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Abstract

:

Inhibition of the interaction between MDM2 and p53 has emerged as a promising strategy for combating cancer, including the treatment of glioblastoma (GBM). Numerous MDM2 inhibitors have been developed and are currently undergoing rigorous testing for their potential in GBM therapy. Encouraging results from studies conducted in cell culture and animal models suggest that MDM2 inhibitors could effectively treat a specific subset of GBM patients with wild-type TP53 or functional p53. Combination therapy with clinically established treatment modalities such as radiation and chemotherapy offers the potential to achieve a more profound therapeutic response. Furthermore, an increasing array of other molecularly targeted therapies are being explored in combination with MDM2 inhibitors to increase the effects of individual treatments. While some MDM2 inhibitors have progressed to early phase clinical trials in GBM, their efficacy, alone and in combination, is yet to be confirmed. In this article, we present an overview of MDM2 inhibitors currently under preclinical and clinical investigation, with a specific focus on the drugs being assessed in ongoing clinical trials for GBM patients.
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1. Introduction


Among primary brain and other central nervous system (CNS) tumors, IDH-wildtype glioblastoma (GBM) is the most common and aggressive form associated with an abysmal prognosis. Approximately 13,000 cases of GBM are diagnosed per year in the United States, comprising 14% of all brain tumors and 50% of all malignant brain tumors [1]. GBM is slightly more common in males, with a male-to-female ratio of approximately 1.6 and is most often diagnosed in non-Hispanic whites [2,3]. These tumors most often develop de novo and can affect any regions within the CNS, although they most commonly affect the cerebral hemispheres, particularly the frontal and temporal lobes [4]. GBM is more common in older adults with a median age at diagnosis of 65 years. The incidence increases with age, peaking in individuals aged 75 to 84 years [1]. Conversely, GBM is less common in children, comprising less than 3% of all CNS tumors reported among the ages of 0–19 years [5].



Significant progress has been made in the last decade in developing effective precision medicine strategies for many malignancies, while minimal progress has been made for GBM. Treatment of GBM typically involves surgical resection to the extent feasible, followed by radiation therapy (RT) with concurrent and adjuvant and cytotoxic chemotherapy [6]. The last FDA-approved drug for newly diagnosed GBM was temozolomide (TMZ), which extended the median survival by only 2 months [6,7]. Although a number of variables have been linked to TMZ resistance, expression of O6-methylguanine-DNA-methytransferase (MGMT), which removes TMZ-induced cytotoxic O6-methylguanine lesions, remains an important contributor [8]. Expression of MGMT is regulated by promoter methylation, and the ~40% of patients with GBM promoter hypermethylation have a much longer survival (median 23 months) as compared to unmethylated GBM patients (14 months) [9]. Regardless of MGMT status, the 5 year survival for GBM patients is less than 5% [1,4]. Consequently, there is a compelling unmet need to develop novel effective therapies for GBM.



Seminal studies over the past decades have revolutionized our understanding of the molecular basis of this disease and facilitated the identification of novel targets in tumor cells and the tumor microenvironment potentially amenable to therapeutic intervention [10]. Molecularly targeted agents that target signaling pathways critical for tumor cell growth, invasion, proliferation, apoptosis, and DNA repair have been extensively evaluated for therapy in GBM [11]. Here, we focus our discussion on the interaction between the tumor suppressor p53 and the E3 ubiquitin ligase murine double minute 2 (MDM2) and how this molecular interplay may be exploited using small molecule inhibitors. We provide an overview of MDM2 inhibitors under preclinical and clinical investigation, with a focus on drugs being evaluated in ongoing clinical trials for GBM patients.




2. Basic Biology


The p53 signaling pathway is a critical mediator of cell fate following genotoxic damage and provides key tumor suppressor functions. The central player in this signaling network, p53, is encoded by TP53, and upon cellular stress and DNA damage, it is simultaneously activated and stabilized inside the cell [12,13]. Under such circumstances, p53 functions as a transcriptional activator, binding to the promoters of hundreds of genes, including those crucial for genotoxic stress recovery, initiation of senescence, and apoptosis activation. P53 also prompts the activation of transcriptional repressive complexes such as the dimerization partner, RB-like, E2F, and the multi-vulval class B (DREAM) complex, which silences hundreds of other genes, including those essential for cell cycle progression and particular elements of multiple DNA repair pathways [14,15,16,17,18,19,20,21,22]. This coordinated DNA damage response enables the restoration or removal of damaged cells that may be tumorigenic [23,24]. Since high p53 levels can be detrimental to the growth and development of normal cells, intracellular p53 levels are tightly regulated by ubiquitination and rapid proteasomal degradation as well as other mechanisms under non-stressed conditions [25,26].



TP53 is the most frequently mutated gene across all types of cancer, with mutations occurring in about 50% of malignancies [24,27,28]. The mutation prevalence of TP53 among different cancer types varies, ranging from less than 5% in cervical cancer to up to 90% in ovarian cancer and small cell lung cancer [24]. In lower grade (CNS WHO grade 2 and 3) gliomas, TP53 is deregulated in approximately 50% of cases, most commonly in co-occurrence with IDH1 mutations [29,30,31]. The majority (>70%) of CNS WHO grade 4 IDH-mutant astrocytomas harbor TP53 mutations [32,33,34]. According to The Cancer Genome Atlas Program (TCGA), TP53 is mutated in up to 30% of GBMs [28,35]. While missense substitutions account for the most common TP53 mutations (~70%), other alterations, such as frameshift insertions/deletions, nonsense mutations, and silent mutations, are less common [24]. Human cancers frequently have segmental deletions on chromosome 17p, which involves the TP53 locus [36]. Although most TP53 mutations are detrimental (i.e., they cause a loss of function), some mutations in TP53 are innocuous, allowing p53 to continue acting as a transcription factor [37]. There have also been reports of tumorigenic gain-of-function mutations in TP53 [27]. Given the pivotal role of p53 in the response to genotoxic stress and the prevalent dysregulation of p53 in almost all types of cancer, there is intense interest in harnessing potential therapeutic vulnerabilities to restore or hyper-activate p53’s function.



While p53 is continuously expressed, protein levels and, consequently, the transcriptional activity of p53 are normally suppressed by MDM2 (Figure 1). MDM2 is an E3 ubiquitin ligase that targets p53 via ubiquitination for degradation by the proteasome [38]. Through its interaction with PIASy, a SUMO E3 ligase, MDM2 also promotes SUMOylation and nuclear export of p53 [39]. The interplay of p53 and MDM2 creates an autoregulatory feedback loop, whereby p53 binds to the P2 promoter of MDM2, ultimately increasing MDM2 transcript and protein levels. By binding to p53 directly (as well as by blocking the p53 transactivation domain), MDM2 then prevents p53 from mediating the transcription of MDM2 and other downstream target genes [25,39,40,41]. Collectively, these mechanisms function to suppress p53 activity in the absence of cellular stress.



MDM2 is upregulated in a multitude of cancers and is associated with a poor prognosis [42]. Gene amplification, single-nucleotide polymorphisms in the promoter region, increased transcription, and enhanced translation of MDM2 may cause an enhanced degradation and decreased activity of p53 [43,44]. MDM2 amplification is the most frequent cause of MDM2 overexpression and occurs in approximately 3.5% of all malignancies [45]. Up to 65% of well-differentiated and de-differentiated liposarcomas have a high rate of MDM2 amplification, while several other solid malignancies, including GBM, soft-tissue and bone sarcomas, gallbladder and duodenal adenocarcinoma, lung adenosquamous carcinoma, and ovarian carcinosarcoma, have a frequency of approximately 15% [28,45]. In most tumors, MDM2 amplification is mutually exclusive to TP53 mutation. Consistent with MDM2 amplification being a truncal, driver oncogenic event that functionally inactivates p53, MDM2 amplification is highly homogeneous within tumors [46]. Consequently, an appealing therapeutic approach for reactivating p53 in cancers with wild-type TP53 or functional p53 is to target the MDM2–p53 interaction. Instead of targeting an oncogenic driver, this approach focuses on activating a tumor suppressor, and, as such, requires functional p53 to be present in targeted cells.




3. Preclinical Evaluation and Clinical Development of MDM2 Inhibitors


Small molecule inhibition blocking the MDM2–p53 interaction is the most clinically advanced therapeutic strategy for restoring p53 function. Crystallographic analyses of MDM2 bound to p53 have provided the framework for the identification of numerous structurally distinct small molecule disruptors of this interaction [47]. Consistent with the signaling described in the preceding section, MDM2 inhibitors cause pronounced accumulation of p53 and a robust upregulation of p53-mediated transcription in tumors with wild-type TP53, regardless of the MDM2 amplification status [48,49,50]. Conversely, TP53-mutant or TP53-null cells are resistant to MDM2 inhibitors as the accumulation of functional p53 is mechanistically linked to the anti-tumor effects [51,52]. Numerous MDM2 inhibitors are in clinical development for a variety of cancers including GBM (e.g., idasanutlin, navtemadlin, APG-115, BI-907828, CGM097, siremadlin, and milademetan), and current clinical experience suggests these drugs can effectively modulate p53 accumulation and transcriptional activity in human tumors with tolerable normal tissue toxicities [47,53,54]. Published results from Phase 1 studies with these agents demonstrate promising activity in acute myeloid leukemia (AML), polycythemia vera, and sarcoma with presumed on-target, dose-limiting gastrointestinal and hematologic toxicities [47,55]. Early phase, GBM-specific trials with navtemadlin, idasanutlin, and BI-907828 are currently ongoing. Below is a description of salient pre-clinical and clinical data across a spectrum of MDM2 inhibitors in clinical development for GBM.



3.1. Nutilins


Nutlins (nutlin-1, -2, and -3) were the first selective and potent molecules reported to interrupt the p53–MDM2 interaction [56,57,58]. The original proof-of-concept nutlin, nutlin-3a, displayed activity in p53 wild-type cells but not in p53 defective cells [56]. In additional preclinical investigations, nutlin-3a was active in leukemia and other cancer types with intact p53 function [57,59]. Nutlin-3a treatment of glioma cell lines and primary grown GBM cells demonstrated p53-dependent G1- and G2-M cell cycle arrest and apoptosis specifically in p53 wild-type cells [47,60]. Furthermore, nutlin-arrested glioma cells exhibited structural signs of senescence and a sustained p21 protein increase [60]. The fact that GBM cells with targeted siRNA suppression of TP53 or cells with mutant or functionally impaired p53 were fully unresponsive to nutlin-3a suggested that nutlin-3a-induced apoptosis and senescence are reliant on an intact p53 function [47,60].




3.2. RG7112 (RO5045337) and Idasanutlin (RG7388)


Similar to nutlin-3a, the nutilin derivative RG7112 (RO5045337) is a nongenotoxic inhibitor that blocks the p53–MDM2 interaction by binding to the p53 pocket on MDM2 [56,61]. RG7112 results in p53 accumulation and activation of p53 signaling in cancer cells that express wild-type p53, which has been shown to deplete MDM2-upregulated progenitor/stem cells and inhibit the growth of human tumor xenografts by causing cell cycle arrest and apoptosis [62,63]. Preliminary clinical data suggest efficacy in solid tumors [64] and hematologic malignancies [63,65]; however, this compound is not currently being pursued in clinical trials.



Idasanutlin (RG7388) shares the same cellular mechanism as RG7112, but it affords improved selectivity, potency, and bioavailability over the predecessor RG7112 [58,66]. Idasanutlin showed strong anti-cancer efficacy in preclinical studies in p53 wild-type xenograft tumor models. In vitro and in vivo, RG7388 induces cell cycle arrest and death at 10-fold lower doses than RG7112 [66]. One study demonstrated that exposure to idasanutlin in p53 wild-type GBM led to a dose-dependent reduction in clonogenicity and proliferation [67]. Results from preclinical studies demonstrate the potential for idasanutlin as a potential therapy for solid and hematologic malignancies, and the drug is now undergoing clinical testing [68,69]. Several clinical trials are ongoing, including a Phase 1/2a study in GBM patients without MGMT promoter methylation (NCT03158389). This trial is investigating a number of different targeted compounds in combination with RT based on molecular characterization and is expected to be completed in September 2024.




3.3. Navtemadlin (KRT-232/AMG-232)


Navtemadlin (KRT-232/AMG-232) provides further improvements in both biochemical and cellular efficacy in comparison to earlier nutlin MDM2 inhibitors [70]. In preclinical studies of several cancers, navtemadlin strongly increased p53 activity, arresting the cell cycle and reducing the growth of tested tumor models [71,72]. A strong association between navtemadlin effectiveness and intact p53 function was reported in patient-derived GBM cells. Navtemadlin was found to be 9.5 times more potent than RG7112 in p53 wild-type GBM cells. The same study also demonstrated that navtemadlin sensitivity was 35-fold higher in MDM2-amplified stem cells, indicating that the cellular context may influence navtemadlin effectiveness [72]. Through cell proliferation arrest and apoptosis induction, navtemadlin prevented the in vivo growth of numerous tumor xenografts and caused complete and durable regression of MDM2-amplified SJSA-1 sarcoma tumors [71]. The drug is currently being tested in multiple clinical trials, including one for patients with recurrent GBM and patients with newly diagnosed GBM harboring unmethylated MGMT promoters and wild-type p53 (NCT03107780).




3.4. SAR405838 and APG-115


SAR405838 and APG-115 are structurally similar, highly potent MDM2 inhibitors that were both designed and optimized at the University of Michigan. The former was demonstrated to trigger wild-type p53, resulting in p53-dependent cell cycle arrest and cell death in preclinical models of leukemia and solid tumors, such as osteosarcoma, prostate cancer, and colon cancer [73]. MDM2-amplified patient-derived models of GBM were highly sensitive to SAR405838 in comparison with MDM2 non-amplified lines in vitro and in subcutaneous flank models. Interestingly, SAR405838 was ineffective in GBM patient-derived xenografts grown in the brain of mice, which was attributed to the limited distribution across the blood–brain barrier (BBB) [74]. Two Phase 1 studies in patients with advanced solid tumors found an acceptable safety profile with SAR405838 [75,76]; however, the drug is no longer in clinical development. The same group that developed SAR405838 subsequently discovered APG-115, which possesses a better solubility profile than SAR405838 and had potent anti-cancer effects in preliminary studies of multiple tumor cell lines and xenograft models [77]. Specifically, APG-115 potently activated wild-type p53 and selectively inhibited the growth of p53 wild-type human cancer cell lines, with IC50 values in the low nanomolar range. In vivo, an excellent pharmacokinetic profile allowed APG-115 to effectively activate wild-type p53 in an osteosarcoma xenograft mouse model following a single oral dose, where it afforded complete tumor remission when administered at 100 mg/kg daily for 14 days. Similar effects were achieved in an acute lymphoblastic leukemia xenograft model in mice with both 100 mg/kg daily for 14 days and 200 mg/kg weekly for 3 weeks. Several Phase 1 and Phase 2 clinical trials are now recruiting patients for treatment with APG-115.




3.5. BI-907828


BI-907828 is a potent MDM2 inhibitor with a favorable solubility, bioavailability, and systemic clearance profile in a variety of animal models that has completed first-in-human Phase 1 testing [78,79]. It has a picomolar binding affinity for the p53–MDM2 interface and is highly potent in cell culture and xenografts for GBM and sarcoma [80,81]. In MDM2-amplified orthotopic xenograft mouse models of GBM, BI-907828 treatment significantly extended survival when used as monotherapy and when combined with TMZ [80]. In combination with a PD-1 checkpoint inhibitor, BI-907828 also demonstrated synergistic effects in vivo [82]. A low effective dose was anticipated in people based on preclinical model correlation studies and human pharmacokinetic prediction models [82]. Phase 1 evaluation of BI-907828 monotherapy in 89 heavily pre-treated patients (NCT03449381) demonstrated a maximally tolerated dose of 60 mg dosed orally once every 21 days, and confirmed that partial responses were observed in over a quarter of liposarcoma patients and in several other MDM2-amplified tumors. Based on these promising data, there are now several ongoing Phase 1, 2, and 3 clinical trials enrolling patients with a variety of solid tumors. An ongoing Phase 0/1 trial (NCT05376800) in patients with newly diagnosed GBM is measuring BI-907828 distribution and pharmacodynamic effects in different tumor regions.




3.6. CGM097


CGM097 is a potent and selective MDM2 inhibitor with an excellent in vivo profile currently in Phase 1 clinical development [83,84]. In multiple p53 wild-type cell lines, CGM097 demonstrated a pronounced inhibition of cell proliferation [84]. Interestingly, CGM097 was found to inhibit ABCB1-associated ATPase in an in vitro study [85], which suggests the potential of this drug to counteract multi-drug resistance in conjunction with chemotherapeutic drugs to improve anti-tumor responses. The synergistic and additive effects of CGM097 have been reported in combination with the BET inhibitor OTX015 and the antimetabolite 5-fluorouracil in neuroblastoma and neuroendocrine tumor cell lines, respectively [86,87]. CGM097 significantly prolonged survival in patient-derived xenograft rodent models of B-cell acute lymphoblastic leukemia and solid tumors with functional p53 [84,88]. The lymphoid organs, bone marrow, GI tract, and testes were identified as the target organs in toxicology experiments on monkeys [84]. A Phase 1 dose escalation clinical trial in adult patients with advanced solid tumors has been completed, but the results have not been reported.




3.7. Siremadlin (HDM201)


Characterization and chemical optimization of CGM097 facilitated the development of siremadlin (HDM201) as a clinical candidate to inhibit the p53–MDM2 interaction. Preclinical studies demonstrated siremadlin upregulates p53 activity both in vitro and in vivo [89,90]. Siremadlin was highly potent and selective for p53 wild-type cells when tested in a large panel of cancer cell lines [91]. In tumor-bearing rodents, siremadlin displayed excellent activity with oral dosing [91,92]. Clinical development of siremadlin was recently initiated based on a promising preclinical efficacy and a favorable biochemical/biophysical profile [93]. A Phase 1 study in patients with advanced hematological and solid tumors characterized by wild-type p53 reported manageable safety and preliminary activity with siremadlin administered either in a high dose intermittent or a low dose extended regimen [94,95]. Other Phase 1 and Phase 1/2 clinical trials for siremadlin are ongoing in addition to this study.




3.8. Milademetan (DS-3032b)


Milademetan (DS-3032b) is a potent, selective, and orally available inhibitor of the p53–MDM2 interaction that drives p53 signaling in multiple preclinical models and has advanced to clinical testing [96,97]. The drug has promising anti-tumor activity in cell lines and xenograft models of AML, non-Hodgkin’s B-cell lymphoma, neuroblastoma, and Merkel cell carcinoma [96,98,99]. Multiple clinical trials are investigating milademetan alone and in combination therapy regimens [47]. Early phase clinical studies in patients with AML, lymphoma, advanced liposarcoma, and other solid tumors have reported a favorable safety profile with notable single-agent activity in dedifferentiated liposarcoma (CCC) [100,101,102], which has prompted the initiation of a randomized Phase 3 trial (NCT04979442).




3.9. ALRN-6924 (Dual MDM2/MDMX Inhibitor)


An alternative strategy to the above-described method of selectively disrupting MDM2–p53 binding is dual inhibition of the p53–MDM2/MDMX interaction [103]. Dual MDM2/X inhibitors are considered a separate class of molecules; thus, they are not discussed in detail herein. The interested reader is kindly referred to an excellent review by Lemos et al. [104], which provides an in-depth overview of this concept.



ALRN-6924 is a first-in-class dual MDM2/MDMX inhibitor with excellent on-target activity in multiple in vitro and in vivo cancer models that has completed Phase 1 clinical testing [47,105]. The drug robustly activates p53-dependent transcription in preclinical models of p53 wild-type leukemia and solid tumors. In cell lines and primary AML patient cells, including leukemic stem-cell-enriched populations, dual MDM2/MDMX inhibition by ALRN-6924 resulted in dose-dependent cycle arrest and apoptosis [106]. Furthermore, it decreases the tumor burden and markedly improves survival in AML xenografts [106]. When used with paclitaxel and eribulin on hormone receptor positive (ER+) breast cancer cells, ALRN-6924 has synergistic effects in vitro and an enhanced efficacy in vivo [107]. A first-in-human Phase 1 clinical trial in patients with solid tumors or lymphomas reported excellent tolerability and some promising signs of anti-tumor activity [105]. In light of these encouraging results, additional Phase 1 studies are currently evaluating ALRN-6924 alone or in combination with cytotoxic chemotherapy, including one in children with solid tumors, leukemia, lymphoma, and brain tumors (NCT03654716).





4. Combination Therapy


The standard of care for newly diagnosed GBM includes surgical resection, combined RT and TMZ for six weeks, and adjuvant TMZ for six months [108,109]. Locally administered radiation kills tumor cells by inducing DNA double-strand breaks in dividing cells [108,110,111]. When the DNA in a cell is damaged, the cell may be unable to repair the damage or may fix it improperly, which can lead to cell death [112,113,114]. When cells experience DNA damage or other cellular stress, p53 levels increase, leading to various outcomes, including cell cycle arrest, DNA repair, or apoptosis [115]. When DNA damage reaches a critical point, p53 levels increase past a threshold that triggers the upregulation of pro-apoptotic genes, including Bax and PUMA, while concurrently downregulating the expression of anti-apoptotic genes, such as Bcl-2, ultimately leading to the initiation of apoptosis [116]. Chemotherapy is a commonly used cancer treatment strategy, primarily because cancer cells usually demonstrate accelerated rates of cell division and replication, making their DNA more susceptible to damage than that of normal cells [117,118,119,120]. Genotoxic chemotherapy drugs can cause different types of DNA damage, such as double-strand breaks. Such damage can disrupt the cellular ability to undergo division and eventually result in cell death [117,119,120,121]. MDM2 antagonists disrupt the p53/MDM2 interaction, resulting in accumulation of p53 [122,123,124,125,126,127]. Therefore, by combining an MDM2 inhibitor with chemotherapy or RT, higher levels of p53 can be achieved, leading to the activation of genes that lead to apoptosis (Figure 2) [115,128,129,130].



4.1. Radiation Therapy


Combined RT and MDM2 inhibition provides synergistic effects in cancer treatment [131,132,133]. In normal cells, p53 levels increase in response to DNA damage and repair mechanisms are initiated, or apoptosis is induced if the damage is too severe [134]. RT causes DNA damage in cancer cells, which in turn activates the p53 pathway, ultimately leading to apoptosis. In the same way, inhibiting MDM2 increases p53 levels in the cell, which can sensitize cells to RT and enhance the effectiveness of RT [47]. The synergistic effect between RT and MDM2 inhibitors can be attributed to two different triggers that drive p53 activation [135,136]. By increasing p53 levels, both treatments together cross the threshold for apoptosis rather than DNA damage repair, leading to a more efficient elimination of cancer cells.



In preclinical models of GBM, MDM2 inhibitors can reduce tumor growth, prolong survival, and enhance the cytotoxicity of RT when used in combination. One study showed that the combination of nutlin-3 and ionizing radiation resulted in apoptosis and increased the sensitivity to radiation in p53 wild-type GBM cell lines [137]. Another study investigated the impact of RG7388 and RT on p53 wild-type GBM cell lines and glioma-initiating cells [67]. The results suggest that combining RG7388 and RT could serve as a first-line treatment for tumors that are resistant to standard chemotherapy with alkylating agents. KRT-232 in combination with RT was also shown to be an effective treatment in patient-derived xenograft models of GBM, both in vitro and in vivo [138].




4.2. Chemotherapy


As mentioned before, compounds that increase MDM2 levels or inhibit the MDM2/p53 interactions can affect DNA break repair and cause genome instability [139]. When combined with DNA-damaging agents, these compounds can induce higher levels of cancer cell apoptosis. Genotoxic chemotherapy drugs, such as cisplatin, doxorubicin, and etoposide, work by causing DNA damage in cancer cells, which activates the p53 pathway, ultimately leading to cell cycle arrest or apoptosis [140]. MDM2 inhibitors can sensitize cancer cells to genotoxic chemotherapy by inhibiting the activity of MDM2 and increasing the levels of p53 [117,119,141,142]. This can lead to enhanced activation of the p53 pathway in response to sustained damage without repair, leading to apoptosis [56].



Several studies have investigated MDM2 inhibitors in combination with chemotherapy to treat GBM. Combined nutlin-3a and doxorubicin treatment results in the robust activation of the p53 pathway, leading to an increase in p53 activity and, consequently, cell death of GBM cells [143]. In this study, researchers examined the synergy between nutlin-3 and doxorubicin by encapsulating them in PEG-PE-based micellar nanocarriers [143]. The effectiveness of these nanocarriers was tested against U87MG cells in both 2D and 3D models, which showed increased levels of p53 in cells, induced apoptosis, and a strong synergistic cytotoxic effect. To determine if MDM2 contributes to drug resistance in glioma, one study inhibited the expression of MDM2 genetically using siRNA or chemically using the MDM2 inhibitor RG7112 in U87 and DK-MG cells [144]. The results showed that inhibiting MDM2 increased the sensitivity of glioma cells to TMZ, as evidenced by a reduction in the number of viable cells in MDM2-deficient glioma cells. Additionally, treatment with RG7112 significantly decreased the viability of glioma cells [144]. One study sought to circumvent limitations imposed by the BBB by developing a polymeric micelle that carries a MDM2/MDMX antagonist [145]. In vitro studies showed efficient inhibition of proliferation of glioma cells by activating the p53 signaling pathway. In vivo studies demonstrated the micelles inhibited tumor growth in human GBM xenograft models in mice. Most importantly, when combined with TMZ, the drug substantially increased anti-tumor efficacy against GBM in experimental animals. Another study revealed that ISA27, an experimental small molecule inhibitor of MDM2, effectively activated the p53 function and inhibited the growth of human GBM cells in vitro by inducing cell cycle arrest and apoptosis [146]. When administered in an immunoincompetent BALB/c nude mouse model with a human GBM xenograft, ISA27 activated p53 and inhibited cell proliferation, resulting in apoptosis in tumor tissue. Furthermore, when combined with TMZ, ISA27 resulted in a synergistic inhibitory effect on GBM cell viability in vitro. When used together, TMZ/nutlin3a have also shown a synergistic effect in reducing the growth of wild-type p53 GBM cells. This effect was linked to activation of the p53 pathway, downregulation of DNA repair proteins, persistence of DNA damage, and decreased invasion [147].




4.3. Potential Side Effects and Toxicity Profile


While the promising results of several preclinical studies provide a rationale for further investigating the combination of clinically established treatment options such as genotoxic chemotherapy with MDM2 inhibitors in GBM patients, there are also limitations to such combinatorial approaches. Clinical trials have reported hematological toxicities with MDM2 inhibitor monotherapy, requiring careful management and patient monitoring, particularly when used in combination with drugs that have overlapping toxicity profiles [125]. Thrombocytopenia, a side effect shared by MDM2 inhibitors and clinically approved drugs for GBM (TMZ, lomustine (CCNU)), poses a challenge for the integration of these agents with MDM2 inhibitor-based regimens [148]. Other shared toxicities include metabolic abnormalities, fatigue, and cardiovascular effects, which can become more prominent when multiple drugs are used in combination. The potential for drug–drug interactions must, consequently, be considered when combining MDM2 inhibitors with other agents [59]. In this context, precision medicine strategies focused on matching the molecular features of individual patient tumors with the most effective combinatorial regimen (with non-overlapping CNS-related and systemic toxicity profiles) will be instrumental both for maximizing tumor control and limiting toxicities for individual patients.




4.4. Targeted Therapy


Targeted therapies that inhibit specific oncogenic mutations or signaling pathways, such as EGFR or MEK inhibitors, are being explored in combination with MDM2 inhibitors for GBM treatment [76,149,150]. One study showed that FC85 (an AKT/mTOR inhibitor) in combination with MDM2 inhibition therapy produced a synergistic effect on inhibiting cell viability and reactivating the p53 pathway [151]. Additionally, this drug combination was able to block in vitro tumor cell proliferation and promote apoptosis. Another study in a p53 wild-type GBM orthotopic mouse model showed that treatment with RG7388 in combination with trametinib restored sensitivity to RG7388 and reduced tumor growth in vivo [67]. Furthermore, combining trametinib with MDM2 inhibitors increased the effects of both treatments by attacking multiple pathways, making it a promising dual-target approach while minimizing potential side effects [67].





5. Clinical Trials


Extensive preclinical research has been conducted with MDM2 inhibitors and has demonstrated varying efficacy rates in vitro and in vivo in multiple experimental tumor models. Clinical studies have been set up to evaluate them as a monotherapy or in combination with conventional chemotherapy or innovative therapeutic protocols in different types of solid (e.g., breast, colon, pancreas, sarcomas, and lymphomas) and non-solid (e.g., leukemia) tumors. Preliminary findings have been published, providing data on these therapeutic techniques’ effectiveness, safety, and acceptability and the potential adverse effects they may cause. Currently, 28 clinical trials are evaluating the possible therapeutic use of MDM2 inhibitors in cancer. Of these, only a few have proceeded to Phase 3 trials, indicating the early stages of development for such therapy. Four of these trials include brain tumor patients (Table 1), but only two active studies are specifically focusing on MDM2 inhibitors for GBM.



5.1. NCT01723020


Kartos Therapeutics, Inc. is conducting a Phase 1 study with the goal of evaluating the potential of AMG 232 as a treatment option for patients with TP53 wild-type advanced solid tumors or multiple myeloma (MM). The study assessed the safety, pharmacokinetics (PK), pharmacodynamics, and efficacy. To date, it has enrolled 107 participants, including 10 GBM patients. The study found that AMG 232 was safe up to 240 mg, with thrombocytopenia and neutropenia reported as dose-limiting toxicities. AMG 232 showed acceptable safety and dose-proportional pharmacokinetics and stable disease was observed in a subset of patients.




5.2. NCT03107780


The National Cancer Institute (NCI) is sponsoring a Phase 1 dose-escalation clinical trial to investigate the safety and tolerability of navtemadlin (KRT232/AMG232) as a monotherapy in recurrent GBM and in combination with RT for newly diagnosed GBM patients with an unmethylated MGMT promoter. This study includes a surgical window of opportunity study to determine the concentration of navtemadlin achievable in GBM tissues. The surgical sampling portion of the trial has completed accrual, and the dose escalation portion of the trial is currently suspended for a planned interim analysis.




5.3. NCT03158389


The University Hospital Heidelberg is sponsoring a Phase 1/2a clinical trial in patients with newly diagnosed GBM lacking MGMT promoter methylation. This clinical trial is being conducted to investigate the effectiveness of targeted therapies matched to the molecular characteristics of patients in combination with RT. The study has an estimated enrollment of 350 participants. Patients will be treated with a combination of RT and idasanutlin (RG7388). In other arms, RT is combined with other targeted drugs (APG101, alectinib, atezolizumab, vismodegib, temsirolimus, or palbociclib). The trial aims to increase the overall survival of GBM patients with an unmethylated MGMT promoter through molecular analysis and tailored drug use in a contemporary study design.




5.4. NCT03654716


The Dana–Farber Cancer Institute is sponsoring a clinical study to investigate the MDM2 inhibitor ALRN-6924 as a monotherapy for different types of cancer, including leukemia, brain tumors, solid tumors, and lymphoma. The trial is also investigating using ALRN-6924 combined with cytarabine to treat leukemia patients. The study is currently enrolling patients with a target accrual of 69.




5.5. NCT05376800


Boehringer Ingelheim is sponsoring a Phase 0/1a clinical trial open at Mayo Clinic. Patients with a clinical diagnosis of newly diagnosed GBM are eligible to participate in the surgical window of opportunity portion of the study to define achievable concentrations of BI-907828 in different tumor regions. Patients with confirmed GBM and TP53 wild-type status after resection then may enroll in the Phase 1a portion of the study evaluating the tolerability of BI-907828 combined with concurrent RT. The trial is actively recruiting with an overall accrual goal of 35 patients.




5.6. Phase 3 Trials in Other Cancers


As mentioned above, a limited number of Phase 3 clinical trials with MDM2 inhibitors have been performed for cancers outside the CNS. A randomized, multicenter, open-label, Phase 3 trial evaluating the safety and efficacy of milademetan (DS-3032b) versus the anti-tumor chemotherapy trabectedin is ongoing (NCT04979442). Patients with advanced unresectable and/or metastatic dedifferentiated liposarcoma who have progressed on at least one prior systemic therapy, including at least one anthracycline-based therapy, are eligible to participate in this trial. Brightline-1 (NCT05218499) is an ongoing randomized, multicenter, open-label, Phase 2/3 trial of BI-907828 evaluating BI-907828 in comparison to doxorubicin as a first-line treatment for dedifferentiated liposarcoma [157]. This study is actively recruiting with an overall accrual goal of 390 patients. The so-called MIRROS study (NCT02545283) is another Phase 3 trial, which evaluated the safety and efficacy of idasanutlin in combination with cytarabine in patients with relapsed or refractory AML [158]. A total of 436 patients were enrolled at the time of primary analysis, including 355 in the TP53 wild-type intention-to-treat population. Despite an improved overall response rate, adding idasanutlin to cytarabine neither improved the overall survival nor the complete remission rates in the tested patient population [159]. A Phase 2/3 trial of navtemadlin as maintenance treatment for patients with advanced or recurrent p53 wild-type endometrial cancer who have achieved complete or partial response on chemotherapy is estimated to begin enrolling patients in July of 2023 (NCT05797831).





6. Conclusions


Several MDM2 inhibitors have been developed and are currently being explored for their possible use in cancer treatment. Among the most extensively studied MDM2 inhibitors are nutlins, idasanutlin, navtemadlin, APG-115, BI-907828, CGM097, siremadlin, and milademetan. Studies conducted in cell cultures and animals have shown encouraging results, suggesting that MDM2 inhibitors could be effective in treating a subset of GBM patients. Some of these inhibitors have progressed to clinical testing, but their efficacy has yet to be confirmed. Further research is needed to determine the efficacy of MDM2 inhibitors in treating GBM and to identify the patient population that would benefit the most from this therapeutic approach. As the Phase 1 and 2 clinical trial evaluations mature, results from the follow-on definitive Phase 3 randomized studies will be eagerly awaited to understand the potential clinical benefit from this class of small molecule inhibitors.
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Figure 1. Summary of the p53–MDM2 regulatory loop and its intracellular implications. (1) MDM2 prevents p53 from regulating the transcription of MDM2 and other downstream target genes by binding to p53 directly. (2) Through interaction with various cytoplasmic proteins, MDM2 promotes SUMOylation and nuclear export of p53. (3) Most notably, MDM2 is an E3 ubiquitin ligase that targets p53 via ubiquitination for proteasomal degradation and thereby suppresses p53 transcriptional activity. All of these mechanisms work together to reduce p53 activity in the absence of cellular stress. Created with BioRender.com (accessed on 15 February 2023). 
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Figure 2. Potential synergistic interactions between different therapeutic modalities and MDM2 inhibitors. Chemotherapy and radiation therapy (RT) remain the most promising and thoroughly researched combination partners for MDM2 inhibition. MDM2 and p53 activities are closely associated with the efficacy of chemotherapeutic drugs that work by damaging DNA, and inhibition of MDM2 renders tumor cells more susceptible to these types of pharmacotherapies. MDM2 inhibitors increase the effectiveness of RT by radiosensitizing tumor cells. Additionally, potential synergistic pathway inhibition with small-molecule-targeted therapies and other treatment modalities, such as immunotherapy, is conceivable and the subject of ongoing research (colored arrowheads signify examples of targeted molecules). Created with BioRender.com (accessed on 15 February 2023). 






Figure 2. Potential synergistic interactions between different therapeutic modalities and MDM2 inhibitors. Chemotherapy and radiation therapy (RT) remain the most promising and thoroughly researched combination partners for MDM2 inhibition. MDM2 and p53 activities are closely associated with the efficacy of chemotherapeutic drugs that work by damaging DNA, and inhibition of MDM2 renders tumor cells more susceptible to these types of pharmacotherapies. MDM2 inhibitors increase the effectiveness of RT by radiosensitizing tumor cells. Additionally, potential synergistic pathway inhibition with small-molecule-targeted therapies and other treatment modalities, such as immunotherapy, is conceivable and the subject of ongoing research (colored arrowheads signify examples of targeted molecules). Created with BioRender.com (accessed on 15 February 2023).
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Table 1. Clinical trials involving MDM2 inhibitors in glioblastoma *.






Table 1. Clinical trials involving MDM2 inhibitors in glioblastoma *.





	NCT Number
	Title
	MDM2 Inhibitor
	Status
	Condition
	Ref.





	NCT01723020
	A Phase 1 Study Evaluating AMG 232 in Advanced Solid Tumors or Multiple Myeloma
	AMG 232
	Completed
	Advanced Solid Tumors

Glioblastoma

Multiple Myeloma
	[152]



	NCT03107780
	Testing the Ability of AMG 232 (KRT 232) to Infiltrate the Tumor in Patients With Brain Cancer
	Navtemadlin (KRT-232/AMG-232)
	Suspended
	Glioblastoma

Gliosarcoma

MGMT-Unmethylated Glioblastoma

Recurrent Glioblastoma
	[153]



	NCT03158389
	NCT Neuro Master Match—N2M2 (NOA-20) (N2M2)
	Idasanutlin (RG7388)
	Recruiting
	Glioblastoma, Adult
	[154]



	NCT03654716
	Phase 1 Study of the Dual MDM2/MDMX Inhibitor ALRN-6924 in Pediatric Cancer
	ALRN-6924
	Recruiting
	Leukemia

Brain Tumor

Solid Tumor

Lymphoma
	[155]



	NCT05376800
	A Study to Determine How BI 907828 is Taken up in the Tumor and to Determine the Highest Dose of BI 907828 That Could be Tolerated in Combination With Radiation Therapy in People With a Brain Tumor Called Glioblastoma
	BI 907828
	Recruiting
	Glioblastoma
	[156]







* All data concerning clinical trials were obtained from ClinicalTrials.gov using “glioblastoma”, “GBM”, “MDM2”, and “MDM2 inhibitor” search terms for Condition or disease and Intervention/Treatment, respectively (accessed on 1 March 2023).
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