTS to promote mitochondrial apoptosis. Cell Death Dis (2021) 12:1–11. doi: 10.1038/s41419-021-03463-8

56. Steele, AJ, Prentice, AG, Hoffbrand, AV, Yogashangary, BC, Hart, SM, Nacheva, EP, et al. p53-mediated apoptosis of CLL cells: evidence for a transcription-independent mechanism. Blood (2008) 112:3827–34. doi: 10.1182/blood-2008-05-156380

57. Sullivan, KD, Palaniappan, VV, and Espinosa, JM. ATM Regulates cell fate choice upon p53 activation by modulating mitochondrial turnover and ROS levels. Cell Cycle (2014) 14:56–63. doi: 10.4161/15384101.2014.973330

58. Way, L, Faktor, J, Dvorakova, P, Nicholson, J, Vojtesek, B, Graham, D, et al. Rearrangement of mitochondrial pyruvate dehydrogenase subunit dihydrolipoamide dehydrogenase protein–protein interactions by the MDM2 ligand nutlin-3. Proteomics (2016) 16:2327–44. doi: 10.1002/pmic.201500501

59. Vousden, KH, and Lu, X. Live or let die: the cell’s response to p53. Nat Rev Cancer (2002) 2:594–604. doi: 10.1038/nrc864

60. Vousden, KH, and Lane, DP. p53 in health and disease. Nat Rev Mol Cell Biol (2007) 8:275–83. doi: 10.1038/nrm2147

61. Kruiswijk, F, Labuschagne, CF, and Vousden, KH. p53 in survival, death and metabolic health: A lifeguard with a licence to kill. Nat Rev Mol Cell Biol (2015) 16:393–405. doi: 10.1038/nrm4007

62. Tisato, V, Voltan, R, Gonelli, A, Secchiero, P, and Zauli, G. MDM2/X inhibitors under clinical evaluation: Perspectives for the management of hematological malignancies and pediatric cancer. J Hematol OncolJ Hematol Oncol (2017) 10:133. doi: 10.1186/s13045-017-0500-5

63. Lee, DM, Kim, IY, Seo, MJ, Kwon, MR, and Choi, KS. Nutlin-3 enhances the bortezomib sensitivity of p53-defective cancer cells by inducing paraptosis. Exp Mol Med (2017) 49:e365–5. doi: 10.1038/emm.2017.112

64. Lee, S-Y, Choi, HC, Choe, Y-J, Shin, SJ, Lee, SH, and Kim, H-S. Nutlin-3 induces BCL2A1 expression by activating ELK1 through the mitochondrial p53-ROS-ERK1/2 pathway. Int J Oncol (2014) 45:675–82. doi: 10.3892/ijo.2014.2463

65. Marchenko, ND, Wolff, S, Erster, S, Becker, K, and Moll, UM. Monoubiquitylation promotes mitochondrial p53 translocation. EMBO J (2007) 26:923–34. doi: 10.1038/sj.emboj.7601560

66. Li, M, Brooks, CL, Wu-Baer, F, Chen, D, Baer, R, and Gu, W. Mono- versus polyubiquitination: Differential control of p53 fate by Mdm2. Science (2003) 302:1972–5. doi: 10.1126/science.1091362

67. Rubio-Patiño, C, Trotta, AP, and Chipuk, JE. MDM2 and mitochondrial function: One complex intersection. Biochem Pharmacol (2019) 162:14–20. doi: 10.1016/j.bcp.2018.10.032

68. Arena, G, Cissé, MY, Pyrdziak, S, Chatre, L, Riscal, R, Fuentes, M, et al. Mitochondrial MDM2 regulates respiratory complex I activity independently of p53. Mol Cell (2018) 69:594–609.e8. doi: 10.1016/j.molcel.2018.01.023

69. Elkholi, R, Abraham-Enachescu, I, Trotta, AP, Rubio-Patiño, C, Mohammed, JN, Luna-Vargas, MPA, et al. MDM2 integrates cellular respiration and apoptotic signaling through NDUFS1 and the mitochondrial network. Mol Cell (2019) 74:452–465.e7. doi: 10.1016/j.molcel.2019.02.012

70. Ji, MH, Kreymerman, A, Belle, K, Ghiam, BK, Muscat, SP, Mahajan, VB, et al. The present and future of mitochondrial-based therapeutics for eye disease. Transl Vis Sci Technol (2021) 10:4. doi: 10.1167/tvst.10.8.4

71. Meschede, IP, Ovenden, NC, Seabra, MC, Futter, CE, Votruba, M, Cheetham, ME, et al. Symmetric arrangement of mitochondria:plasma membrane contacts between adjacent photoreceptor cells regulated by Opa1. Proc Natl Acad Sci (2020) 117:15684–93. doi: 10.1073/pnas.2000304117

72. Ball, JM, Chen, S, and Li, W. Mitochondria in cone photoreceptors act as microlenses to enhance photon delivery and confer directional sensitivity to light. Sci Adv (2022) 8(9):eabn2070. doi: 10.1126/sciadv.abn2070

73. Singh, L, Nag, TC, and Kashyap, S. Ultrastructural changes of mitochondria in human retinoblastoma: correlation with tumor differentiation and invasiveness. Tumor Biol (2016) 37:5797–803. doi: 10.1007/s13277-015-4120-9

74. Nicolay, BN, Danielian, PS, Kottakis, F, Lapek, JDJR, Sanidas, I, WO, M, et al. Proteomic analysis of pRb loss highlights a signature of decreased mitochondrial oxidative phosphorylation. Sci Adv (2015) 29:1875–89. doi: 10.1101/gad.264127.115

75. Kitajima, S, and Takahashi, C. Intersection of retinoblastoma tumor suppressor function, stem cells, metabolism, and inflammation. Cancer Sci (2017) 108:1726–31. doi: 10.1111/cas.13312

76. Deepa, PR, Nalini, V, Mallikarjuna, K, Vandhana, S, and Krishnakumar, S. Oxidative stress in retinoblastoma: Correlations with clinicopathologic features and tumor invasiveness. Curr Eye Res (2009) 34:1011–8. doi: 10.3109/02713680903291139

77. Vandhana, S, Lakshmi, TSR, Indra, D, Deepa, PR, and Krishnakumar, S. Microarray analysis and biochemical correlations of oxidative stress responsive genes in retinoblastoma. Curr Eye Res (2012) 37:830–41. doi: 10.3109/02713683.2012.678544

78. Zitka, O, Skalickova, S, Gumulec, J, Masarik, M, Adam, V, Hubalek, J, et al. Redox status expressed as GSH : GSSG ratio as a marker for oxidative stress in paediatric tumour patients. Oncol Lett (2012) 4:1247–53. doi: 10.3892/ol.2012.931

79. Song, K, Li, B, Chen, Y-Y, Wang, H, Liu, K-C, Tan, W, et al. LRPPRC regulates metastasis and glycolysis by modulating autophagy and the ROS/HIF1-α pathway in retinoblastoma. Mol Ther - Oncolytics (2021) 22:582–91. doi: 10.1016/j.omto.2021.06.009

80. Singh, L, Saini, N, Pushker, N, Bakhshi, S, Sen, S, Nag, TC, et al. Mutational analysis of the mitochondrial DNA displacement-loop region in human retinoblastoma with patient outcome. Pathol Oncol Res (2019) 25:503–12. doi: 10.1007/s12253-018-0391-y

81. Babu, VS, Mallipatna, A, Sa, D, Dudeja, G, Kannan, R, Shetty, R, et al. Integrated analysis of cancer tissue and vitreous humor from retinoblastoma eyes reveals unique tumor-specific metabolic and cellular pathways in advanced and non-advanced tumors. Cells (2022) 11:1668. doi: 10.3390/cells11101668

82. Elison, JR, Cobrinik, D, Claros, N, Abramson, DH, and Lee, TC. Small molecule inhibition of HDM2 leads to p53-mediated cell death in retinoblastoma cells. Arch Ophthalmol Chic Ill (2006) 1960:124. doi: 10.1001/archopht.124.9.1269

83. Zhang, F, Tagen, M, Throm, S, Mallari, J, Miller, L, Guy, RK, et al. Whole-body physiologically based pharmacokinetic model for nutlin-3a in mice after intravenous and oral administration. Drug Metab Dispos (2011) 39:15–21. doi: 10.1124/dmd.110.035915

84. Aubry, A, Pearson, JD, Huang, K, Livne-Bar, I, Ahmad, M, Jagadeesan, M, et al. Functional genomics identifies new synergistic therapies for retinoblastoma. Oncogene (2020) 39:5338–57. doi: 10.1038/s41388-020-1372-7

85. Pascual-Pasto, G, Bazan-Peregrino, M, Olaciregui, NG, Restrepo-Perdomo, CA, Mato-Berciano, A, Ottaviani, D, et al. Therapeutic targeting of the RB1 pathway in retinoblastoma with the oncolytic adenovirus VCN-01. Sci Transl Med (2019) 11:eaat9321. doi: 10.1126/scitranslmed.aat9321

86. Chavala, SH, Kim, Y, Tudisco, L, Cicatiello, V, Milde, T, Kerur, N, et al. Retinal angiogenesis suppression through small molecule activation of p53. J Clin Invest (2013) 123:4170–81. doi: 10.1172/JCI67315

87. Patterson, DM, Gao, D, Trahan, DN, Johnson, BA, Ludwig, A, Barbieri, E, et al. Effect of MDM2 and vascular endothelial growth factor inhibition on tumor angiogenesis and metastasis in neuroblastoma. Angiogenesis (2011) 14:255–66. doi: 10.1007/s10456-011-9210-8

88. Ahmed, TA, Alzahrani, MM, Sirwi, A, and Alhakamy, NA. The antifungal and ocular permeation of ketoconazole from ophthalmic formulations containing trans-ethosomes nanoparticles. Pharmaceutics (2021) 13:151. doi: 10.3390/pharmaceutics13020151

89. Norrie, JL, Nityanandam, A, Lai, K, Chen, X, Wilson, M, Stewart, E, et al. Retinoblastoma from human stem cell-derived retinal organoids. Nat Commun (2021) 12:4535. doi: 10.1038/s41467-021-24781-7

90. Liu, H, Hua, Z-Q, and Jin, Z-B. Modeling human retinoblastoma using embryonic stem cell-derived retinal organoids. STAR Protoc (2021) 2:100444. doi: 10.1016/j.xpro.2021.100444



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.

Copyright © 2022 Romani, Zauli, Zauli, AlMesfer, Al-Swailem and Voltan. 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.


OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        MDM2 inhibitors-mediated disruption of mitochondrial metabolism: A novel therapeutic strategy for retinoblastoma

      

        		

          Introduction

        



        		

          MDM2 inhibitors

        



        		

          Action of MDM2 inhibitors on nuclear gene transcription and mitochondrial metabolism

        



        		

          Mitochondrial morphology and metabolism in retinoblastoma

        



        		

          Preclinical studies of MDM2 inhibitors in retinoblastoma

        



        		

          Discussion and future perspectives

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-12-1000677-g002.jpg
Norma

mitochondrion

Normal cell behavior
Homeostasis

Retinoblastoma
tumor cell

Normal cone
photoreceptor

++ ROS
++ anti-ROS

\
Pyrlivate
-.
Glucose

Apoptosis evasion
Survival

Uncontrolled proliferation






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc.2022.1000677_cover.jpg
, frontiers ‘ Frontiers in Oncology

MDM2 inhibitors-mediated
disruption of mitochondrial
metabolism: A novel therapeutic
strategy for retinoblastoma





OEBPS/Images/fonc-12-1000677-g001.jpg
CYTOPLASM

Ub

inhibitor p53 5
BB % 4%
[ . transcriptional arm direct pro-apoptotic arm
\ ) ——nconaam A S prapopneal
KEdY/
NUCLEUS MITOCHONDRIA
ks &L
- geeexrsn b—y PTFa  —— interaction with
/ l \ Bol-XL
CDKN1A NFRSF10B/ Eli&JZSP
senescence }
) L TRAIL-R2 BAX
dlfferent.latlon l PUMA
cycle ARTS
=g == MOMP
orfal| ¢
apoptosis apoptosis
0 0 ®

@% 4
®
o, 6 Y





