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Non-Standard Abbreviations 

3qw, Three times per week; ABCG2, ATP-binding cassette sub-family G member 2; AEs, 

Adverse events; ALL, Acute lymphoblastic leukemia; AML, Acute myeloid leukemia; AR, 

Androgen receptor; ATF3, activating transcription factor 3; ATF4, activating transcription factor 

4; Bad, BCL2-associated agonist of cell death; Bax, BCL2-associated X; Bcl-2, B-cell 

lymphoma 2; Bcl-xL, B-cell lymphoma-extra large; BET, Bromodomain and extra-terminal 

motif; Bid, BH3 interacting domain death agonist; B-raf, V-raf murine sarcoma viral oncogene 

homolog B1; c-Cbl, Casitas B lymphoma; CCND1, Cyclin D1; CD133, prominin-1; CDK, 

Cyclin-dependent kinases; CLL, Chronic lymphocytic leukemia; Cmax, Maximum observed 

concentration; CML, Chronic myeloid leukemia; CR, Complete remission; CRc, Composite 

complete remission; CRC, Colorectal cancer; D1D8Q4W, Days 1 and 8 of a 28-day cycle; DCR, 

Disease control rate; DDLPS, Dedifferentiated liposarcoma; DHRS2, Dehydrogenase/reductase 

member 2; DLBCL, Diffuse large B cell lymphoma; DLTs, Dose limiting toxicities; DNMTs, 

DNA methyltransferases; E2F1, E2F transcription factor 1; EGFR, Epidermal growth factor 

receptor; Emax, Maximum effect; EMT, Epithelial-mesenchymal transition; EZH2, Enhancer of 

zeste homolog 2; ER, Estrogen receptor; FDA, Food and drug administration; FGFR, Fibroblast 

growth factor receptor; FLT3, Fms-like tyrosine kinase 3; FMRP, Fragile X mental retardation 

protein; FOXO4, Forkhead box O4; FXS, IGFFragile X syndrome; GBM, Glioblastoma; 

GPRC5A, G Protein-coupled receptor class C group 5 member A; GSPT1, G1 to S phase 

transition 1; HDAC3, Histone deacetylase 3; HLA, Human leukocyte antigen; HOX, Homeobox; 

HOXA13, Homeobox A13; HPD, Hyperprogressive disease; HSCs, Hematopoietic stem cells; 

HTS, High-throughput screening; ICIs, Immune checkpoint inhibitors; IDH, Isocitrate 

dehydrogenase; IFN-γ, interferon‐gamma; IGF-1R, insulin-like growth factor 1 receptor; IL-15, 
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interleukin-15; ING3, Inhibitor of growth family member 3; INSM1, Insulinoma-associated 1; 

IPSCs, Induced pluripotent stem cells; JAKi, Janus kinase inhibitor; KRAS, Kirsten rat sarcoma 

virus; LPS, Liposarcoma; MAPK,  Mitogen-activated protein kinase; MCC, Merkel cell 

carcinoma; MDM2, Mouse double minute 2; MDMX, Murine double minute X; MDS, 

Myelodysplastic syndrome; MEFs, murine embryonic fibroblasts; MEK, Mitogen-activated 

protein kinase kinase; MGMT, O-6-methylguanine-DNA methyltransferase; MHC-II, Major 

histocompatibility complex class II molecules; MIC-1, Macrophage inhibitory cytokine 1; 

MSCs, mesenchymal stem cells; MTF2, Metal response element binding transcription factor 2; 

MTD, Maximum tolerated dose; MT-ND6, NADH-dehydrogenase 6; mTOR, Mammalian target 

of rapamycin; NB, Neuroblastoma; Nbs1; Nijmegen breakage syndrome protein 1; NDUFS1, 

NADH:ubiquinone oxidoreductase 75 kDa Fe-S protein 1; NFATc2, Nuclear factor of activated 

T cells, cytoplasmic 2; NF-κB, Nuclear factor kappa B; NMR, nuclear magnetic resonance; 

NSCLC, Non-small cell lung cancer; OS, Overall survival; p53WT, Wild-type p53; PARP, poly-

ADP ribose polymerase; P-gp, P-glycoprotein; Ph
+ 

CML, Philadelphia chromosome-positive 

chronic myeloid leukemia; PD, Pharmacodynamics; PD-1, Programmed cell death 1; PD-L1, 

Programmed death-ligand 1; PDX, Patient-derived xenograft; PFS, Progression-free survival; PK, 

Pharmacokinetics; PKM2, pyruvate kinase M2; PI3K, Phosphatidylinositol-3-kinase; PMF, 

Primary myelofibrosis; Post-ET-MF, Post-essential thrombocythemia myelofibrosis; Post-PV-

MF, Post-polycythemia vera myelofibrosis; PPIX, Protoporphyrin IX; PR, Partial response; 

PRC2, Polycomb repressor complex 2; PROTAC, Proteolysis targeting chimera; PV, 

Polycythemia vera; Q3W, Once every 3 weeks; QD, Once daily; QOD, Every other day; R/R, 

Relapsed or refractory; RDE, Recommended dose for expansion; RNF2, RING finger protein 2; 

ROS, Reactive oxygen species; RP2D, Recommended phase 2 dose; SCF, Skp1-cullin-F box; 
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SD, Stable disease; STAT5, Signal transducer and activator of transcription 5; SVR, Spleen 

volume reduction; SUZ12, Suppressor of zeste 12 homolog; TAA, Tumor-associated antigen; 

TKIs, Tyrosine kinase inhibitors; TNF-α, Tumor necrosis factor alpha; TSS, Total symptom 

score; VEGF, Vascular endothelial growth factor; WD/DD, Well-differentiated/dedifferentiated; 

WDLPS, Well-differentiated liposarcoma; WT, Wild-type.  
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Abstract  

 Since its discovery over 35 years ago, MDM2 has emerged as an attractive target for the 

development of cancer therapy. MDM2's activities extend from carcinogenesis to immunity, to 

the response to various cancer therapies. Since the report of the first MDM2 inhibitor more than 

30 years ago, various approaches to inhibit MDM2 have been attempted, with hundreds of small 

molecule inhibitors evaluated in preclinical studies and numerous molecules tested in clinical 

trials. Although many MDM2 inhibitors and degraders have been evaluated in clinical trials, there 

is currently no FDA-approved MDM2 inhibitor on the market. Nevertheless, there are several 

current clinical trials of promising agents that may overcome the past failures, including agents 

granted FDA orphan drug or fast-track status. We herein summarize the research efforts to 

discover and develop MDM2 inhibitors, focusing on those that induce MDM2 degradation and 

exert anticancer activity, regardless of the p53 status of the cancer. We also describe how 

preclinical and clinical investigations have moved towards combining MDM2 inhibitors with 

other agents, including immune checkpoint inhibitors. Finally, we discuss the current challenges 

and future directions to accelerate the clinical application of MDM2 inhibitors. In conclusion, 

targeting MDM2 remains a promising treatment approach, and targeting MDM2 for protein 

degradation represents a novel strategy to downregulate MDM2 without the side effects of the 

existing agents blocking p53-MDM2 binding. Additional preclinical and clinical investigations 

are needed to finally realize the full potential of MDM2 inhibition in treating cancer and other 

chronic diseases where MDM2 has been implicated.   

Keywords: MDM2, p53, cancer therapy, drug resistance, drug discovery, pharmacokinetics, 

pharmacodynamics. 
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Significance Statement 

 

Overexpression/amplification of the MDM2 oncogene has been detected in various human 

cancers and is associated with disease progression, treatment resistance, and poor patient 

outcomes. Herein, we review the previous, current and emerging MDM2-targeted therapies and 

summarize the preclinical and clinical studies combining MDM2 inhibitors with chemotherapy 

and immunotherapy regimens. The findings of these contemporary studies may lead to safer and 

more effective treatments for patients with cancers overexpressing MDM2. 
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1. Introduction 

The mouse double minute 2 (MDM2) oncogene was first identified by researchers 

investigating the DNA sequences that were associated with double minutes (Cahilly-Snyder et al., 

1987) (Figure 1). It was quickly noted that MDM2 plays critical roles in carcinogenesis via its 

down-regulation of the p53 tumor suppressor via its E3 ligase activity (Fakharzadeh et al., 1991; 

Honda et al., 1997; Levine, 2020; Momand et al., 1992; Oliner et al., 1992). It was  demonstrated 

that dysregulated MDM2 functions as an oncogenic protein that regulates proliferation and 

apoptosis by altering p53-mediated death and survival signaling (Freedman et al., 1999). Beyond 

these effects on proliferation and apoptosis, MDM2 functionally regulates metastasis and the 

epithelial-mesenchymal transition (EMT) (Tang et al., 2019; Tonsing-Carter et al., 2015), and is 

associated with genomic instability, a hallmark of carcinogenesis. MDM2 is now known to exert 

a wide variety of effects, many via p53-independent mechanisms (Li et al., 2020b). The 

relationships among cancer stem cells, p53, and MDM2 have been illustrated by numerous studies 

(Gadepalli et al., 2014; Vummidi Giridhar et al., 2019; Wienken et al., 2016). MDM2 is also a 

key contributor to the resistance of cancer cells to tyrosine kinase inhibitors (TKIs), conventional 

chemotherapy, and radiotherapy (Hou et al., 2019). Recently, MDM2 was reported to be 

associated with the development of hyperprogressive disease (HPD) after immunotherapy, as has 

been observed for immune checkpoint inhibitor (ICI)-based therapies (Fuentes-Antras et al., 

2018). This has been further supported by the observation that pharmacological inhibition of 

MDM2 enhanced the response of cancer cells to ICIs (Fang et al., 2019). Studies have also 

suggested that MDM2 contributes to other human diseases, such as chronic inflammation, 

neurological conditions, and autoimmune disorders, via alterations in inflammation or cell 

signaling (Wang et al., 2020). 
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Clinical studies have also provided evidence that there is overexpression and amplification 

of MDM2 in different cancer types, and overexpression of MDM2 is associated with a poor 

prognosis for all of these cancers (Momand et al., 1998; Onel and Cordon-Cardo, 2004; Ware et 

al., 2014). Additionally, the expanding network of MDM2 pathways reveals that MDM2 has 

pivotal functions under both physiological and pathological conditions (Fahraeus and Olivares-

Illana, 2014). Together, these observations suggest that targeting MDM2 represents a potentially 

effective approach for preventing or treating various pathological conditions, but with particular 

utility for cancer. 

 A few years after MDM2 was discovered, we and others proposed targeting MDM2 as a 

new approach to cancer therapy. We initially developed an antisense approach to targeting 

MDM2, one of the first attempts to explore the potential anti-tumor efficacy of MDM2 inhibitors 

(Wang et al., 1999). That work demonstrated that inhibiting MDM2 not only led to anticancer 

activity in vitro and in vivo, but also sensitized cancer cells to DNA damaging agents. During the 

next 20-plus years, various strategies were validated to target MDM2. Most of these were 

intended to block the interaction between MDM2 and p53 to reactivate p53 in tumors harboring 

wild-type p53 (p53WT) (Chen et al., 1993; Kussie et al., 1996; Rusiecki et al., 2019; Shi et al., 

2021). However, following the discovery that MDM2 has p53-independent functions (Bohlman 

and Manfredi, 2014; Klein et al., 2021), small molecule inhibitors, protein 

destabilizers/degradation enhancers, and proteolysis targeting chimeras (PROTAC)s have been 

explored to directly target MDM2, with promising data obtained for several different molecules 

(Fang et al., 2020b; Zhu et al., 2022). Unfortunately, Phase I trials with most of the small 

molecule MDM2 inhibitors have demonstrated limited effectiveness and notable 

thrombocytopenia as a dose-limiting toxicity associated with persistent MDM2 inhibition (Table 
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1). Nevertheless, several small molecule MDM2 inhibitors are currently undergoing Phase II/III 

clinical trials for the treatment of p53WT tumors, which are outlined in Table 2 (Konopleva et al., 

2020; Shi et al., 2021).  

 Despite MDM2 being the subject of intensive study for several decades, and being 

considered a highly promising target, there are no Food and Drug Administration (FDA)-

approved products that have reached the market. The primary obstacle lies in the MDM2-p53 

interaction, which is essential for normal cell regulation (Momand et al., 1992). Crafting drugs 

that achieve the desired anti-cancer effects without causing other unwanted effects is a complex 

task. Additionally, safety and toxicity issues, particularly those associated with p53 activation, 

present significant difficulties in achieving a balance between the therapeutic benefits and 

potential side effects. The diverse nature of cancers further complicates this scenario.  

 The effectiveness of MDM2 inhibitors varies considerably depending on the specific type, 

stage, and genetic makeup of the cancer (Haronikova et al., 2021; Konopleva et al., 2020). This 

diversity demands a highly tailored approach during both drug development and clinical testing, 

significantly complicating the path to market approval. These multifaceted challenges underline 

the complexity involved in the development and approval of MDM2 inhibitors, highlighting the 

need for continued research and innovation in this promising field of cancer therapy. Notably, the 

FDA recently granted orphan drug designation to KT-253, a novel MDM2 degrader, for the 

treatment of acute myeloid leukemia (AML). If this agent is successful in its clinical trials, it will 

likely be fast-tracked for acceptance. Nevertheless, numerous MDM2 inhibitors have been 

investigated in clinical trials without success, suggesting that further refinement and evaluation 

are needed to optimize the translation of these agents to routine clinical application. 
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 The investigation of MDM2 and its interactions with p53 and other critical partners 

represents one of the hottest topics in the cancer research community. Several critical and 

comprehensive reviews have been published recently, and interested readers are directed to those 

excellent publications (Beloglazkina et al., 2020; Dobbelstein and Levine, 2020; Fang et al., 

2020b; Klein et al., 2021; Konopleva et al., 2020; Levine, 2020; Liu et al., 2019; Wang et al., 

2020). The present review will focus on recent advances in developing MDM2 inhibitors, 

including preclinical and clinical research on various inhibitory strategies. We will also discuss 

the challenges associated with targeting MDM2 and suggest future research directions and 

opportunities, including the design of molecules to inhibit specific MDM2 functions, using dual-

target inhibitors, developing combination treatment strategies with other agents, and the 

identification of biomarkers that may be used to guide the application of MDM2 inhibitors. In 

addition, we will also discuss strategies that can improve the application of MDM2 inhibitors 

either as single agents or in combination with other targeted therapies.  

 

2. The Rationale for Targeting MDM2 for Molecular Targeted Therapy 

2.1. The Oncogenic Roles of MDM2  

 MDM2 was initially discovered as a negative regulator of p53 (Bieging et al., 2014). 

Both molecules are short-lived proteins, so the balance between MDM2 and p53 maintains the 

normal functions of cells under different conditions, allowing cells to rapidly respond to stresses 

and repair DNA damage to prevent genomic instability (Nag et al., 2013). Overactive MDM2 

negatively regulates p53’s stability and/or transcriptional activity (Haupt et al., 1997), 

contributing to genome instability and carcinogenesis. Amplification or overexpression of 

MDM2 and/or loss of p53 function has been detected in many cancer types, including lung, 
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breast, liver, esophagogastric, and colorectal cancer (CRC), as well as sarcomas, melanoma, 

leukemia, lymphoma, and glioblastoma (GBM) (Wade et al., 2013). In transgenic mouse models, 

upregulation of MDM2 is associated with spontaneous lung tumors in G protein-coupled 

receptor class c group 5 member A (GPRC5A) knockout mice, which suggests that MDM2 plays 

a role during tumor development (Song et al., 2019). Transgenic mice with overexpression of 

MDM2 are predisposed to spontaneous tumor development, which occurs in a p53-independent 

manner (Jones et al., 1998).  

Transgenic mice with tissue-specific MDM2 overexpression also show polyploidy of 

mammary epithelial cells, indicating that MDM2 is involved in genomic instability (Lundgren et 

al., 1997). A similar phenomenon was observed in B cells (Wang et al., 2008). The correlation 

between MDM2 and genomic instability can be explained by another report, in which MDM2 

was found to promote genomic instability by interacting with Nijmegen breakage syndrome 

protein 1 (Nbs1), a subunit of the MRN complex (Mre11-Rad50-Nbs1), to delay DNA repair 

(Alt et al., 2005). It should be noted that this occurs independently of MDM2’s effects on p53.  

Interestingly, MDM2 knockout in mice bearing p53
515C/515C

, which prevents p53-

mediated apoptosis but maintains its ability to arrest the cell cycle, led to dysfunctional 

hematopoietic stem cells (HSCs) and progenitor cells in postnatal bone marrow (Abbas et al., 

2010), indicating that MDM2 affects the stemness properties of these cells. Furthermore, 

Wienken et al. compared p53
-/-

 murine embryonic fibroblasts (MEFs) with p53
-/-

 MDM2
-/- 

double 

knockout MEFs and demonstrated that the absence of MDM2 strongly reduced the efficiency of 

induced pluripotent stem cells (iPSCs) generation (Wienken et al., 2016). In the same report, 

Wienken et al. showed that MDM2 promoted stemness independent of p53, and the lack of 

MDM2 increased the expression of homeobox (HOX) genes, which govern cell type 
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differentiation and specification. They also demonstrated that MDM2 physically associates with 

Enhancer of zeste homolog 2 (EZH2) and Suppressor of zeste 12 homolog (SUZ12), the subunits 

of the chromatin-modifying factor, Polycomb repressor complex 2 (PRC2) (Wienken et al., 

2016). Wen et al. reported that MDM2 and p53 form a ternary complex with RING finger 

protein 2 (RNF2), a member of the Polycomb repressor complex 1 (PRC1), which results in 

increased MDM2 stability and promotes p53 MDM2-mediated ubiquitination (Wen et al., 2014). 

This MDM2 binding to the PRCs mediates transcriptional repression by enhancing histone H2A 

ubiquitination at K119, as well as histone H3 trimethylation at K27 in stem cells and tumor cells 

(Minsky and Oren, 2004; Wienken et al., 2016; Wienken et al., 2017). Furthermore, Wienken et 

al. also reported that depletion of MDM2 increased the osteoblastic differentiation of human 

mesenchymal stem cells (MSCs) and diminished the clonogenic survival of HCT116 p53
-/-

 

(colon carcinoma) cells, MCF7 (breast carcinoma) cells, p53-depleted SJSA (osteosarcoma) cells, 

and p53-mutant Panc-1 (pancreatic carcinoma) cells (Wienken et al., 2016). Taken together, 

these studies indicate that high expression of MDM2 in cancer cells not only antagonizes the 

inhibitory effects of p53 on cell growth, but also maintains a stem cell phenotype, independent of 

the effects of p53. This helps explain why cancer cells appear to require MDM2 even when p53 

is absent or mutant. This is further supported by the identification of cancers that simultaneously 

show amplifications of the MDM2 gene and mutations of p53 (Jain and Barton, 2016).  

MDM2 also plays a critical role in regulating the stability and ubiquitination of various 

proteins. Ubiquitination affects the stability and functions of proteins, influencing critical 

processes such as the growth, survival, and chemoresistance of cancer cells. MDM2 was first 

recognized for its roles in facilitating the ubiquitylation and subsequent proteasomal degradation 

of p53 (Haupt et al., 1997; Honda et al., 1997; Kubbutat et al., 1997), but it has since been 
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demonstrated that MDM2 interacts with and modifies a wide variety of other targets. A study by 

Choi et al. demonstrated that MDM2 directly interacts with histone deacetylase 3 (HDAC3), 

significantly enhancing its monoubiquitination and stability. This direct interaction is essential 

for cell migration (Choi et al., 2019). Another study identified MDM2 as a novel E3 ligase for 

forkhead box O4 (FOXO4), demonstrating that MDM2 directly catalyzes FOXO4's 

(multi)mono-ubiquitination in a manner similar to its regulation of p53. Furthermore, MDM2's 

ubiquitination of FOXO4 was shown to significantly influence FOXO4's transcriptional activity 

(Brenkman et al., 2008). MDM2 also acts as a ligase for insulin-like growth factor 1 receptor 

(IGF-1R) ubiquitination, leading to its subsequent degradation via the proteasome pathway 

(Girnita et al., 2003). In addition, MDM2 downregulates other E3 ligases, such as SCF
Skp2

 and 

casitas B-lineage lymphoma (c-Cbl) and stabilizes their downstream targets, E2F transcription 

factor 1 (E2F1) and signal transducer and activator of transcription 5 (STAT5), respectively 

(Zhang et al., 2005; Zhou et al., 2021a). A recent study indicated that MDM2 alters the 

transcription factor inhibitor of growth protein 3 (ING3) through the ubiquitination-proteasome 

degradation pathway, diminishing ING3 protein stability and consequently fostering CRC cell 

growth and chemoresistance (Zhang et al., 2023). 

MDM2 is renowned for its pivotal role in regulating cellular growth, apoptosis, DNA 

repair, and metastasis in cancer cells (Oliner et al., 2016; Shaikh et al., 2016; Zafar et al., 2023). 

However, it has recently garnered attention for its involvement in cancer metabolism, further 

emphasizing the diversity of its biological roles in cancer. Research has shown that MDM2 

targets chromatin to regulate amino acid metabolism and maintain the redox balance in cancer 

cells, independent of p53 (Riscal et al., 2016). This process, influenced by activating 

transcription factor 3/4 (ATF3/4) and modulated by pyruvate kinase M2 (PKM2) under 
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conditions like oxidative stress and serine/glycine scarcity, points to a nuanced regulatory 

mechanism (Riscal et al., 2016). Depleting MDM2 in p53-deficient cells also disrupts the 

balance of NAD+/NADH, and affects glutathione recycling, highlighting a novel function of 

chromatin-bound MDM2 in cancer cell metabolism (Riscal et al., 2016). Another study revealed 

that MDM2 regulates the metabolism of serine and glycine, and fosters the growth of 

liposarcomas (LPS) by enhancing new nucleotide synthesis (Cissé et al., 2020). Disrupting 

MDM2's role in the production of purines and pyrimidines diminished the proliferation and 

survival of LPS cells, ultimately affecting their ability to form tumors (Cissé et al., 2020). Under 

conditions of oxidative stress and hypoxia, there is increased import of MDM2 into the 

mitochondria, independent of p53 (Arena et al., 2018). This mitochondrial MDM2 

downregulates NADH-dehydrogenase 6 (MT-ND6) transcription, impacting the activity of 

respiratory complex I and boosting the production of mitochondrial reactive oxygen species 

(ROS) (Arena et al., 2018). MDM2 interacts with NADH:ubiquinone oxidoreductase 75 kDa Fe-

S protein 1 (NDUFS1), destabilizing the Complex I supercomplex, which in turn enhances ROS 

production (Elkholi et al., 2019). Additionally, MDM2's negative regulation of NDUFS1 leads to 

diminished mitochondrial respiration, increased oxidative stress, and triggers the mitochondrial 

apoptosis pathway, independent of p53 (Elkholi et al., 2019). 

MDM2 also plays a notable role in modulating the immune response within the tumor 

microenvironment. Interestingly, research has identified MDM2 as a tumor-associated antigen 

(TAA) in chronic lymphocytic leukemia (CLL), which is recognized by CD8+ autologous T 

lymphocytes (Mayr et al., 2006). This discovery earmarks MDM2 as a potential target for 

immunotherapy, including clinical vaccination trials and adoptive T-cell transfer for CLL (Mayr 

et al., 2006). Moreover, in tumors harboring wild-type p53, the application of the MDM2 
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inhibitor HDM201 resulted in a significant increase in dendritic cells, an enhanced population of  

Tbet+Eomes+ CD8+ T cells, and an improved CD8+/Treg ratio (Wang et al., 2021b). Further 

emphasizing its role in immune modulation, a mouse tumor model with conditional MDM2 

knockout in T cells demonstrated accelerated tumor progression, accompanied by a decrease in 

the survival and function of tumor-infiltrating CD8+ T cells (Zhou et al., 2021a). Additionally, 

MDM2 enhances STAT5 protein expression in T cells and regulates T cell function via c-Cbl. 

MDM2 inhibits c-Cbl's binding to STAT5, reducing STAT5 degradation and stabilizing STAT5 

expression in tumor-infiltrating CD8+ T cells (Zhou et al., 2021a). Moreover, MDM2 inhibition 

has been observed to induce tumor necrosis factor alpha (TNF-α) and interferon‐gamma (IFN-γ) 

production in T cells (Ho et al., 2022), whereas it leads to the induction of interleukin-15 (IL-15) 

and major histocompatibility complex class II molecules (MHC-II) in melanoma cells 

(Langenbach et al., 2023). This diversity in responses highlights the intricate and cell type-

specific actions of MDM2 in the immune landscape of cancers, presenting a complex yet 

promising avenue for therapeutic intervention. Understanding and harnessing these varied 

responses of MDM2 could pave the way for more effective cancer treatments and 

immunotherapies for other diseases. 

 

2.2. The Functions of MDM2 in the Resistance to Cancer Therapy 

  The above sections clearly demonstrate that MDM2 is involved in carcinogenesis via the 

aforementioned mechanisms. However, it also regulates the resistance to various types of anti-

tumor treatments (Figure 2). 

 

2.2.1. Chemo- and Radioresistance 
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 MDM2 directly drives the malignant behavior of cancer cells and modulates both intrinsic 

and acquired drug resistance. As early as 1995, the MDM2 protein was confirmed to regulate 

cisplatin-induced apoptosis in brain tumor cells (Kondo et al., 1995). The MDM2/p53 interaction 

also regulates the expression of O-6-methylguanine-DNA methyltransferase (MGMT), which 

promotes the resistance of glioma cells to temozolomide by maintaining cancer stem cell 

populations (Sato et al., 2011). Gemcitabine and cisplatin treatment can increase MDM2 

expression in pancreatic cancer cells via the upregulation of RNA binding protein Musashi-2 

(Sheng et al., 2017), resulting in acquired resistance to these chemotherapeutic agents. The 

sensitivity of gastric cancer cells to fluorouracil treatment negatively correlates with the 

expression of homeobox A13 (HOXA13), which increases the expression of MDM2 by 

downregulating dehydrogenase/reductase member 2 (DHRS2), a negative regulator of MDM2 

(Han et al., 2018). High expression of MDM2 has been detected in doxorubicin-resistant breast 

cancer cells (Suzuki et al., 1998). An analysis of clinical data has also shown an association of 

MDM2 overexpression with chemo- and radioresistance in esophageal squamous cell carcinoma 

(Okamoto et al., 2013). Although downregulation of p53 was initially thought to be the primary 

reason why MDM2 was involved in drug resistance, enhanced expression of p65 by MDM2 could 

directly increase nuclear factor kappa B  (NF-κB) signaling and induce doxorubicin resistance in 

a p53-independent manner in acute lymphoblastic leukemia (ALL) (Gu et al., 2002). Another 

study reported that the MDM2-p53 feedback loop upregulates p73 expression to induce cisplatin 

resistance in squamous cell carcinoma cells (Hayashi et al., 2006). However, it is important to 

note that multiple studies have found that p73 upregulation, particularly in the context of 

inactivated p53, can actually induce apoptosis in cancer cells following treatment with cisplatin or 
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other anticancer agents (Cai et al., 2022). Therefore, the role of p73 in the response to cancer 

therapy is complex and may vary depending on the specific cellular context. 

 MDM2 can also promote the EMT and upregulate cancer stem cell properties to increase 

the resistance to chemotherapy (Sun and Tang, 2016). A correlation between MDM2 and the 

EMT has been reported in many cancer types, including lung cancer (Tang et al., 2019), ovarian 

cancer (Chen et al., 2017b), and breast cancer (Hauck et al., 2017). Gemcitabine treatment can 

enhance the expression of MDM2 and increase mesenchymal properties in pancreatic and breast 

cancer (Ahmad et al., 2020). Recent studies have demonstrated that MDM2 promotes the EMT 

via MDM2/p53/14-3-3 signaling mediated by v-raf murine sarcoma viral oncogene homolog B1 

(B-raf) activity (Ou et al., 2021). It may also be enhanced by MDM2/protein kinase B 

(Akt)/androgen receptor (AR) signaling, suggesting another pathway linking MDM2 and the 

EMT to drug resistance (Singh et al., 2013). 

 MDM2 amplification is also associated with stem cell marker prominin-1 (CD133) in 

melanoma cells (Gil-Benso et al., 2012) and CD34 in chronic myeloid leukemia (CML) (Carter et 

al., 2015), providing additional evidence that MDM2 is involved in maintaining the stemness 

properties of cancer cells. It has been demonstrated that MDM2 expression is elevated during the 

transition of bone marrow stromal cells to cancer stem cells (He et al., 2016). MDM2 is also 

involved in the generation of induced pluripotent stem cells (iPSCs) from murine embryonic 

fibroblasts (Wienken et al., 2016), wherein MDM2 interacts with Polycomb repressor complex 2 

(PRC2) to repress lineage-specific genes to maintain the pluripotency of stem cells. These 

activities further support the roles of MDM2 in treatment resistance since the presence of cancer 

stem cells have been considered a major cause of treatment failure (Li et al., 2021). 
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 The downregulation of p53 by MDM2 has long been considered a major signaling 

mechanism that reduces the anti-tumor efficacy of radiotherapy. This concept was supported by a 

study in a transgenic mouse model that showed sensitization of cancer cells to irradiation when 

MDM2 was inhibited (Ringshausen et al., 2006). This idea has been validated in various cancer 

types using several novel inhibitors targeting MDM2. For example, inhibition of MDM2 with 

AMG232 enhanced the sensitivity of multiple cancer cell lines to radiation (Werner et al., 2015). 

Another MDM2 inhibitor, APG-115, was shown to enhance the response of gastric 

adenocarcinoma cells to irradiation (Yi et al., 2018). The mechanism underlying this enhanced 

sensitivity to radiation is postulated to be mainly due to MDM2 inhibition leading to the 

reactivation of p53 and subsequent apoptosis. 

 

2.2.2. Tyrosine Kinase Inhibitor (TKI) Resistance 

 MDM2 also mediates at least some of the resistance of cancer cells to TKIs. Amplification 

and high expression of MDM2 are associated with epidermal growth factor receptor (EGFR) TKI 

resistance in lung cancer (Dworakowska et al., 2004; Sun et al., 2020; Yamaura et al., 2020), and 

alteration of the MDM2/p53 axis is considered to be the major reason why inhibition of MDM2 

can sensitize cancer cells to TKIs. This has also been documented in other cancer types, including 

lung and prostate cancer (Bianco et al., 2004) and neuroblastoma (NB) (Wang et al., 2017). One 

mechanism-focused study reported that the NF-κB signaling pathway is involved in TKI 

resistance in non-small cell lung cancer (NSCLC) (Wu et al., 2011). Whether MDM2 drives this 

resistant phenotype by directly activating NF-κB needs to be addressed in future studies. Another 

report indicated that the combination of MDM2 and BCR-ABL1 inhibitors reduced the leukemia 

burden and increased survival in a mouse model of CML with intrinsic resistance to BCR-ABL1 
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inhibition (Carter et al., 2020). The combination was thought to function by decreasing the CML 

stem cell frequency. Most studies have focused on combining MDM2 inhibition with EGFR TKIs 

in lung cancer. However, because TKIs are becoming widely used for targeted therapy, deeper 

and broader investigations are needed to clearly define the roles of MDM2 during TKI resistance 

and to determine the optimal application of MDM2 inhibitors for patients with these cancers. 

 

2.2.3. Immune Checkpoint Inhibitor Resistance  

 Despite significant advancements in cancer immunotherapy during the past several years, 

immunotherapy continues to have limited efficacy for most patients. One reason is that 

hyperprogressive disease has been reported after an initial response to immunotherapy. Several 

studies have shown that MDM2 is associated with HPD and can serve as a marker to indicate the 

risk of HPD in cancer patients (Adashek et al., 2020). It has been demonstrated that MDM2 

inhibition can significantly increase the response of cancer cells to ICIs treatment (Wang et al., 

2021b; Zhou et al., 2021b). For example, treatment with the MDM2 inhibitor ALRN-6924 

significantly promoted T cell infiltration and enhanced the anti-tumor efficacy of immune 

checkpoint blockade (Zhou et al., 2021b). In that study, an immune response similar to that 

initiated by a viral infection and an inflammatory pattern of gene expression were detected after 

MDM2 inhibition in melanoma patients, suggesting that MDM2 inhibitors can boost anti-tumor 

immunity. Another study demonstrated that MDM2 negatively regulates T cell activation through 

the degradation of the nuclear factor of activated T cells, cytoplasmic 2 (NFATc2, also known as 

NFAT1), a transcription factor involved in the activation of T cells (Zou et al., 2014). Therefore, 

the combination of MDM2 inhibition and ICIs may overcome the resistance or insensitivity of 

patients to antitumor immunotherapy by activating cytotoxic T cells and blocking the immune 
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checkpoint. We previously reported that NFAT1 regulates the expression of MDM2 in cancer 

cells (Zhang et al., 2012), and MDM2 and NFAT1 may form a similar feedback loop as 

MDM2/p53 to balance the functions of MDM2/NFAT1. Further investigations are needed to 

address how this feedback loop regulates the efficacy of ICIs. 

 

3. Major Strategies for Targeting MDM2 

 Over the past several decades, many strategies have been developed to target MDM2, 

including the use of peptides, antisense oligonucleotides, and a number of small molecules with 

different core structures (reviewed in (Beloglazkina et al., 2020; Fang et al., 2020a; Liu et al., 

2019)). The initial approach used to target MDM2 via small molecules was focused on blocking 

the interaction between MDM2 and p53 and preventing the MDM2-mediated degradation of p53. 

The crystal structure of the MDM2/p53 complex revealed that several amino acid residues 

localized on the N-terminal of p53 maintain an α-helix which interacts with the hydrophobic cleft 

of MDM2 (Kussie et al., 1996). These key amino acids have provided a structural foundation to 

develop compounds targeting MDM2, including those based on cis-imidazoline, spiro-oxindole, 

pyrrolidone, piperidinones, pyrrolidonoimidazole, β-carboline, dihydro-isoquinolinone, and 

benzodiazepinedione (Beloglazkina et al., 2020; Fang et al., 2020b; Liu et al., 2019). 

Representative MDM2 inhibitors of different types are shown in Figure 3.  

 

3.1. Blocking the MDM2-p53 Interaction  

 Strategies intended to block the binding between p53 and MDM2 were the first attempts at 

MDM2 inhibition (Figure 1). These early inhibitors had limited efficacy, and also often had 

serious side effects in clinical trials (Abdul Razak et al., 2022; Andreeff et al., 2016; Daver et al., 
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2023; de Weger et al., 2019b; Erba et al., 2019; Gounder et al., 2023; Konopleva et al., 2022; 

Mascarenhas et al., 2022; Moschos et al., 2022; Ray-Coquard et al., 2012; Sekiguchi et al., 2023). 

Nevertheless, they have provided some insight into different strategies that might be used and into 

the impact of different structures on MDM2 and its targets. 

 

3.1.1. Peptide-Based MDM2 Inhibitors 

 The potential of targeting MDM2 for molecular therapy was first demonstrated by gene 

knockdown/knockout strategies, including antisense and RNAi. Subsequently, p53-derived 

peptides were used to block the interaction between MDM2 and p53 (Garcia-Echeverria et al., 

2000). These peptides were modified to mimic the alpha-helix of p53, resulting in more potent 

peptide inhibitors, such as the retroinverso p53 peptide (Sakurai et al., 2004) and beta-hairpin 

peptide (Fasan et al., 2004). However, although peptide-based inhibitors were designed to mimic 

the interaction motif of p53 and bind to MDM2 to allow the (re)activation of p53, the binding of 

these peptides to MDM2 was low due to the conformational differences between the peptides and 

the whole protein (Garcia-Echeverria et al., 2000). Cyclic-helical peptides have emerged as a 

potential alternative to stabilize targets based on hydrocarbon interactions (Sawyer et al., 2018). 

For example, the α-helix cyclic peptide ATSP-7041 was developed as a selective dual inhibitor of 

MDM2 and MDMX (Murine double minute X, also named MDM4; another inhibitory protein 

that leads to the degradation of p53) that effectively activated the p53 pathway in tumors in vitro 

and in vivo (Chang et al., 2013b). The modified version of ATSP-7041, ALRN-6924, also 

blocked the binding of MDM2 and MDMX to p53, suggesting that it can serve as a dual inhibitor 

of MDM2 and MDMX (Carvajal et al., 2018).  
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3.1.2. Small Molecule Inhibitors Blocking the MDM2-p53 Interaction 

Single Ring Core Derivatives  

 Non-peptide small molecule inhibitors mimicking the key residues of p53, such as Phe19, 

Trp23, and Leu26, have also been developed to target MDM2. The Nutlins (Nutlin-1, -2, and -3) 

were the first potent and selective non-peptidic small molecule MDM2 inhibitors. Studies with 

Nutlins were among the first to provide mechanistic proof-of-concept that targeting the p53–

MDM2 interaction had therapeutic potential for cancer. Nutlins are cis-imidazoline analogs that 

were identified via high-throughput screening (HTS) by scientists at Hoffman-La Roche (Vassilev 

et al., 2004). Nutlins bind to the three key subpockets of the hydrophobic cleft at the N-terminus 

of MDM2 and effectively disrupt the p53–MDM2 interaction (Tovar et al., 2006). Nutlins 

stabilize p53 and activate the p53 pathway in human cancer cells with p53WT, but not in cells 

with mutant p53, activating p53 target genes, cell-cycle arrest, and apoptosis (Tovar et al., 2006; 

Vassilev et al., 2004). Nutlin-3a is a Nutlin-3 enantiomer ((−)-Nutlin-3) and is the most 

biologically active among the Nutlin analogs that have been reported to date. However, its 

pharmacologic properties were inadequate for clinical development. Guided by further structural 

biology insights, including X-ray and nuclear magnetic resonance (NMR) analyses, Nutlin-3a was 

optimized to yield the 2,4,5-triaryl imidazoline analog RG7112 (RO5045337, Roche). This 

derivative has seen extensive application in both pre-clinical and clinical studies (Vu et al., 2013).  

 A new generation of MDM2 inhibitors was developed based on the spiro-oxindole core 

structure (Ding et al., 2005). The MDM2 inhibitors with spiro-oxindole core structures were 

initially discovered by Wang and coworkers at the University of Michigan by applying a 

structure-based design and employing a 1,3-di-polar cycloaddition synthetic strategy to mimic the 

same triad in p53 (Wang et al., 2014a; Yu et al., 2009). MI-77301 (SAR405838) is Sanofi’s 
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MDM2 inhibitor obtained via further optimization of MI-219, a first-generation spiro-oxindole 

MDM2 inhibitor. It showed efficacy following oral administration in mouse xenograft models of 

cancer (Wang et al., 2014a). The oxindole in MI-219 mimics Trp23 of p53 as well as the spiro-

pyrrolidine core, where the 3-chlorophenyl and neopentyl groups mimic the Phe19 and Leu26 to 

fit the hydrophobic pocket of MDM2 (Ding et al., 2005). This pyrrolidine could be a useful 

scaffold core to develop another class of MDM2 inhibitors. MI-77301 showed more than 10-fold 

activity enhancement in binding to MDM2 (Ki= 0.88 nM vs13.6 nM for MI-219) and in 

activation of p53 in tumor cells with wild-type p53 (p53WT) compared to MI-219 (Wang et al., 

2014a).  

 The high-affinity binding of MI-77301 to MDM2 is attributed to its ability to capture all 

of the critical hydrogen bonding and hydrophobic contacts among the three p53 key binding 

residues (Leu26, Trp23, and Phe19) with MDM2 (Kussie et al., 1996). It also had additional 

interactions with MDM2 that were not observed in the p53:MDM2 (Kussie et al., 1996) or Nutlin: 

MDM2 (Vassilev, 2005) cocrystal structures. These interactions induce refolding of the 

unstructured extreme N-terminus of MDM2 (residues 10–25) which further enhances its binding 

affinity (Wang et al., 2014a). However, MI-77301 undergoes epimerization at C2 and C3 via a 

slowly reversible pyrrolidine ring-opening and retro-Mannich reaction, which caused its activity 

to be unstable (Zhao et al., 2013). Structural optimization of MI-77301 led to the discovery of 

APG-115 (AA-115, alrizomadlin), a potent (Ki ˂ 1 nM), selective, and stable spiro-oxindole-

based MDM2 inhibitor with optimal oral pharmacokinetics (PK) (Aguilar et al., 2017b). APG-115 

has already been granted fast-track designation by the US FDA for the treatment of relapsed or 

refractory (R/R) unresectable or metastatic melanoma, and orphan drug designations for gastric 

cancer, acute myeloid leukemia, soft tissue sarcoma, and retinoblastoma, as well as stage IIB-IV 
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melanoma and neuroblastoma. APG-115 is currently being investigated alone or in combination 

in ongoing phase I and II studies (Table 2). Milademetan (DS-3032, DS-3032b, Rain-32) is 

another potent spiro-oxindole-based inhibitor of the MDM2-p53 interaction licensed by Rain 

Therapeutics from Daiichi Sankyo. It showed antitumor efficacy and has been tested in clinical 

trials (Arnhold et al., 2018).  

 Roche developed the cyanopyrrolidine analog, RG7388 (Idasanutlin, RO5503781), a more 

potent and selective follow-up compound to the cis-imidazoline RG7112 and the spirooxindole 

MDM2 inhibitor, MI-219, with improved stereochemical and conformational properties (Ding et 

al., 2005; Ding et al., 2013; Yu et al., 2009), but it is not currently in clinical trials. The “trans” 

configuration of the aryl rings in the pyrrolidine core of this molecule is the major difference 

compared with cis-imidazoline (Nutlins) and spiro-oxindole (MI-219). In addition to the 

occupation of the Trp23, Leu26, and Phe19 pockets by the 4-chlorophenyl ring, 3-chlorophenyl, 

and neopentyl, the Cα-carbonyl of pyrrolidine interacts with the NH of His96 via a hydrogen 

bond. RG7775 (RO6839921) is an inactive PEGylated intravenous prodrug of RG7388 that was 

designed to decrease the variability in exposure and dose-limiting gastrointestinal toxicity seen 

with oral RG7388 and to improve its PK properties (Abdul Razak et al., 2020; Uy et al., 2020). 

 Piperidinones, which have a 6-membered ring, have been investigated as another scaffold 

to develop another category of MDM2 inhibitors. AMG232 (Navtemadlin, KRT232) developed 

by Amgen and is now acquired by Kartos Therapeutics, is a representative of this group. Similar 

to the Nutlins, the chlorophenyl groups at C5 and C6 mimic Leu26 and Trp23 of p53 and occupy 

the binding pocket of MDM2 (Rew and Sun, 2014; Rew et al., 2012; Sun et al., 2014). 

 

Bicyclic and Multicyclic Core Derivatives 
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 Bicyclic core inhibitors were discovered during a screen of about 50,000 compounds for 

inhibitory activity (Gessier et al., 2015). One compound, CGM097 (NVP-CGM097), was 

designed and developed by Novartis after structural optimization of the dihydro-isoquinolinone 

virtual screening hit (Holzer et al., 2015). The central valine of MDM2 (V93) was shown to have 

a critical role in binding the inhibitor within van der Waals distance (Furet et al., 2016). 

Compared with 6-membered rings, a 5-membered lactam bicyclic scaffold generates a flat core 

and forces substituents into an obligatory pseudo-equatorial orientation. Novartis subsequently 

developed HDM201 (NVP-HDM201, Siremadlin) to inhibit the interaction between MDM2 and 

p53, representing a new class of pyrrolidonoimidazole-based MDM2 inhibitors (Jeay et al., 2018). 

 Boehringer Ingelheim shifted the nitrogen of the pyrrolidine ring one atom closer to the 

oxindole and incorporated a fused ring system to capture the known interactions with the MDM2 

pocket, yielding BI 0252 and BI 907828 (Brigimadlin), a new class of spiro-oxindole MDM2 

inhibitors that are not prone to epimerization (Gollner et al., 2016; Gollner et al., 2019). MK-8242 

(SCH 900242) is a first-generation MDM2−p53 inhibitor that was developed by Merck based on 

a geminally-disubstituted piperidine hit that was identified via an in-house HTS (Bogen et al., 

2016; Ma et al., 2014a; Ma et al., 2014b). MK-8242 development was not further pursued since it 

has a high molecular weight, high lipophilicity (CLog P = 5.2), and required a relatively high dose 

for efficacy; the recommended phase 2 dose (RP2D) was 400 mg twice a day in a phase I study in 

p53WT advanced solid tumors (NCT01463696) (Wagner et al., 2017). However, in subsequent 

HTS, Merck identified MK-4688, a more drug-like and low molecular weight novel purine 

carboxylic acid-derived MDM2 inhibitor with an estimated human dose requirement of 38 mg 

twice daily (Reutershan et al., 2021). 
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 Imidazo-indoles are another class of potent inhibitors with a multicyclic core that blocks 

the interaction between MDM2 and p53 (Popowicz et al., 2010). Several compounds, including 

WK23 and WK298, were developed based on the optimization of these imidazo-indoles. The first 

isoindolinone-based inhibitor (NU8231) was developed using computational methods (Hardcastle 

et al., 2005). In silico screening and small library synthesis led to the development of 

isoindolinone scaffold inhibitors. The structure of the complex formed between MDM2 and an 

isoindolinone inhibitor provided another layer of evidence to support that isoindolinones can be 

potent inhibitors of MDM2 (Riedinger et al., 2011). Modifying isoindolinone with 2,3-substituted 

ester derivatives has been reported to provide additional binding sites for His96 of MDM2, in 

addition to the Phe19, Trp23, and Leu26 pockets (Grigoreva et al., 2017), resulting in stronger 

binding.  

 Using thermal shift screening with compound libraries, benzodiazepinediones such as 

compound (S,S)-15 (also known as TDP222669) have been identified by two independent groups 

as compounds able to bind MDM2 (Grasberger et al., 2005; Koblish et al., 2006; Raboisson et al., 

2005). Thio-benzodiazepine and other derivatives, such as sulfamidebenzodiazepine and 

triazolebenzodiazepine, have subsequently been reported to potently bind MDM2 and more 

strongly inhibit its biological functions than Nutlin-3 (Guo et al., 2012; Yu et al., 2014).  

 

Other Core Structures 

 A National Cancer Institute (NCI) anticancer drug screen identified the small molecule, 

2,5-bis(5-hydroxymethyl-2-thienyl) furan, to be the most potent thiophene derivative (Rivera et 

al., 1999). This small molecule, later named RITA, was originally reported to block the 

interaction between p53 and MDM2 (Issaeva et al., 2004). However, research has shown that 
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RITA's effects are not limited to p53-dependent mechanisms, because the compound also exhibits 

biological activity in the absence of p53 (Weilbacher et al., 2014; Zhao et al., 2010). This 

suggests that RITA has a broader mechanism of action than initially thought. Further research is 

essential to understand RITA's full range of interactions and to determine its optimal use in 

treating cancers, especially those with altered or absent p53. 

 Derivatives of chalcone were initially designed to inhibit tumor growth. Their potential to 

re-activate p53 has been evaluated based on their putative function as a small molecule targeting 

MDM2 (Stoll et al., 2001). Compared with other selective inhibitors that directly bind to MDM2, 

there is no structural evidence that the chalcone derivatives are trapped in the binding pocket of 

MDM2. Studies are ongoing to evaluate whether the anti-tumor activity of the chalcone 

derivatives depends on their blocking the interaction between MDM2 and p53 and reactivating 

p53 (Alaaeldin et al., 2021; Moreira et al., 2021).       

 

3.2. Small Molecules Directly Targeting MDM2 

 As noted above, mimicking p53 to block the interaction between p53 and MDM2 is the 

main strategy that has been used to target MDM2. Although small molecule MDM2-p53 

interaction inhibitors work efficiently in reactivating/stabilizing p53, their effectiveness is limited 

and typically restricted to tumors harboring wild-type p53. Some MDM2 inhibitors that activated 

p53 had elevated levels of MDM2 protein, raising concerns about whether other functions of 

MDM2 might be induced. Furthermore, because MDM2 has a variety of functions and 

interactions with other molecules, blocking the binding between MDM2 and p53 may only affect 

some of MDM2’s functions. Thus, direct negative regulation of MDM2 could be an alternative 

way to not only activate p53, but also to inhibit other functions of MDM2 by decreasing its 
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expression, inhibiting its enzymatic activity, and/or inducing the degradation of the MDM2 

protein. This might be achieved by the direct binding of small molecules or by using a PROTAC 

to introduce an E3 ligase to digest MDM2. 

 Although antisense phosphorothioate oligodeoxynucleotides were shown to inhibit 

MDM2 expression effectively (Wang et al., 1999), their clinical application has yet to be explored. 

Targeting the RING domain of MDM2 may directly inactivate its ligase activity. A structure-

activity relationship analysis showed that a 5-deazaflavin derivative could bind to the RING 

domain of MDM2 (Dickens et al., 2013). There are other compounds that have also been reported 

to potently decrease the ubiquitination of MDM2. However, it is unclear whether the 

ubiquitination level of MDM2 correlates with its E3 ligase activity or its degradation (Klein et al., 

2021), and these inhibitors binding the RING domain have not yet been explored in clinical trials.  

 Makaluvamine analogs were initially designed to inhibit topoisomerase II (Barrows et al., 

1993). Our lab found that a synthetic makaluvamine analog has cytotoxic activity in prostate 

cancer cells, which is at least partly due to its inducing the degradation of MDM2 (Wang et al., 

2009). MA242, a more recently developed makaluvamine analog, has shown highly selective and 

potent inhibition of MDM2 by inducing its auto-degradation (Wang et al., 2018). Our group has 

also studied SP141, which was developed based on the crystal structure of the human p53-MDM2 

complex and computational modeling, as well as a screen for changes in p21 expression. SP141 is 

a pyrido[3,4-b] indole class (β-carbolines) inhibitor, which not only blocks the interaction 

between MDM2 and p53 but also directly induces the degradation of MDM2 (Patil et al., 2017; 

Wang et al., 2014b).  

 There have been a few reports showing a correlation between inhibitor treatment and the 

downregulation of MDM2, but more evidence is needed to determine whether the inhibitors are 
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directly or indirectly affecting MDM2. For example, Adriamycin (doxorubicin) treatment 

downregulates MDM2 at the protein level and induces DNA damage, but does not directly inhibit 

the transcription of MDM2 (Ma et al., 2000). It has been shown that orphan receptor TR3 inhibits 

MDM2 expression, but there is not yet any pharmacological inhibitor available to target TR3. A 

β-carboline-based chalcone, CPI-7c, has been demonstrated to induce the degradation of MDM2 

(Singh et al., 2016). Although MDM2 is not the only target of CPI-7c, this observation supports 

the possibility that β-carboline-based chalcones can be used as degradation-inducers for MDM2, 

similar to SP141. In line with the findings for other potent MDM2 degraders, the anti-cancer drug 

SQ0814061 has been shown to downregulate MDM2, but whether the inhibitor directly causes 

this downregulation or whether the downregulation is just correlated with other anti-cancer effects 

is currently unclear (Xu et al., 2016). Together, these studies suggest that inducing the 

degradation of MDM2 may represent an effective strategy and may be more beneficial than just 

blocking the interaction between p53 and MDM2.  

 

3.3. Proteolysis-Targeting Chimeras (PROTACs) 

 PROTACs were developed using chimeric small molecules that guide proteins to the 

Skp1-cullin-F box (SCF) complex for ubiquitination-mediated degradation (Sakamoto et al., 

2001). More than 20 years after their initial development, PROTACs have been widely applied 

preclinically to downregulate different targets for cancer treatment (Bekes et al., 2022; Sun et al., 

2019). Some PROTACs are currently being evaluated in clinical trials (Mullard, 2021). 

Inhibitors of MDM2 have been used along with other ligands to recruit MDM2 to induce its 

degradation by PROTACs (Bricelj et al., 2021). Representative PROTAC-based MDM2 

inhibitors are shown in Figure 4.  
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The Wang lab at the University of Michigan designed and developed the first PROTAC 

MDM2 degraders, MD-222 and MD-224, by using MDM2 inhibitor MI-1061 and a cereblon 

ligand, lenalidomide, which recruits the cereblon E3 ubiquitin ligase to MDM2 and induces its 

degradation (Li et al., 2019). This innovation led to a 100-fold increase in cell potency compared 

to MI-1061 alone. At concentrations as low as 1 nM, MD-222 and MD-224 induced complete 

degradation of the MDM2 protein, accumulation of p53 protein, and induced apoptosis in 

p53WT human leukemia cells. Building on this success, the Wang research group further 

optimized MD-224, resulting in the development of AA-265. AA-265 is more potent than its 

precursor, with an IC50 of 0.72 nM compared to 1.5 nM for MD-224 in RS4;11 ALL cells. 

Currently, it is undergoing advanced preclinical evaluation in preparation for progression to 

clinical trials.  

The same research team further modified MD-222 by removing the benzamide 

substituent from its MDM2 inhibitor moiety (MI-1061), which resulted in the identification of 

MG-277 (Yang et al., 2019). Unlike MD-222, MG-277 only moderately degrades MDM2 and 

does not activate p53 in cancer cells. However, it effectively inhibits the growth of cancer cells 

regardless of their p53 status (Yang et al., 2019). Interestingly, MG-277’s inhibitory effects on 

cell growth rely on its binding to cereblon rather than MDM2 or p53. Mechanistically, MG-277 

acts as a molecular glue instead of functioning like a standard PROTAC MDM2 degrader. It 

plays a crucial role in bringing the GSPT1 (G1 to S phase transition 1) protein, which is a key 

factor in translation termination, into proximity with cereblon and Cullin 4A. This interaction 

facilitates the ubiquitination of GSPT1, leading to its subsequent degradation (Yang et al., 2019).  

Applying a similar strategy, the Tang group at the University of Wisconsin-Madison 

made significant advancements in the field of PROTAC MDM2 degraders with the discovery of 
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WB156 and WB214. WB156 was derived from RG7112 (originally derived from a Nutlin), and 

the cereblon ligand, lenalidomide. WB156 has remarkable potency, being nearly 1,000 times 

more effective than RG7112 in inhibiting cell growth. It degrading MDM2, activating wild-type 

p53, and inducing apoptosis in RS4;11 leukemia cells (Wang et al., 2019a). The other candidate, 

WB214, optimized from WB156, degrades both MDM2 and p53 in RS4;11 cells. Interestingly, it 

also acts as a molecular glue. Notably, Wang et al. revealed that co-treating RS4;11 cells with 

WB214 and MDM2-p53 interaction inhibitors led to the rescue of p53 from degradation, but not 

MDM2. This indicates that the p53 degradation induced by WB214 occurs due to its direct 

association with MDM2. These observations suggest that WB214 does not bind to the p53 

binding pocket on MDM2 (Wang et al., 2021a). Moreover, WB214 was also found to degrade 

GSPT1 independently of both MDM2 and p53 degradation (Wang et al., 2021a).  

KT-253 is also a heterobifunctional MDM2 degrader (structure undisclosed) developed 

by Kymera Therapeutics that has shown remarkable efficacy, with greater than 200-fold 

improvements in in vitro cell growth inhibition compared to small molecule MDM2 inhibitors 

(Chutake et al., 2022). Recent studies by Kymera indicate that just a single dose of KT-253 led to 

rapid apoptosis and sustained tumor regression in a MV4;11 mouse xenograft model of AML 

and in mice bearing RS4;11 xenograft tumors (Chutake et al., 2022). Administering 1 mg/kg of 

KT-253 once every three weeks resulted in tumor regression in three patient-derived xenograft 

(PDX) models of AML (CTG-2227, CTG-2240, and CTG-2700). Similarly, an intermittent 

dosing schedule of KT-253 in combination with a B-cell lymphoma 2 (BCL-2) inhibitor, 

venetoclax, achieved a durable tumor regression in a venetoclax-resistant xenograft model of 

AML (MOLM13) (Mayo et al., 2022). KT-253 has received the FDA orphan drug designation 

for the treatment of AML and is currently being investigated in patients with R/R high-grade 
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myeloid malignancies, ALL, R/R lymphoma, and R/R solid tumors in a Phase I trial 

(NCT05775406).  

Marcellino et al. reported the development of a PROTAC von Hippel–Lindau (VHL)-

recruiting MDM2 degrader, MS3227, for p53WT leukemia. This compound is based on an 

AMG-232 analog with a piperazine sulfonyl group and includes a ligand for the VHL E3 

ubiquitin ligase. VHL was chosen as the E3 ligase due to its higher expression in AML cells 

compared to other cancer types and normal tissues, providing greater specificity toward MDM2 

inhibition in leukemic cells over other cell types (Marcellino et al., 2023). Another potent 

MDM2-targeted PROTAC, YX-02-030, which induces MDM2 degradation by recruiting VHL 

E3 ligase. This results in apoptosis in p53 mutant or deleted triple negative breast cancer cells 

across diverse models, including 2D and 3D cultures, patient-derived explants, and tumor 

xenografts, through the activation of TAp73 (Adams et al., 2023). 

Recently, the “suicide" cleavage of MDM2 was proposed as a new concept that utilizes a 

homo-PROTAC strategy (He et al., 2021). This involves linking two Nutlin-3 molecules to 

degrade MDM2 by harnessing its own E3 ligase activity. Currently, most MDM2-targeting 

PROTACs, with KT-253 as an exception, are in preclinical testing. It's anticipated that more 

PROTACs targeting MDM2 will advance to clinical trials, employing either traditional ligases 

like cereblon and VHL, or innovative strategies like the 'suicide' cleavage approach. 

 

3.4. Dual Inhibitors  

 While MDMX does not have E3 ligase activity on its own, it binds to the N-terminus of 

p53 and neutralizes its transactivational activity (Shvarts et al., 1996). Additionally, MDMX 

forms a heterodimer with MDM2, enhancing its stability and amplifying its ability to 
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ubiquitinate p53 (Leslie et al., 2015; Marine et al., 2006). Thus, targeting both MDM2 and 

MDMX will more effectively activate p53. In addition to developing potent and selective 

inhibitors of MDM2, developing dual functional inhibitors to target both MDM2 and MDMX 

has been explored. For instance, Stockwell’s group identified MEL23 and MEL24 as small-

molecule MDM2-MDMX E3 ligase activity inhibitors using a high-throughput cell-based 

MDM2 ubiquitination screening assay (Herman et al., 2011). MEL23 and MEL24 inhibit the E3 

ligase activity of the MDM2-MDMX complex and prevent the degradation of MDM2, MDMX, 

and p53, thus increasing the stability of both MDM2 and p53 in cells. This results in an increase 

in the transcription of p53 target genes p21, Bcl2-associated X (Bax), and Puma. MEL23 showed 

synergy with the DNA-damaging agent, camptothecin, and Nutlin-3 in reducing the viability of 

both p53WT and p53-null cells in vitro (Herman et al., 2011). DIMP53-1, a small molecule 

inhibitor, was identified by a yeast-based screening assay to bind p53 and block both MDM2- 

and MDMX-mediated degradation (Soares et al., 2017). Hoffmann-La Roche screened another 

library of small molecules and reported that indolyl hydantoins show potential functions as 

MDM2/MDMX antagonists. Indolyl hydantoin RO-2443 inhibits the binding of both MDM2 

(IC50=33 nM) and MDMX (IC50= 41 nM) to p53. Further structural optimization (substitution of 

a diol-containing carboxamide at the methyl position of the benzyl group of RO-2443) led to the 

discovery of RO5963, which exhibited increased potency and improved solubility. RO-5963 

showed a similar p53-MDM2 inhibitory activity as Nutlin-3a but ∼400-fold better MDMX 

inhibition than Nutlin-3a (Graves et al., 2012). ATSP-7041 and ALRN-6924 are two stapled 

α−helical peptides with enhanced cell permeability that bind to both MDMX and MDM2 and 

block their interaction with p53 (Carvajal et al., 2018; Chang et al., 2013a). Another chemical, 

protoporphyrin IX (PPIX), the precursor of heme, inhibits both the p53/MDM2 and p53/MDMX 
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interaction (Jiang et al., 2019). Even though PPIX is an endogenous metabolite, as a 

photosensitizer, PPIX accumulation is associated with severe pain symptoms upon sun exposure, 

potentially limiting its clinical applications.  

 Besides the dual inhibition of MDM2 and MDMX, other proteins can be simultaneously 

targeted using small molecule inhibitors. A few years ago, our group developed MA242, an 

MDM2 inhibitor that also targets NFAT1, a key transcription factor that regulates cytokine 

expression. Preclinical studies suggested that MA242 exerts anti-tumor effects by targeting both 

MDM2 and NFAT1 in liver and pancreatic cancer (Wang et al., 2019b; Wang et al., 2018). Bcl-2 

is a pro-survival protein that inhibits pro-apoptotic molecules such as Bax, Bcl2-associated 

agonist of cell death (Bad), and BH3 interacting domain death agonist (Bid) to promote cellular 

survival (Ashkenazi et al., 2017). The combined treatment of AML with Bcl-2 inhibition and an 

MDM2 inhibitor leads to synergistic effects, suggesting that dual Bcl-2/MDM2 inhibitors might 

represent a potential new treatment strategy (Pan et al., 2017). One such α-helix-mimicking dual 

inhibitor was designed, developed, and confirmed to show potent antitumor activity (Wang et al., 

2016). All of these studies indicate a new path for the future development of MDM2 inhibitors. 

Although the selectivity of small molecule inhibitors is a major concern that will need to be 

addressed to rule out off-target issues, the use of dual or poly-molecule targeting agents may 

represent both a more potent strategy and a way to overcome drug resistance mediated via a single 

pathway or molecule (Ramsay et al., 2018).  

 

4. Preclinical Studies of MDM2 Inhibitors  

 During the past twenty years, MDM2 inhibitors have been developed and tested in 

preclinical models of many diseases. In the sections below, we will discuss the preclinical 

investigations performed to assess the potential use of MDM2 inhibitors for cancer treatment. 
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However, it is worth mentioning that while most of the work has focused on cancer, there have 

also been investigations on non-cancer diseases. For example, Nutlin-3 showed therapeutic 

efficacy for Fragile X Syndrome (FXS). Patients with FXS have inherited loss of function of the 

fragile X mental retardation protein (FMRP), which negatively regulates Mdm2 mRNA stability. 

Treatment with an MDM2 inhibitor can reduce MDM2 expression and induce the differentiation 

of neural stem cells to functional neurons (Li et al., 2016). RG-7112 selectively kills senescent 

intervertebral disc cells through apoptosis and has been used as a senotherapeutic drug for 

patients with intervertebral disc degeneration and low back pain (Cherif et al., 2020). These have 

been reviewed elsewhere (Beloglazkina et al., 2020; Liu et al., 2019; Munisamy et al., 2021; 

Rusiecki et al., 2019; Zafar et al., 2021).  

 

4.1. Efficacy 

 The first studies targeting MDM2 by an antisense approach showed that this inhibition 

could lead to anti-cancer effects (Wang et al., 2001; Wang et al., 1999). Various preclinical 

studies have since demonstrated that MDM2 inhibition leads to significant anti-tumor effects both 

in vitro and in vivo.  

 Peptides were designed to mimic the binding motif of p53 to disrupt the interaction 

between MDM2 and p53, but their low binding affinity precluded the development of this 

category of MDM2 inhibitors. Recently, a stapled α-helical peptide was synthesized that can form 

a stable structure with a cyclic ring that strongly binds to bothMDM2 and MDMX. Treatment 

with ALRN-6924, the latest version of this class of cyclic peptides, has shown anti-tumor activity 

in models of several cancer types, including leukemia (Carvajal et al., 2018), lymphoma (Ng et al., 

2018), and ER-positive breast cancer (Pairawan et al., 2021). 
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 As the first generation of small molecule inhibitors, Nutlins have been widely used in 

preclinical studies to block the interaction between MDM2 and p53 (Vassilev et al., 2004).  The 

latest Nutlin derivative, RG7112, has been validated in preclinical studies and showed efficacy 

against many cancer types, including NB (Al-Ghabkari and Narendran, 2019), leukemia 

(Richmond et al., 2015), ovarian carcinoma (Makii et al., 2016), and GBM (Verreault et al., 2016). 

In sphere cultures of GBM, MDM2 inhibition with RG7112 induced significant cell death, 

especially in the p53WT cells (Her et al., 2018).   

 MI-77301 is another inhibitor of MDM2/p53, this one based on a spirooxindole core. MI-

77301 treatment resulted in the activation of p53 signaling and robust tumor regression in 

preclinical models of advanced adenoid cystic carcinoma (Warner et al., 2016). Notably, although 

the distribution of MI-77301 in the brain is low, a mechanistic study has identified that p-

glycoprotein (P-gp), a transporter protein, limits MI-77301 efflux to prevent brain distribution 

(Kim et al., 2019). If P-gp can be pharmacologically inhibited, MI-77301 may be useful for 

treating brain cancer. In addition, two independent groups have reported that MI-77301 has anti-

tumor effects against NB (Chen et al., 2021; Lu et al., 2016a), in which p53-mediated apoptosis is 

observed. Although insulinoma-associated 1 (INSM1), a molecule downstream of p53, was 

identified as being upregulated, there was only a correlation between INSM1 and tumor inhibition, 

with no direct role demonstrated. MI-77301 treatment also enhanced the protein level of p53 and 

decreased the expression of the Polycomb ring finger proto-oncogene BMI1, a marker of cancer 

stem cells, and decreased the population of ALDH
+
CD44

+ 
cancer stem cells in mice harboring 

mucoepidermoid carcinoma xenografts, suggesting a potential mechanism wherein MDM2 

inhibition reduces tumor growth and drug resistance via reducing the number of cancer stem cells 

(Andrews et al., 2019). A similar mechanism has been observed in models of adenoid cystic 
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carcinomas where treatment with MI-77301 to eliminate tumor recurrence apparently worked by 

reducing the population of cancer stem cells and sensitizing the cells to cisplatin (Nor et al., 2017). 

 A further optimized spiro-oxindole-based inhibitor, APG-115, has shown activity against 

AML (Fang et al., 2021) and dedifferentiated papillary thyroid cancer cells (Chen et al., 2017a). 

APG-115 treatment not only releases active p53 in cancer cells by blocking the binding of MDM2 

to p53, but also augments MDM2 expression in tumor-infiltrating CD8
+
T cells. This leads to 

competition with c-Cbl, a negative regulator of STAT5, resulting in stabilization of STAT5 and 

boosted anti-tumor immunity (Zhou et al., 2021a). That study demonstrated that an MDM2 

inhibitor could rescue anti-tumor immunity and indicated that combining MDM2 inhibition and 

immune checkpoint blockade may be a promising therapeutic strategy for cancer. Milademetan, a 

compound similar to APG-115, has been shown to reduce the growth of clear cell ovarian 

carcinoma with p53WT (Kawata et al., 2020) and to reactivate p53 signaling in NB cells, thus 

representing a therapeutic approach for high-risk NB (Arnhold et al., 2018). 

 The lead MDM2 inhibitor under development by Boehringer Ingelheim, BI0252, has an 

MDM2 binding affinity IC50 of 4 nM and achieved in vivo tumor regression in an SJSA-1 

osteosarcoma xenograft model even when given as a single dose (Gollner et al., 2016). BI 907828 

is an optimized analog of BI-0252 that has high permeability, good bioavailability across species, 

low systemic clearance, and a low predicted human efficacious dose that enables intermittent oral 

dose schedules. In vitro, BI 907828 reduced the viability of p53WT GBM patient-derived brain 

tumor stem cell lines with picomolar IC50 concentrations. In vivo, BI 907828 monotherapy 

showed significant anti-tumor activity and improved survival in orthotopic brain tumor stem cell 

xenograft models of GBM, and this was improved by use in combination with temozolomide, a 

DNA alkylating agent (Hao et al., 2023). BI 907828 also demonstrated preclinical efficacy in two 
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PDX mouse models of dedifferentiated liposarcoma (DDLPS) with MDM2 amplification. In fact, 

in one of the models, a 2.5 mg/kg or 10 mg/kg dose of BI 907828 induced a complete tumor 

regression, and no tumor regrowth was observed 37 days post-treatment (Cornillie et al., 2020).  

 Daily doses of 50 and 100 mg/kg of Merck’s MDM2 inhibitor, MK-4688, for seven 

consecutive days, followed by a 2-week drug holiday, induced 11% and 82% tumor regression by 

day 14 in a MDM2-amplified SJSA-1 xenograft model. MK-4688 is still in the preclinical stage 

of development (Reutershan et al., 2021), but further demonstrated the potential efficacy of 

limited or short-term treatment with an MDM2 inhibitor. 

 There have been many other preclinical studies of different categories of MDM2 

inhibitors in multiple cancer types. For example, RG7388 treatment activated p53 and inhibited 

cell proliferation in nasopharyngeal carcinoma (Fan et al., 2019). It also induced an apoptotic 

gene signature in chronic lymphocytic leukemia cells (Ciardullo et al., 2019). MI-219 was 

demonstrated to regulate p53 by enhancing MDM2 autoubiquitination and degradation in human 

malignant B-cell lymphomas (Sosin et al., 2012), pancreatic cancer (Azmi et al., 2010), and CML 

(Peterson et al., 2017; Peterson et al., 2011). AMG232 has similarly shown anti-tumor effects in 

multiple cell lines of different cancer types both in vitro and in vivo (Canon et al., 2015). 

AMG232 also has potent effects against GBM cells (Her et al., 2018). 

 Our group has developed two structurally diverse selective inhibitors that lead to the 

degradation of MDM2. These molecules, MA242 and SP141, show potent antitumor efficacy in 

different cancer types, including breast cancer, NB, hepatocellular carcinoma, and pancreatic 

cancer (Wang et al., 2019b; Wang et al., 2019c; Wang et al., 2018; Wang et al., 2014b; Wang et 

al., 2014c).  
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4.2. Pharmacology and Toxicology of Agents Targeting MDM2 

 In addition to studies of the anti-tumor efficacy of the various MDM2 inhibitors, the 

toxicity, PK, and pharmacodynamics (PD) have also been assessed in preclinical studies.  

ATSP-7041, a compound related to the newer ALRN-6942, has been administered 

intravenously to mice, rats, and monkeys to evaluate the PK/PD profiles, and the results showed 

favorable metabolism and PK/PD for the compound (Chang et al., 2013b).   

The first pharmacokinetic study of Nutlin-3a was performed in mice to provide 

information to guide the dose and schedule for further preclinical investigations (Zhang et al., 

2011a). PK profiling of RG7112, another Nutlin, in an intracranial PDX model of GBM 

demonstrated that the compound significantly crosses both the blood-brain and blood-tumor 

barriers (Verreault et al., 2016).  

A PK/PD study of RG7388 was performed in a SJSA1 osteosarcoma xenograft model. 

The PD was assessed after both a single dose and after five days of dosing. The highest feasible 

single dose was determined to be 200 mg/kg, with an effective concentration lasting up to 48 

hours. The dose for the 5-day schedule was determined to be 80 mg/kg, with a maximal effect on 

day 3 after the last administration of the drug (Higgins et al., 2014). In addition, a PK analysis 

was performed for the prodrug of RG7338, RG7775, in an orthotopic mouse model of SHSY5Y-

Luc neuroblastoma (p53WT cells). These mice were treated intravenously with a single dose of 

RG7775 or RG7775 combined with temozolomide (Chen et al., 2019b). RG7775 showed a 

favorable pharmacokinetic profile with a half-life of 3.2 ± 0.5 h in plasma and 6 h in tumor based 

on the detection of free RG7338. The levels of MDM2, p53, p21, and MIC-1 (a potential PD 

biomarker of MDM2 inhibitor activity in clinical trials) were sustained until 6 h post-treatment 

(Rew et al., 2012). The PK and metabolism of AMG 232, another single ring inhibitor, have 
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been assessed in several mammals, including rats, dogs, and monkeys. AMG 232 has shown a 

low turnover rate and moderate to high oral bioavailability in mice, rats, and monkeys. However, 

there was high clearance and low oral exposure in dogs. AMG 232 is extensively metabolized by 

biotransformation in the liver of rats. A small amount of 
14

C-labeled AMG 232 could be 

recovered in bile (Ye et al., 2015). There were no significant effects on cardiovascular variables 

observed in rats (Rew and Sun, 2014). An evaluation of the PD profile of APG-115 was 

performed in an SJSA-1 xenograft mouse model. It has been observed that p53 target genes show 

upregulation upon APG-115 treatment, indicating that there is activation of p53 (Aguilar et al., 

2017a). A preclinical in vivo PK study of MI-219, conducted in CD-1 mice, rats, dogs, and 

monkeys, used multi-exponential allometric scaling (ME), in vitro-in vivo extrapolation (IVIVE), 

and Oie-Tozer methods to predict human pharmacokinetics. These accurate predictions support 

the potential of MI-219 for first-in-human studies. (Zou et al., 2012).  

Bicyclic and multicyclic core derivatives are other categories of MDM2 inhibitors. A 

preclinical in vivo PK/PD study of HDM201 was performed to determine the optimal dose and 

schedule in tumor-bearing rats. Both intermittent high-dose and continuous low-dose 

administration of HDM201 achieved complete and sustained tumor regressions in the SJSA-1 

xenograft model and HSAX2655 liposarcoma (LPS) PDX models in rats (Jeay et al., 2018). This 

is in accordance with the observation that fractionated low-dose of HDM201 induced p21 

expression and delayed the accumulation of apoptotic cells, while high-dose pulses of HDM201 

were associated with a rapid and dramatic induction of the mRNA and/or protein levels of p53-

dependent PUMA in vitro and in vivo, as well as rapid onset of apoptosis and downregulation of 

B-cell lymphoma-extra large (Bcl-xL) (Jeay et al., 2018). A similar compound, CGM097, was 

evaluated in mice bearing SJSA-1 tumors to determine the maximum effect (Emax) and plasma 
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maximum observed concentration (Cmax) to profile the preclinical PK/PD (Bauer et al., 2021). 

SP141, which was developed by our group, has been examined for toxicity in a xenograft mouse 

model bearing human breast cancer cells. No significant overt toxicity was observed, and no 

apparent organ-specific effects were detected in the treatment groups (Wang et al., 2014b). 

 

4.3. MDM2 Inhibition-Based Combination Therapies to Overcome Drug Resistance 

 MDM2 inhibitors have been combined with various targeted therapies, chemotherapies, 

and immunotherapies in many cancer types. This section will summarize these combination 

strategies.  

 

4.3.1. Combined Use with Chemotherapy and Radiotherapy 

 The principal goal of both chemotherapy and radiotherapy is to induce cell death. MDM2 

is a key molecule involved in cell death by providing a pro-survival signal that counteracts the 

pro-apoptotic role of p53. Logically, inhibition of MDM2 will enhance the death signals in 

cancer cells induced by both chemo- and radiotherapy. Indeed, Nutlin-3 has been found to 

sensitize NB to chemotherapy (Barbieri et al., 2006). Combining RG7388 with multiple 

chemotherapeutic agents also showed synergistic anti-tumor effects in NB cells (Chen et al., 

2015). A combination of RG7775, the prodrug of RG7338, and temozolomide showed better 

survival and greater anti-tumor efficacy than either agent alone in a xenograft model of NB 

(Chen et al., 2019b). MI-77301 decreased the viability of NB cells, induced apoptosis, and 

augmented the anti-tumor effects of doxorubicin (Lu et al., 2016a). Targeting MDM2 with 

Nutlin-3a enhanced the sensitivity of AML cells to chemotherapy (Maganti et al., 2018). In that 

study, refractory AML with a deficiency of metal response element binding transcription factor 2 
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(MTF2), a cofactor of PRC2, had upregulated MDM2 due to a loss of the normal suppressive 

function of PRC2. MDM2 inhibitors sensitized these MTF2-deficient AML cells to standard 

chemotherapy. Nutlin-3 also increased the vulnerability of sarcoma cells to radiation therapy via 

induction of senescence in polyploid cells (Das, 2020). In another report, Nutlin derivative 

RG7112 significantly synergized with trabectedin in MDM2-amplified LPS cells, representing a 

promising therapeutic strategy for sarcomas with MDM2 amplification (Obrador-Hevia et al., 

2015). The acquired resistance of liver cancer HepG2 cells to doxorubicin could also be reversed 

by MI-77301 treatment (Guo et al., 2020). Another of the MI series compounds, MI-219, 

sensitized prostate cancer cells to radiation therapy and improved the outcomes of mice bearing 

high-risk prostate cancer (Feng et al., 2016). Other MI series compounds, such as MI-43, were 

found to block the interaction of MDM2 and p53, increasing the sensitivity of lung cancer cells 

to etoposide (Sun et al., 2008). The combination of Nutlin-3a and mitoxantrone (a 

chemotherapeutic agent) showed synergistic effects in breast cancer cells with high ATP-binding 

cassette sub-family G member 2 (ABCG2) expression (Zhang et al., 2011b). Nutlin-3a enhances 

mitoxantrone's efficacy by inhibiting ABCG2's transport function, suggesting that this 

combination may be promising for treating cancers with stem cell-like traits and high ABCG2 

levels (Zhang et al., 2011b).  

More than 90% of ovarian cancer cells exhibit p53 mutations or inactivation. The 

combination of a MDM2 inhibitor, RG-7388, and nuclear export inhibitor, Selinexor, reduced 

cell viability and induced apoptosis, outperforming the individual therapies and upregulating 

cancer suppressor proteins like p53 and p21 (Alzahrani et al., 2022). Nutlin-3 synergized with 

cisplatin to enhance the cytotoxicity in both cisplatin-sensitive ovarian cancer A2780 cells and 

cisplatin-resistant 2780CP/Cl-16 and A2780/Cl-24 tumor cells (Xie et al., 2020). This provides 
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further evidence that combination therapies may be useful for reversing the resistance of 

malignant cells to various chemotherapeutic agents. 

 The exploration of MDM2's role in radiation resistance forms a significant part of 

contemporary cancer research. The upregulation of MDM2 contributes to the development of 

resistance against radiation therapy both by inhibiting p53 and via its interactions with various 

other molecules (Hou et al., 2019; Perry, 2004). During the early development of MDM2 

inhibitors, our group found that antisense oligonucleotides targeting MDM2 could serve as 

radiosensitizers to improve the effects of radiation therapy during cancer treatment (Zhang et al., 

2004). It was later demonstrated that AMG232 enhanced the radiation response in a variety of 

human tumor cell lines and xenograft mouse models harboring functional p53, including breast, 

colorectal, melanoma, lung, and sarcoma (Prabakaran et al., 2017; Werner et al., 2015). In 

preclinical models of glioblastoma multiforme (GBM), MDM2 inhibitors like Nutlin-3 (Luo et 

al., 2013) and RG7388 (Berberich et al., 2019) reduced tumor growth and increased radiation 

sensitivity when used with radiation therapy, especially in tumors resistant to standard 

chemotherapy. The efficacy of KRT-232 also increased when it was combined with radiation 

therapy in patient-derived GBM models, suggesting a broader applicability of this therapeutic 

approach (Mladek AC, 2019).  

Another MDM2 inhibitor, Navtemadlin, effectively halted the growth of B16-F10 

melanoma cells in vitro with minimal apoptosis, but exhibited increased apoptosis when 

combined with radiotherapy. The combination of Navtemadlin with radiation significantly 

reduced B16-F10 melanoma growth in mice, demonstrating the model's value in testing p53-

MDM2 inhibitors and identifying effective combination therapies (Ingelshed et al., 2022). A 

recent study revealed that Nutlin-3 upregulated p53 and RB, while reducing DNA 
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methyltransferases (DNMTs) in chemoradiation-resistant p53WT ESCC cells (Chang et al., 

2023). While the upregulation of MDM2 is a recognized mechanism contributing to the radiation 

resistance, the role of MDM2 inhibitors in countering this resistance is still being investigated, 

and using MDM2 inhibition to improve the response to radiation is a promising and active area 

of research.  

 

4.3.2. The Use of an MDM2 Inhibitor in Combination with Targeted Therapy  

 MDM2 inhibition not only sensitizes cancer cells to chemo- and radiotherapy, but can 

also enhance the anti-tumor efficacy of targeted therapies. For example, using an agent targeting 

the PI3K pathway in combination with RG7112 to target MDM2 might represent a promising 

strategy for treating clear cell ovarian carcinoma (Makii et al., 2019). It has been demonstrated 

that Kirsten rat sarcoma virus (KRAS) mutant NSCLCs and CRCs are unresponsive to mitogen-

activated protein kinase kinase (MEK) inhibitors (Niemantsverdriet et al., 2018). However, 

combined treatment with a MEK inhibitor (pimasertib) and the MDM2 inhibitor MI-77301 had 

synergistic anti-tumor effects and induced the expression of apoptotic proteins such as PUMA and 

BIM, resulting in apoptosis and cell growth arrest. The findings for this combination provide 

useful evidence to support the introduction of a MDM2-targeting therapeutic approach for cancer 

patients whose tumors are insensitive to MEK inhibitors (Hata et al., 2017). MI-77301 treatment 

activated p53WT and induced cell cycle arrest in PDX models (Lu et al., 2016b). Endocrine-

resistant breast cancer is a subgroup of estrogen receptor (ER)-positive breast cancer that is 

insensitive to endocrine treatments, such as tamoxifen.  

 Other MDM2 inhibitors, RG7388 and AMG232, have been shown similar synergistic 

anti-tumor effects as MI-77301 when combined with a MEK inhibitor (trametinib) in NB cells 
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(Berberich et al., 2019) and in a PDX model of NSCLC carrying KRAS mutations (Zhang et al., 

2020). In metastatic melanoma, AMG232 treatment enhanced the anti-tumor response to MEK/ 

BRAF inhibitors (navitoclax and dabrafenib) in PDX models of melanoma with a BRAF
V600E

 

mutation (Shattuck-Brandt et al., 2020). When RG7388 was combined with a fibroblast growth 

factor receptor (FGFR) inhibitor, erdafitinib, it led to synergistic anti-tumor effects in DDLPS 

(Dadone-Montaudie et al., 2020). Notably, RG7388 treatment upregulates the activity of the 

extracellular signal-regulated kinase in DDLPS cells, implying that combining RG7388 with 

inhibitors targeting ERK may be a useful approach for DDLPS (Roy et al., 2020). RG7388 also 

showed synergistic tumor reduction in ovarian cancer models when combined with the poly-ADP 

ribose polymerase (PARP) inhibitor rucaparib (Zanjirband et al., 2017). Although the 

combination of RG7388 and metformin could inhibit growth and induce apoptosis in ovarian 

cancer cells via the phosphatidylinositol-3-kinase (PI3K)/AKT/mammalian target of rapamycin 

(mTOR) pathway, there was an increase in reactive oxygen species (ROS) by metformin observed 

in that study, which may detract from the clinical development of this combination (Cui et al., 

2020).  

 MDM2 inhibitors have also been used in combination with various other targeted 

therapies, and these combinations showed significant anti-tumor effects in different cancer types. 

A screening study has identified a synergy between RG7388 and the Bcl-2 inhibitor venetoclax in 

NB (Van Goethem et al., 2017) and AML (Lehmann et al., 2016). Another MDM2 inhibitor, 

HDM201 (Novartis), has been shown to have a similar anti-tumor synergy when combined with 

Bcl-2 inhibitor ABT263 in uveal melanoma cells (Decaudin et al., 2020).  It also effectively 

inhibited the growth of fms-like tyrosine kinase 3 (FLT3)-ITD-positive and p53WT AML when it 

was used in combination with a kinase inhibitor targeting FLT3, midostaurin (Seipel et al., 2018). 
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 CGM097 could sensitize endocrine-resistant ER-positive breast cancer cells to endocrine 

therapy. It also showed synergistic inhibition of tumor growth when combined with a cyclin-

dependent kinase (CDK)4/6 inhibitor (Portman et al., 2020). The use of CGM097 in combination 

with the bromodomain and extra-terminal motif (BET) inhibitor, OTX015, led to reduced tumor 

growth and increased cell death in NB (Maser et al., 2020), suggesting that MDM2 has crosstalk 

with various proteins, including acetylated proteins such as histones or transcription factors that 

play roles through protein-protein interactions via bromodomains. Another screening study using 

a panel of uveal melanoma cell lines identified that the combination of a protein kinase C 

inhibitor, AEB071, with CGM097 showed promising inhibition of cancer cell growth (Carita et 

al., 2016).  

 

4.3.3. The Combination of MDM2 Inhibition with Immunotherapy 

 Immunotherapy has recently started to be applied for cancer treatment. After MDM2 was 

confirmed to be associated with HPD and resistance to ICIs (Fang et al., 2019; Fuentes-Antras et 

al., 2018), subsequent investigations demonstrated that inhibition of MDM2 could sensitize 

cancer cells to immunotherapy. For example, inhibition of MDM2 by ALRN-6924 improved the 

anti-tumor efficacy of immunotherapy, apparently via re-activation of p53 (Zhou et al., 2021b). 

Interestingly, APG-115 has been found to sensitize cancer cells to programmed cell death 1 (PD-1) 

blockade (Fang et al., 2019), providing further evidence to support the role of MDM2 in 

enhancing anti-tumor immunity. Similar phenomena have been reported for HDM201, wherein 

MDM2 inhibition correlated with the response to adaptive immunity, and the response was 

increased by disruption of the PD-1/programmed death-ligand 1 (PD-L1) interaction, 
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demonstrating that combining MDM2 inhibitors and ICIs represents an effective new approach 

for cancer therapy (Wang et al., 2021b). 

 The combination of Nutlin-3 and a therapeutic vaccine containing an MDM2-derived 

peptide enhanced the antitumor T cell responses by increasing human leukocyte antigen (HLA) 

expression (Kono et al., 2021). A recent study demonstrated that inhibition of MDM2 by Nutlin-

3a improved the activity of natural killer cells in NB (Veneziani et al., 2021). Nutlin-3 treatment 

also decreased the expression of PD-L1, further suggesting that MDM2 inhibition can boost anti-

tumor immunity (Li et al., 2020a) 

 In addition to being directly involved in regulating the immune checkpoint blockades, 

RG7388 treatment has shown increased efficacy against B-cell lymphoma when combined with 

an anti-CD20 antibody (Herting et al., 2016). AMG232 treatment also reduces the expression of 

interleukin-6 and enhances the T-cell-mediated killing of cancer cells (Sahin et al., 2020). One 

study demonstrated that using the combination of an anti-CD20 antibody, Obinutuzumab, along 

with a Bcl-2 inhibitor and RG-7388 in mouse models of non-Hodgkin’s lymphoma had potent 

anti-tumor effects (Herting et al., 2018). 

 To date, all evidence supports a correlation of the MDM2 expression with the immune 

response. Both pre-clinical and clinical studies suggest that inhibiting MDM2 will potentially 

overcome the resistance to immune checkpoint inhibitors and/or reduce the development of 

hyper-progressive disease during or following immunotherapy. However, further investigation is 

needed to better understand how MDM2 regulates the immune response with regard to anti-tumor 

immunotherapy. 

 

5. Clinical Trials of MDM2 Inhibitors  
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 Many MDM2 inhibitors from different pharmaceutical companies have been tested in 

clinical trials to evaluate their safety, PK, PD, and efficacy. These trials are summarized in Table 

1.  

 

5.1. Pharmacology and Safety Evaluations 

 RG7112 (Roche), a derivative of Nutlin-3a, was the first small molecule MDM2 inhibitor 

to be introduced into clinical trials. RG7112 has a higher potency, a stronger binding ability to 

MDM2, and better PK parameters than Nutlin-3a (Tovar et al., 2013; Vu et al., 2013). Several 

completed Phase I clinical trials of RG7112 have been performed to evaluate the safety, 

maximum tolerated dose (MTD), and PK in patients with hematological neoplasms, advanced 

solid tumors (NCT00559533), and in LPS patients who were eligible for debulking surgery 

(NCT01143740). A study of the combination of RG7112 and doxorubicin has been conducted in 

patients with soft tissue sarcoma to evaluate the safety, PK, and efficacy of the treatment 

(NCT01605526). The combination of RG7112 with cytarabine was examined in another trial in 

leukemia patients (NCT01635296). Although RG7112 improved the expression level of p53 and 

its downstream target, p21, in phase I clinical trials, RG7112 displayed variable exposures at the 

MTD, poor tolerability, and relatively severe hematological and gastrointestinal toxicities at the 

higher doses. While RG7112 activated p53 in AML patients, with a complete response seen in 

some R/R patients and durable remission achieved in patients with acute leukemia and chronic 

lymphocytic leukemia/small cell lymphocytic lymphoma, it showed obvious gastrointestinal 

toxicity (NCT00623870) (Andreeff et al., 2016). Another Phase I trial was performed to 

characterize the pharmacology of RG7112 with high-fat and low-fat meals and new formulations 

(crystalline and amorphous) in patients with advanced solid tumors (NCT01164033). The results 
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showed that high-dose daily treatment for 3 to 5 days was better than weekly and low-dose longer 

daily regimens. The most commonly observed adverse events (AEs) were grades 1 and 2 drug-

related gastrointestinal distress, indicating that RG7112 is well tolerated overall but is associated 

with gastrointestinal toxicities (Patnaik et al., 2015). To further evaluate the safety of RG7112, 

patients participating in previous studies were examined to determine the percentage of 

participants with any AEs and serious AEs during 24 months of treatment (NCT01677780). 

However, the outcomes of this evaluation have not been publicly disclosed. 

 RG7388, a more potent and selective follow-up compound to RG7112, was developed by 

Roche to improve upon the stereochemical and conformational properties of RG7112 and the 

spirooxindole MDM2 inhibitor MI-219. Phase I trials were performed to evaluate the 

bioequivalence or bioavailability following oral administration in participants with solid tumors 

(NCT03362723) and patients with polycythemia vera (PV) (NCT02407080). RG7388 was also 

assessed in combination with the Bcl-2 inhibitor venetoclax in difficult-to-treat patients with R/R 

AML in a Phase Ib trial (NCT02670044). The clinical activity observed with the RG7388-

venetoclax combination in the dose escalation phase was moderate, with the combined rates for 

the antileukemic response of 40% and composite complete remission (CRc) of 26%. In line with 

prior experience with RG7388, the common AEs included diarrhea (87.3% of patients), nausea 

(74.5%), vomiting (52.7%), hypokalemia (50.9%), and febrile neutropenia (45.5%). The MTD 

was 200 mg of RG7388 + 600 mg of venetoclax. However, the dosing schedule optimization 

phase was not completed because of study termination after the MIRROS trial failed to meet its 

primary survival endpoint, and the RP2D was not determined (Daver et al., 2023). Another Phase 

I trial evaluated the safety, PK, PD, and efficacy of dose-escalating for this agent (NCT01462175) 

and demonstrated that the MTD was 3200 mg when it was given every week for 3 weeks,1000 
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mg daily for 3 days in the 28-day cycle (QD3) or 500 mg daily for 5 days in a 28-day cycle (QD5). 

The QD5 schedule was used for further trials. Exposure-dependent hematological toxicity was 

noted in a PK/PD analysis. There was no apparent effect of food on the activity of RG7388 

(Italiano et al., 2021). In another Phase I trial, a single arm evaluated the excretion, metabolism, 

and oral bioavailability of a single dose of 
14

C-labeled Idasanutlin and a single intravenous dose 

of 
13

C-labeled RG7388 in patients with solid tumors (NCT02828930). The results revealed a 

moderate (40.1%) absolute bioavailability of RG7388. RG7388 and its major inactive metabolite 

were the main compounds found in plasma. The excretion of RG7388 was primarily via the fecal 

route, with a small amount of RG7388 also detected in urine (Papai et al., 2019). RG7775, a 

pegylated product of RG7388, was tested in a Phase I study to investigate its safety and PK/PD in 

patients with solid tumors or AML (NCT02098967). The MTD was 110 mg for the patients with 

solid tumors, with 8% of patients experiencing dose limiting toxicities (DLTs), and was found to 

be 200 mg for AML patients (0 DLTs in 7 patients) (Abdul Razak et al., 2020; Uy et al., 2020).  

 Early Phase I trials of the MDM2 inhibitor milademetan (Rain Therapeutics) were 

conducted in healthy participants to evaluate the effects of food on the single-dose PK 

(NCT03647202) or to evaluate the single-dose PK when the agent was combined with 

itraconazole or posaconazole (NCT03614455). Two phase I trials of milademetan were completed 

in patients with R/R AML (NCT03671564, JapicCTI-184054), where it was given at a single dose 

as a single agent to evaluate its safety, tolerability, and PK. Dose escalation and dose expansion 

studies were included in a subsequent trial (NCT01877382). That trial assessed the maximum 

plasma concentration, area under the curve, time to reach Cmax, apparent clearance, and PD, as 

assessed by measuring the serum macrophage inhibitory cytokine 1 (MIC-1) levels of 

extended/continuous or intermittent dosing schedules of milademetan in patients with advanced 
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solid tumors and lymphomas. Mild-to-moderate nonhematological AEs were observed regardless 

of the dosing schedule, whereas the severity of hematological abnormalities, particularly 

thrombocytopenia, was dependent on the dose density. Thrombocytopenia, nausea, fatigue, and 

anemia were the most common drug-related all-grade AEs. Notably, the occurrence and severity 

of thrombocytopenia and other hematological events were markedly reduced with intermittent 

dosing compared to extended or continuous schedules (Gounder et al., 2023). The recommended 

intermittent dose of milademetan was 260 mg on days 1-3 and 15-17 every 28 days. This schedule 

significantly reduced thrombocytopenia and on-target toxicities associated with MDM2 inhibitors 

compared with more continuous dosing regimens. This dosing schedule allowed time for bone 

marrow recovery while maintaining efficacy, as evidenced by the elevated serum growth 

differentiation factor-15 (GDF15) level, which is a biomarker of p53 reactivation, together with 

increased tumor expression of p53 and downstream gene products (p21 and MDM2) (Gounder et 

al., 2023). The combination of milademetan and low-dose cytarabine, with or without venetoclax, 

was associated with noticeable gastrointestinal toxicity (50% patients ≥ grade 3) in a phase I 

clinical trial (NCT03634228) in patients with R/R or newly diagnosed AML (Senapati et al., 

2023). However, a Phase I clinical trial of milademetan registered in Japan showed that it was 

well-tolerated and had potential antitumor activity in patients with solid tumors (JapicCTI-142693) 

when it was given at 90 mg daily for 21 days in a 28-day cycle (Takahashi et al., 2021). Thus, the 

dosing regimen appears to be a major factor influencing both the efficacy and tolerability of 

MDM2 inhibitors, particularly when given as part of combination treatments.  

ALRN-6924 (Aileron), the only peptide inhibitor tested in clinical trials, was evaluated in 

dose escalation and dose expansion studies, and was well tolerated. The recommended dose for 

subsequent Phase I/IIa studies was 3.1 mg/kg on days 1, 8, and 15 in a 28-day cycle for p53WT 
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solid tumors and lymphomas (NCT02264613) (Saleh et al., 2021). Another completed Phase I 

trial evaluated the safety, tolerability, PK, and PD of ALRN-6924 alone or in combination with 

cytarabine, an antimetabolic agent, in patients with AML and myelodysplastic syndrome (MDS) 

(NCT02909972). A middle-term report demonstrated that the combination was generally well 

tolerated with transient, self-resolving Grade 3 and 4 neutropenia, pulmonary embolism, 

thrombocytopenia, leukopenia, and increased ALT in the 12 enrolled patients (F. Meric-

Bernstam1, 2019), but the final results are not yet available. Aileron also announced interim data 

from its Phase Ib trial on preventing chemotherapy-induced side effects (NCT04022876) in 

patients with advanced p53-mutated NSCLC undergoing treatment with first-line carboplatin 

plus pemetrexed. Patients treated with ALRN-6924 stayed on chemotherapy longer, successfully 

completing 93% of the initial 4 cycles of carboplatin/pemetrexed, in contrast to the 78% 

completion rate observed in the placebo plus carboplatin/pemetrexed group. The proportion of 

patients who completed 6 cycles of treatment was also higher in those treated with ALRN-6924 

(79%) compared to those on placebo (57%). However, ALRN-6924-treated patients 

demonstrated only 56% of cycles free from Grade ≥3 hematologic toxicities (neutropenia, 

thrombocytopenia, and anemia) compared to 50% on placebo. Thus, Aileron has terminated the 

NSCLC trial. 

 Only one phase I trial of single-dose treatment has been completed for an oral MDM2 

inhibitor APG-115 (Ascentage Pharma) in patients with advanced solid tumors or lymphoma 

(NCT02935907) to determine the MTD, DLTs, and recommended dose for a future phase II trial. 

APG-115 was well tolerated with manageable adverse drug events. The MTD/RP2D of APG-115 

(every other day (QOD) for 21 days of a 28-day cycle) has been determined to be 100 mg (Drew 

W. Rasco, 2019).  
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 A phase I study of MI-77301 (Sanofi-Aventis) combined with the MEK inhibitor, 

pimasertib, was conducted in patients with locally advanced or metastatic solid tumors 

(NCT01985191). The MTD was determined to be 200 mg of MI-77301 daily plus 45 mg of 

pimasertib two times a day (de Weger et al., 2019a). Another Phase I trial investigated the MTD, 

safety, and PK/PD of MI-77301 in patients with advanced solid tumors (NCT01636479). That 

trial determined that the MTD was 300 mg MI-77301 once daily (QD) because two patients 

treated with 400 mg MI-77301 QD developed thrombocytopenia. One patient had nausea with an 

1800 mg twice-weekly dose. Treatment with MI-77301 was associated with increased plasma 

MIC-1, a marker for activation of p53 (de Jonge et al., 2017).  

 AMG232 (Kartos) is a leading inhibitor being tested in many clinical trials as either a 

single drug or in combinations with other agents in patients with solid tumors, hematological 

malignancies, Merkel cell carcinoma (MCC), small cell lung cancer, and myelofibrosis (Table 1). 

Open-label Phase I studies evaluated the safety, PK, and MTD of AMG232 in patients with R/R 

AML (NCT02016729). The MTDs were 360 mg for single agent treatment or 60 mg when the 

agent was combined with trametinib (Erba et al., 2019). Another Phase I dose-expansion trial of 

AMG232 used alone in advanced p53WT solid tumors or multiple myeloma (NCT01723020) 

indicated that the MTD was 240 mg when the drug was given every 3 weeks (Gluck et al., 2020). 

The intermittent dosing of patients with AMG232 (240 mg, Day 1-7 of a 28-day cycle) 

demonstrated a tolerable safety profile when it included the use of prophylaxis for nausea and 

vomiting in a phase II study (NCT03662126) in patients with R/R myelofibrosis (MF). The most 

frequently reported AEs were gastrointestinal (e.g., diarrhea, nausea, vomiting) and hematological 

(e.g., thrombocytopenia, anemia, neutropenia) (Verstovsek et al., 2022). Recently, a Phase Ib 
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clinical study was initiated to focus on the side effects of combining AMG 232 and radiation 

therapy for the treatment of soft tissue sarcoma (NCT03217266). 

 A phase I study of CGM097 (Novartis) evaluated different dosing regimens and assessed 

the safety of the compound in patients with advanced solid tumors (NCT01760525). Patients with 

p53WT advanced solid tumors received CGM097 via two different dosing regimens: a continuous 

three times a week (3qw) and an alternative 3qw, 2 weeks on and 1 week off regimen, to allow 

bone marrow recovery. The continuous 3qw dosing of the agent at 300 mg showed a disease 

control rate (DCR) of 39%, including one patient with malignant melanoma who achieved a 

partial response (PR) and 19 patients with stable disease (SD). However, the continuous 3qw 

dosing was not well tolerated with delayed-onset thrombocytopenia, lymphopenia, and 

neutropenia as the most common treatment-related grade 3 or 4 AEs (Bauer et al., 2021). Novartis 

strategically decided to stop developing CGM097 and prioritize the clinical development of 

HDM201, another MDM2 inhibitor.  

 HDM201 is an imidazolopyrrolidinone analog that demonstrated improved potency, 

physicochemical properties, and a more favorable PK profile compared to CGM097 (Holzer, 

2017). Pulsed high-dose and fractionated low-dose regimens of HDM201 were compared in a 

phase I clinical study (NCT02143635) in patients with p53WT advanced solid tumors or R/R 

AML or ALL (Stein et al., 2022). The recommended dose for expansion (RDE) was determined 

by a dose-escalation study that indicated the RDEs to be 250 mg on day 1 with a 21-day cycle 

(1A regiment); 120 mg on days 1 and 8 with a 28-day cycle (1B regiment); and 45 mg on days 1 

to day 7 with a 28-day cycle (2C regiment) (Stein et al., 2021; 2022). The safety profile for 

HDM201 was manageable and consistent with the other MDM2 inhibitors. Delayed-onset 

thrombocytopenia, tumor lysis syndrome (in patients with hematological malignancies, but not in 
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those with solid tumors), neutropenia, anemia, and gastrointestinal disorders were the most 

common grade 3/4 AEs suspected to be related to treatment. However, short-term high-dose 

HDM201 treatment intervals could be beneficial to mitigate the occurrence of severe 

myelosuppression that would otherwise be associated with prolonged continuous administration 

of HDM201, potentially widening the therapeutic window for MDM2 inhibition (Stein et al., 

2022). 

 Intermittent administration of BI 907828 (on day 1 of 21-day cycles (once every 3 weeks, 

or Q3W) or days 1 and 8 of 28-day cycles (D1D8Q4W)) showed a manageable safety profile in 

patients with advanced solid tumors (NCT03449381). The MTDs were 60 mg and 45 mg in the 

D1Q3W arm and the D1D8Q4W arm, respectively, and the RDE for the phase Ib dose-expansion 

study was chosen to be 45 mg Q3W. The exceptionally long half-life (30–60 hours) of BI 907828 

allowed for the intermittent administration schedule (every 21 days), which increased the patient 

convenience and treatment adherence and contributed to the manageable thrombocytopenia and 

safety profile of BI 907828 (LoRusso et al., 2023). 

 Most clinical trials of MDM2 inhibitors have focused on cancer patients. However, the 

safety and tolerability of UBX0101, a p53/MDM2 interaction inhibitor developed by Unity 

Biotechnology, were evaluated in osteoarthritis patients (NCT04229225 and NCT03513016). 

Results from NCT04229225 have not been published. In contrast, NCT03513016 demonstrated 

that the intra-articular administration of UBX0101 had a significant, dosage-dependent effect on 

pain and function in knee osteoarthritis patients (Lane et al., APRIL 2021). 

 

5.2. Clinical Efficacy 
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 Although all agents tested clinically are initially evaluated for their safety profile, there 

are several MDM2 inhibitors that have also been evaluated for efficacy as cancer therapeutics. 

For example, ALRN-6924 showed good anti-tumor efficacy in Phase I/II trials, with 41 evaluable 

patients with p53WT having a DCR of 59% (NCT02264613) (Saleh et al., 2021).  

 In a Phase I/Ib trial (NCT01773408), RG7388 was evaluated alone and in combination 

with cytarabine in patients with AML and demonstrated tolerable safety and encouraging clinical 

activity (CRc rates were 18.9% with RG7388 alone and 35.6% with combination therapy). The 

most common AEs were diarrhea, febrile neutropenia, and nausea (Yee et al., 2021). However, in 

a phase III study (the MIRROS trial; NCT02545283), the addition of RG7388 to cytarabine failed 

to improve the overall survival (OS) rate (median, 8.3 vs. 9.1 months with RG7388-cytarabine vs 

placebo-cytarabine) or the complete remission (CR) rate (20.3% vs 17.1%) in patients with 

p53WT R/R AML.  

 The prodrug of RG7388, RG7775, was administered intravenously and compared with 

oral RG7388 in Phase I studies in patients with advanced solid tumors and AML (NCT02098967) 

(Abdul Razak et al., 2020; Uy et al., 2020). SD was observed in 14 patients (34%) with solid 

tumors, and the DCR was 42% in patients with AML. However, although RG7775 also showed 

improved interpatient variability compared with RG7388, its adverse event profile was similar to 

RG7388, with neutropenia, thrombocytopenia, and stridor as dose-limiting toxicities in patients 

with advanced solid tumors; and QT interval prolongation, colitis, stomatitis, and diarrhea being 

dose-limiting toxicities in patients with AML. Thus, there was insufficient evidence of improved 

efficacy or safety to support the continued development of the prodrug given its toxicity. 

 Although Phase I trials typically focus on the safety and PK/PD of the drug, one study of 

MI-77301 showed preliminary anti-tumor efficacy in patients with locally advanced or metastatic 
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solid tumors (NCT01985191), with one patient (4%) with an endometrial tumor having a PR (one 

out of 24 efficacy-evaluable patients) and 15 (63%) patients having SD when MI-77301 was used 

in combination with pimasertib, a MEK inhibitor (de Weger et al., 2019a). Notably, the 

preliminary antitumor efficacy of this combination in the first-in-human study is consistent with 

the preclinically suggested benefit of inhibiting the Mitogen-activated protein kinase (MAPK) 

pathway while restoring p53 activity for cancers that harbor p53WT and MAPK mutations (Hata 

et al., 2017). Single agent treatment with MI-77301 in another Phase I trial (NCT01636479) also 

showed promising anti-tumor efficacy, with a response rate of 58%, with these patients all 

showing SD, and 32% of the patients remained progression-free at 3 months (de Jonge et al., 

2017).  

 A Phase I study (NCT02016729) not only evaluated the safety, PK, and MTD of 

AMG232 in R/R AML patients, but also showed that 1 of the 30 patients evaluable for a response 

who received AMG232 combined with the MEK inhibitor trametinib achieved CR, 4 patients 

achieved a morphologic leukemia-free state, and 1 patient achieved a PR (Erba et al., 2019). 

Gastrointestinal AEs were the most common treatment-related toxicities in both the melanoma 

and leukemia studies; however, more serious and frequent thrombocytopenia, and leukopenia 

occurred in the leukemia study (Moschos et al., 2022).  

 Another completed phase I/II clinical trial investigated AMG232 in combination with a 

BRAF inhibitor (dabrafenib) and a MEK inhibitor (trametinib), or trametinib alone 

(NCT02110355) in patients with p53WT metastatic cutaneous melanoma with or without 

BRAFV600 mutations,  and without prior treatment with BRAF or MEK inhibitors (Moschos et 

al., 2022). The overall objective response rate was 80% (2 CR and 6 PR) in the 10 patients who 

received the combination of AMG232, dabrafenib, and trametinib. On the other hand, the overall 
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objective response rate was only 15% (3 PR) in patients who received the AMG232 and 

trametinib combination arm (20 patients) (Moschos et al., 2022). Importantly, in a phase II study 

(NCT03662126) of AMG232 in patients with primary myelofibrosis (PMF), post-polycythemia 

vera myelofibrosis (Post-PV-MF), or post-essential thrombocythemia myelofibrosis (Post-ET-MF) 

who were R/R to Janus kinase inhibitor (JAKi) treatment, intermittent QD dosing with 240 mg of 

AMG232 (Days 1-7 of a 28-day cycle) led to the best spleen volume reduction ((SVR) ≥35% in 

16% of patients), as well as the best total symptom score (TSS) response (> 50% in 30% of 

patients), and an 87% reduction in the number of CD34+ cells in the peripheral blood at week 24. 

Therefore, AMG232 received a fast track designation for the treatment of JAKi R/R MF, and it is 

currently being compared with best available therapy for patients with PMF, Post-PV-MF, or 

Post-ET-MF who are R/R to JAKi treatment in a global phase III clinical trial (NCT03662126; 

the BOREAS trial) (Verstovsek et al., 2022). There are also several phase Ib or Ib/II studies of 

AMG232 as a single agent or combined with chemotherapy or radiation that are active and/or 

recruiting participants (Table 2).  

 A Phase I study also showed that CGM097 was effective in patients with advanced solid 

tumors (NCT01760525). The trial's response rate was 39%, including one PR and 19 patients with 

SD (Bauer et al., 2021). HDM201 was also evaluated in a Phase I trial and showed a 10.3% 

response rate in patients with solid tumors, 4 PRs and 38 SD, and response rates ranging from 

4.2%-22.2% based on the regimen. The 2C regimen (days 1-7 on a 28-day cycle) gave the best 

results; 5 patients with AML across all dosing cohorts achieved CRs (NCT02143635) (Stein et al., 

2021).  

 In another phase Ib/II (NCT02343172) clinical trial in patients with locally 

advanced/metastatic well-differentiated/dedifferentiated (WD/DD) LPS, high-dose, pulsed 
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regimens of HDM201 in combination with ribociclib, an inhibitor of cyclin D1(CCND1)/cyclin- 

CDK4/6 was more efficacious than the low-dose daily regimen. Although no CR was achieved, 3 

PRs and 27 cases of SD were reported in high-dose, pulsed regimens versus 11 patients with SD 

in the group with the low-dose daily regimen (Abdul Razak et al., 2022). Inspired by these results, 

HDM201 is currently being investigated/planned for investigation in early-phase clinical trials 

(phase I and I/II) in combination with other agents to potentially broaden its efficacy (Table 2). 

 Combining BCL2 inhibition (venetoclax) with MDM2 inhibition (milademetan) resulted 

in only minimal clinical responses in a Phase I trial in patients with R/R AML (NCT03634228) 

(Senapati et al., 2023). Similarly, milademetan monotherapy did not translate into meaningful 

clinical responses in another study in Japanese patients with R/R AML (NCT03671564) 

(Sekiguchi et al., 2023), despite an earlier study in Japan showing potential benefits (JapicCTI-

142693; (Takahashi et al., 2021). In patients with R/R AML or high-risk MDS (NCT02319369), 

milademetan monotherapy resulted in a reduction in bone marrow blasts in 15 of 38 patients and 

3 CR, 2 in patients with AML and 1 in a patient with MDS (DiNardo et al., 2016). In another 

phase I study in patients with advanced solid tumors or lymphomas (NCT01877382), 

milademetan given once daily as part of extended/continuous or intermittent schedules had single-

agent efficacy across all cohorts (N =107 patients); the ORR was 4.7%, DCR was 45.8%, and 

median progression-free survival (PFS) was 4.0 months. Interestingly, in the overall DDLPS 

cohort (N = 53 patients); the ORR, DCR, and median PFS were 3.8%, 58.5% and 7.2 months, 

respectively (Gounder et al., 2023). Based on these studies, Milademetan has been given orphan 

drug status by the U.S. FDA for patients with LPS and is currently being evaluated in an ongoing 

Phase III clinical trial in patients with WD/DD LPS that have progressed on at least one prior 

systemic therapy, including an anthracycline (MANTRA; NCT04979442). For that study, 175 
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patients will be randomly assigned in a 1:1 ratio to receive milademetan or trabectedin, an 

alkylating agent and standard of care for WD/DD LPS. Additionally, a Phase 2 tumor-agnostic 

basket study (MANTRA-2; NCT05012397) is enrolling participants with advanced or metastatic 

solid tumors refractory or intolerant to the standard of care therapy that exhibit p53WT and a 

MDM2 copy number ≥ 8 using prespecified biomarker criteria to evaluate the safety and efficacy 

of milademetan. 

 Treatment with BI 907828 (Boehringer Ingelheim) also showed encouraging preliminary 

efficacy in a Phase I trial (NCT03449381) in patients with advanced/metastatic solid tumors; 6 of 

54 patients achieved a PR (overall response rate of 11.1%) and 34 patients achieved SD as the 

best response, giving a DCR of 74.1%. Interestingly, 4 of 7 patients with well-differentiated 

liposarcoma (WDLPS) achieved a durable PR (responses lasting ≥12 months to up to 2 years) and 

3 patients achieved SD, giving a 100% DCR.  Similarly, 9 of the 12 patients with DDLPS 

achieved SD (75.0% DCR). Two more PRs were seen, one in a patient with intrahepatic 

cholangiocarcinoma and another in a patient with pancreatic cancer (LoRusso et al., 2023).  

 The phase Ib dose expansion part of this study is ongoing with two cohorts: one for 

patients with p53WT, MDM2-amplified sarcoma and one for patients with p53WT, MDM2-

amplified NSCLC, urothelial carcinoma, gastric carcinoma, biliary tract carcinoma, or pancreatic 

ductal adenocarcinoma. BI 907828 is also now being investigated further in a phase II/III study 

(NCT05218499, Brightline-1) in patients with advanced/metastatic DDLPS to evaluate whether it 

is superior to doxorubicin as first-line treatment (Schoffski et al., 2023). Moreover, a phase IIa/IIb 

clinical trial (NCT05512377, Brightline-2) is recruiting participants to investigate the efficacy of 

BI 907828 as monotherapy for locally advanced or metastatic, MDM2 amplified, p53WT biliary 

tract adenocarcinoma, pancreatic ductal adenocarcinoma, urothelial bladder cancer, and lung 
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adenocarcinoma. The agent is also being investigated in several ongoing phase I studies in 

patients with advanced or metastatic solid tumors (NCT05613036 and NCT05372367) and in 

patients with newly-diagnosed GBM (NCT05376800). 

 So far, most of the efficacy studies of MDM2 inhibitors have been part of Phase I trials. 

Of note, several clinical phase II-III trials of first-generation small molecule MDM2 inhibitors 

blocking p53-MDM2 binding have shown disappointing efficacy and extensive adverse effects.  

Two Phase III studies were terminated by the sponsors. A phase II trial to evaluate the efficacy in 

patients with non-cancer diseases assessed the efficacy of a single dose of UBX0101 in patients 

with knee osteoarthritis (NCT04129944), but did not show any beneficial effects. Despite these 

disappointing results, there are still numerous clinical trials that are ongoing and actively 

recruiting patients with multiple cancer types for clinical evaluation, including several Phase III 

trials summarized in Table 2. 

 

6. Challenges and Future Directions  

 Targeting MDM2 has been attempted using different strategies for more than 20 years. 

Despite the significant progress that has been made in this field, there are still many unmet 

challenges, such as the selectivity of inhibitors, efficacy against cancer or other diseases, and the 

identification of biomarkers for preclinical studies and clinical trials. However, there are excellent 

reviews pointing out some potential issues to guide future research (Dobbelstein and Levine, 2020; 

Klein et al., 2021). We will provide another perspective to discuss what needs to be addressed 

during the next steps of development, as well as potential new opportunities for targeting MDM2. 
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6.1. Blocking the MDM2/p53 Protein-Protein Interaction versus Directly Targeting MDM2 

 The original rationale for targeting MDM2 was to release p53 from the MDM2/p53 

complex and reactivate p53 to induce cell death. Most preclinical and clinical studies have 

emphasized the role of MDM2 inhibitors in a subpopulation of patients carrying tumors with 

p53WT. However, extensive evidence indicates that the functions of MDM2 are more 

complicated than just regulating p53 (Klein et al., 2021). In addition, more than half of human 

cancers have p53 mutations or loss of p53 function (Nishikawa and Iwakuma, 2023; Xu et al., 

2021), and not all patients with p53WT respond to MDM2 inhibitor treatment (Ishizawa et al., 

2018). Perhaps more importantly, patients with p53 mutations still often respond to MDM2 

inhibitors (Andreeff et al., 2016). This suggests that MDM2 inhibition suppresses tumor growth 

not only due to MDM2-mediated p53 activation but also through other MDM2-mediated signals. 

Elucidating the full spectrum of these other MDM2-mediated effects is critical to guide 

preclinical studies and stratify patients for clinical evaluations. Moreover, it may be more 

effective to target MDM2 using MDM2 degradation inducers or MDM2 PROTACs, or direct 

MDM2 inhibitors that do not require p53 for their mechanism of action. In addition, it is possible 

that the outcomes of clinical trials might differ if different patient populations were recruited (i.e., 

if p53WT is not a requirement for eligibility in the trial). 

 

6.2. Dual Inhibitors of MDM2 and MDMX 

 MDMX functions as a partner of MDM2 to regulate p53 (Manfredi, 2021; Wade et al., 

2013; Zhang et al., 2014). MDMX can also downregulate p53 in the absence of MDM2. This 

implies that targeting both MDM2 and MDMX will be more effective than targeting MDM2 
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alone if p53 restoration is the target of treatment. Based on this concept, dual inhibitors for 

MDM2/MDMX have been considered as new agents to re-activate p53. The stapled peptide 

inhibitor ALRN-6924, which targets both MDM2 and MDMX, showed promising preclinical and 

clinical results (Pairawan et al., 2021; Saleh et al., 2021). Although the body of evidence supports 

the roles of MDM2 and MDMX in various disease conditions, questions still need to be answered 

to completely understand how MDM2 and MDMX regulate each other and their targets, including 

p53, p63, and p73. Of particular importance are the functional differences between MDM2 and 

MDMX and the precise conditions leading to the selective activation of one protein over the other, 

as well as whether non-p53 functions can explain the observed effects of dual inhibition. It is also 

currently unclear how the fact that MDMX is missing the nuclear location signal present in 

MDM2 affects its functions and stability. A comprehensive investigation of the molecular 

mechanisms involving MDM2 and MDMX will help guide the development of inhibitors 

targeting MDM2 and/or MDMX and identify their optimal clinical applications. 

 

6.3. Screening to Identify More Potent and Selective Compounds 

 So far, the screening for compounds targeting MDM2 has generally been based on the 

regions involved in the binding between MDM2 and p53, which were initially published about 25 

years ago. Numerous peptide-based inhibitors and small molecule inhibitors with different core 

structures were designed to mimic the critical residues of the p53 binding motif, including Phe19, 

Trp23, and Leu26 (Shangary and Wang, 2009). Several serine residues of MDM2 are 

phosphorylated in response to cell growth signals (Meek and Knippschild, 2003). For example, 

IGF and ATM stimulate the phosphorylation of serine 166 or serine 394, respectively (Feng et al., 

2004; Gannon et al., 2012). Whether these modifications affect the binding of MDM2 to p53 at 
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the cellular level needs to be evaluated. Several residues at the C-terminus of MDM2 can be 

modified under different conditions (Okoro et al., 2012), and these modifications can potentially 

affect the binding of compounds targeting MDM2. Therefore, cell-based screening that more 

accurately mimics the physiological conditions may provide more value than in vitro binding 

assays and structural modeling. Luciferase and fluorescence two-hybrid assays can detect protein 

interactions (Li et al., 2011; Yurlova et al., 2014), which could be used to screen for potent 

inhibitors of specific MDM2 interactions at the cellular level. In addition, studies focusing on the 

non-p53 target of MDM2 are needed to elucidate which one(s) is responsible for the optimal 

effects on cancer cells, ideally with minimal effects on normal cells. 

 

6.4. Biomarkers of MDM2 Activity  

 As noted above, p53WT and cell death signaling have been considered the main 

biomarkers for the response to MDM2 inhibitors. Identifying the biomarkers correlated with the 

other functions of MDM2 will be critical for the clinical application of MDM2 inhibitors in the 

future. Gene expression profiling of patient samples can also help identify biomarkers to stratify 

patients based on their predicted response to MDM2 inhibitor treatment, and this can be used to 

guide clinical trials. For example, miR-10a has been identified as a potential biomarker of the 

response to combined treatment with Nutlin-3a and cytarabine in patients with AML (Bryant et al., 

2012; Vu et al., 2021). One study tried to identify the gene signatures that occurred in response to 

MDM2 inhibitors (Jeay et al., 2015). However, conflicting results (Sonkin, 2015) raised questions 

about these gene signatures. Another concern is that the gene signatures identified for the 

response to a single inhibitor cannot provide information about the general response to other 

inhibitors due to differences in the structures of the inhibitors and the likelihood of off-target 
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effects. A comprehensive non-biased analysis using a variety of different inhibitors and genetic 

disruption, followed by systematic validation using cell lines and human clinical samples, will be 

needed to provide a complete understanding of the general response to MDM2 inhibition. 

 

6.5. Combination Therapy Using MDM2 Inhibitors with Other Treatment Regimens  

 In simple terms, carcinogenesis is the result of cancer cells escaping death signals and 

immune surveillance. Cancer cells thus often have intrinsic resistance to treatments that induce 

cell death, and tumors may develop mechanisms to escape treatments due to their high 

proliferation and mutation rates. Because MDM2 is considered an oncogenic protein that plays a 

variety of functions during carcinogenesis and the response to treatment, it has long been 

considered a potential target for therapy. Gene signatures that predict the sensitivity to MDM2 

inhibitors have been identified in AML and PDX models (Ishizawa et al., 2018). Many signaling 

pathways have cross-talk with MDM2 and may affect the efficacy of MDM2 inhibitors 

(Haronikova et al., 2021). Combination treatments may overcome both intrinsic and acquired 

drug resistance. For example, the p-gp transporter negatively regulated the distribution of an 

MDM2 inhibitor in the brain, resulting in a low response to the MDM2 inhibitor in patients with 

brain tumors (Kim et al., 2019). Simultaneously targeting both p-gp and MDM2 may reduce 

resistance to the MDM2 inhibitor. Although preclinical studies have established many effective 

MDM2 inhibitor-based combination strategies, it is critical to elucidate the underlying 

mechanisms and off-target effects to predict which combinations will be most effective, and to 

optimize the treatment regimens. 

 

6.6. Nano-formulation of MDM2 inhibitors 
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With the rapid advancements that have been made in nanotechnology and nanomedicine, 

incorporating MDM2 inhibitors into nano-formulations represents a promising research area. 

These formulations are engineered for targeted delivery, concentrating the therapeutic actions of 

the inhibitors on malignant cells while mitigating systemic side effects. The possibility of 

enhancing the solubility and stability of MDM2 inhibitors in nanoparticulate forms may improve 

their bioavailability, a critical factor in clinical efficacy. A key advantage of these nano-

formulations is their capability for controlled drug release, ensuring a sustained therapeutic level 

and potentially allowing for a reduced dosing frequency (Gautam et al., 2023). Moreover, the 

potential of nano-formulations to co-deliver MDM2 inhibitors alongside other therapeutic 

compounds or genetic materials represents a strategic approach to counteract drug resistance in 

cancer cells. Additionally, the ability to leverage the enhanced permeability and retention of 

compounds by nanoparticles can facilitate drug penetration and retention within tumor tissues 

(Gautam et al., 2023). This innovation in drug delivery aligns with the principles of personalized 

medicine, offering the prospect of tailoring cancer treatments to the unique molecular profiles of 

individual patients, thereby optimizing therapeutic outcomes. 

Our team has developed a novel nano-oral delivery system for SP141, a potent MDM2 

oncogene inhibitor. The drug's oral bioavailability and tumor targeting were enhanced when it 

was loaded in nanoparticles (called SP141FcNP). These SP141 nanoparticles had improved 

transepithelial transport and intestinal absorption compared to the unencapsulated SP141, leading 

to increased anti-tumor effects both in vitro and in vivo, without significant host toxicity in 

models of breast cancer (Qin et al., 2016). Another study employed a PAMAM-OH derivative 

(PAMSPF) to co-deliver a p53 plasmid and the MDM2 inhibitor, RG7388. The resulting 

nanoparticles (PAMSPF/p53/RG) had high drug loading and stability, and significantly increased 
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the p53 expression in breast cancer cell lines. Treatment with PAMSPF/p53/RG led to reduced 

cell proliferation and increased apoptosis, effectively inhibiting tumor growth in MDA-MB-435 

and MCF-7/WT breast cancer xenograft models, and demonstrating synergistic anti-tumor 

activity (Chen et al., 2019a).  

To address the suppression of ARF, an inhibitor of MDM2, in p53WT tumors, ARF-

mimetic MDM2-targeting reassembly peptide nanoparticles (MtrapNPs) were developed. These 

nanoparticles form a nanofiber structure with MDM2, stabilizing and activating p53. 

Additionally, MtrapNPs have been used to deliver arsenic trioxide to treat p53-mutated tumors, 

and these showed significant therapeutic effects in both orthotopic and metastatic models, 

highlighting the potential of the MDM2-trap strategy to treat both p53WT and mutated tumors 

(Li et al., 2023). In addition, one study introduced 
PMI

Bcr/Abl-R6, a novel protein-based peptide 

drug carrier derived from the Bcr/Abl oncogenic protein. This carrier, enhanced with a 

dodecameric peptide inhibitor targeting the p53-MDM2/MDMX interaction and a C-terminal 

Arg-repeating hexapeptide, effectively induced apoptosis in p53-positive cells and inhibited 

tumor growth in a HCT116 p53
+
/
+
 mouse model, showcasing its potential as a viable approach 

for cancer therapy (Ma et al., 2019). 

 

6.7. Nucleic acid therapeutics targeting MDM2 

The advent of nucleic acid therapeutics marked a revolutionary shift in the 

pharmaceutical industry, signaling a new epoch of personalized medicine and targeted therapy. 

These therapies, encompassing RNA-based drugs like siRNA and miRNA, as well as DNA-

based agents, such as antisense oligonucleotides, have now extended to include advanced 

modalities like CRISPR gene editing and aptamers (Hu et al., 2020; Kong et al., 2023; Shigdar et 

al., 2021; Shojaei Baghini et al., 2022). This broadened scope has brought unparalleled 
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specificity to disease treatment by directly targeting disease-linked genes or gene products. 

CRISPR offers a precise method to edit or regulate specific genes (Shojaei Baghini et al., 2022), 

while aptamers, comprising short DNA or RNA sequences (Shigdar et al., 2021), can selectively 

bind to and inhibit target proteins or genetic sequences, enhancing the precision and 

effectiveness of molecular therapeutics. The ability to target what were once considered 

'undruggable' entities marks a pivotal advancement. The progress in genome editing and RNA 

interference technologies has been instrumental in driving this field forward, opening up novel 

treatment possibilities for genetic disorders, various forms of cancer, and viral infections. 

Focusing on cancer treatment, the use of nucleic acid therapeutics to target MDM2 has 

emerged as a promising strategy. As mentioned in the previous sections, our group’s pioneering 

work in validating the anti-cancer effects of targeting MDM2 through an antisense approach 

represents a significant milestone in cancer research (Wang et al., 2001; Wang et al., 1999; 

Zhang et al., 2004). This approach stands out for its ability to combat drug resistance, a 

formidable challenge in cancer therapy. By inhibiting MDM2 protein synthesis, these 

therapeutics can provide high specificity and reduced off-target effects. The growing presence of 

these therapies in clinical trials and recent FDA approvals further attest to their potential.  

Looking ahead, the scope of nucleic acid therapies is expected to broaden, extending 

from treatment to prevention in high-risk populations and even regenerative medicine. Despite 

their promise, challenges such as ensuring stability, effective delivery, and minimizing immune 

responses remain. These are being addressed through innovative strategies like lipid 

nanoparticles and targeted delivery systems (Gautam et al., 2023). In contrast, small molecule 

MDM2 inhibitors offer a direct and rapid means to disrupt the MDM2-p53 interaction, with 

advantages like oral bioavailability and stability, backed by a solid history of clinical use. 
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However, their potential for off-target effects and the complexity of developing specific, 

efficacious inhibitors for a range of cancer types remain significant hurdles. Both approaches, 

nucleic acid therapeutics and small molecule inhibitors, represent significant strides in cancer 

treatment, each with unique strengths and challenges, contributing to the ever-evolving 

landscape of oncology therapeutics. 

 

7. Conclusion and Perspectives 

 In summary, targeting MDM2 represents a promising therapeutic strategy for cancer 

patients. Although the previous and current inhibitors targeting MDM2 have shown promising 

results in preclinical and some clinical trials, there are currently no approved MDM2 inhibitors 

marketed for any indication. It should be noted that most of the MDM2 inhibitors investigated in 

clinical trials were designed to block the interaction between MDM2 and p53, which may actually 

increase the level of MDM2 and even increase its oncogenic activity. This may at least partially 

explain the failure of such MDM2 inhibitors in clinical trials. In contrast, directly inhibiting 

MDM2 using agents such as MDM2 degradation inducers or PROTACs would lead to more 

effective treatment with a better safety profile, particularly if specifically-targeted delivery and 

timed inhibition can be employed. Dual inhibition of specific interactions or molecules and 

combination treatments would also help to overcome intrinsic and acquired drug resistance. More 

detailed analyses of patient gene and protein expression profiles are needed to individualize 

treatments allowing the patients to achieve a more robust and durable response. Biomarkers will 

be helpful in guiding such studies and can be used to establish more effective and successful 

MDM2-targeted therapies.  
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Figure Legends  

 

Figure 1. Simplified timeline of the milestone discoveries of MDM2 and its inhibitors 

 

Figure 2. Representative examples highlighting the role of MDM2 in drug resistance. 

MDM2-p53 feedback loop regulates MGMT expression to promote temozolomide resistance. 

MDM2/AKT/AR signaling enhances the EMT to increase the resistance to chemotherapy. MDM2 

associates with stem cell markers CD133 and CD34 in maintaining the stemness properties of 

cancer cells, contributing to the chemotherapy resistance. Increased NF-κB transcriptional 

activity is involved in Aurora-A promoted gefitinib resistance. MDM2 negatively regulates 

NFAT1. The combination of MDM2 inhibitors and ICIs may overcome the resistance of patients 

to immunotherapy by activating cytotoxic T cells and blocking the immune checkpoint. 

Abbreviations: AKT, Protein kinase B; AR, androgen receptor; MDM2, mouse double minute 2, 

MGMT, O-6-methylguanine-DNA methyltransferase; NFAT1, nuclear factor of activated T 

cells 1;  NF-κB, nuclear factor kappa B  

 

Figure 3. Structures of representative MDM2 inhibitors. A. Peptide inhibitors. B. 

Representative single ring inhibitors. C. Representative bicyclic inhibitors. D. Others. 

 

Figure 4. Structures of representative PROTAC MDM2 inhibitors. 
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Tables 

 

Table 1. Selected examples of completed clinical trials of MDM2 inhibitors 

 

Compounds Core or 

Category 

Sponso

rs 

Combination Conditions Phase NCT Number Results 

ALRN-6924  Peptide Aileron  Solid tumors and 

lymphomas with 

WT TP53 

Phase 

I/IIa  

NCT02264613 3.1 mg/kg on days 1, 8, and 15 in a 28-

day cycle. The disease control rate was 

59% (Saleh et al., 2021). 

ALRN-6924 Peptide Aileron Cytarabine Acute myeloid 

leukemia and 

advanced 

myelodysplastic 

syndrome 

Phase I  NCT02909972 Among the enrolled 12 patients, the 

combination was generally well 

tolerated with transient, self-resolving 

Grade 3 and 4 neutropenia, pulmonary 

embolism, thrombocytopenia, 

leukopenia, increased ALT, and fall (F. 

Meric-Bernstam1, 2019).  

ALRN-6924 Peptide Aileron Cytarabine Resistant 

(refractory) pediatric 

solid tumor, brain 

tumor, lymphoma, 

or leukemia. 

Phase I NCT03654716 NA 

RG7112 

(RO5045337)  

Cis-

imidazoline  

Roche  Advanced solid 

tumors  

Phase I  NCT00559533 N/A 

RG7112 

(RO5045337)  

Cis-

imidazoline 

Roche  Liposarcoma 

patients who are 

eligible for 

debulking surgery 

Phase I  NCT01143740 N/A 

RG7112 

(RO5045337)  

Cis-

imidazoline 

Roche Doxorubicin Soft tissue sarcoma Phase I  NCT01605526 Among the enrolled 20 patients with 

ASTS, high rate of grade 3/4 

neutropenia (60%) or thrombocytopenia 

(45%) were observed (Sant P. Chawla 

2013).  

RG7112 

(RO5045337)  

Cis-

imidazoline 

Roche Cytarabine  Acute Myelogenous 

Leukemia 

Phase I  NCT01635296 N/A 

RG7112 

(RO5045337)  

Cis-

imidazoline 

Roche  Hematologic 

neoplasms 

 

Phase I  NCT00623870 Gastrointestinal toxicity 

RG7112 

(RO5045337)  

Cis-

imidazoline 

Roche  Advanced solid 

tumors  

Phase I  NCT01164033 High-dose daily treatment for 3 to 5 days 

was better than weekly and low-dose 
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daily treatment for a longer duration 

(Patnaik et al., 2015). 

RG7112 

(RO5045337)  

Cis-

imidazoline 

Roche  Participants who 

have completed 

parent studies 

NCT00623870, 

NCT00559533, 

NCT01164033, 

NCT01605526, or 

NCT01635296. 

Phase I  NCT01677780 N/A 

Idasanutlin 

(RO5503781, 

RG7388) 

Pyrrolidine Roche  Solid tumors  Phase I  NCT03362723 N/A 

Idasanutlin 

(RO5503781, 

RG7388) 

Pyrrolidine Roche Cytarabine Wild-type p53 

patients 

Phase I  NCT01773408 There was an 18.9% remission rate for 

monotherapy compared with a 35.6% 

rate for combination therapy (Yee et al., 

2021). 

Idasanutlin 

(RO5503781, 

RG7388) 

Pyrrolidine Roche  Polycythemia vera  Phase I  NCT02407080 N/A 

Idasanutlin 

(RO5503781, 

RG7388) 

Pyrrolidine Roche Venetoclax Relapsed or 

refractory acute 

myeloid leukemia 

Phase I  NCT02670044 N/A 

Idasanutlin 

(RO5503781, 

RG7388) 

Pyrrolidine Roche  Neoplasms Phase I  NCT01462175 The agent was administered at 500 mg 

daily for 5 days in a 28-day cycle  and 

showed hematological toxicity (Italiano 

et al., 2021).  

Idasanutlin 

(RO5503781, 

RG7388) 

Pyrrolidine Roche  Solid tumors Phase I  NCT02828930 The absolute bioavailability of 

Idasanutlin was 40.1%. Excretion of 

Idasanutlin was primarily via the fecal 

route (Papai et al., 2019). 

RO6839921 

(RG7775) 

Pyrrolidine 

pegylated 

Roche  Solid tumors and 

acute myeloid 

leukemia  

Phase I  NCT02098967 At the 110 mg dose for solid tumor 

patients, 8% had DLTs. The MTD was 

200 mg for AML patients. Stable disease 

was noted in 34% of the 14 patients with 

solid tumors, and the disease control rate 

was 42% in AML patients (Abdul Razak 

et al., 2020; Uy et al., 2020).  

Milademetan 

(RAIN-32, 

Spirooxindole Rain 

Therapeutics 

 Healthy 

participants  

Early 

Phase I  

NCT03647202 The AUC of Milademetan was reduced 

by 24% when administered with a high‐
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DS-3032b)  fat and high‐calorie diet compared with 

the fasting state (Hong et al., 2021).  

Milademetan 

(RAIN-32, 

DS-3032b) 

Spirooxindole Rain 

Therapeutics 

  

Itraconazole 

Posaconazol

e  

Healthy 

participants  

Early 

Phase I 

NCT03614455 Milademetan and itraconazole or 

posaconazole combination increased 

milademetan AUCinf by 2.15‐fold and 

2.49‐fold, respectively; the PBPK model 

predicted that the milademetan AUCR 

after concomitant administration with 

fluconazole, erythromycin, and 

verapamil were 1.72-,1.91-, and 2.02-

fold, respectively; suggesting that the 

milademetan dose should be reduced 

when combined with strong CYP3A 

inhibitors (Hong et al., 2021).  

Milademetan 

(RAIN-32, 

DS-3032b) 

Spirooxindole Rain 

Therapeutics 

  

 Relapsed or 

refractory acute 

myeloid leukemia 

Phase I NCT03671564  

JapicCTI-184054 

N/A 

Milademetan 

(RAIN-32, 

DS-3032b) 

Spirooxindole Rain 

Therapeutics  

 Advanced solid 

tumors and 

lymphomas 

Phase I NCT01877382 The MTD was 160 mg in the once‐

daily (q.d.) 21/28 schedule and 

260 mg in the q.d. 3/14 × 2 schedule 

(1 cycle was 28 days) (Hong et al., 

2021).  

Milademetan 

(RAIN-32, 

DS-3032b) 

Spirooxindole Rain 

Therapeutics 

 Solid tumors  Phase I JapicCTI-142693 The agent was given at 90 mg daily 

for 21 days in a 28-day cycle 

(Takahashi et al., 2021). 

Milademetan 

(DS-3032b, 

Rain-32) 

Spirooxindole Rain 

Therapeutics 

Cytarabine, 

Venetoclax 

Acute myeloid 

leukemia, 

refractory acute 

myeloid leukemia, 

and refractory 

acute myeloid 

leukemia 

 

Phase I/II NCT03634228 the MTD was determined to be 

260 mg/day of milademetan, 600 mg 

of 

Venetoclax, and 20 mg of low dose 

Cytarabine were administered twice 

daily. The combination treatment 

resulted in modest response rates, thus 

the phase 2 expansion portion of the 

study was not conducted. The 

combination treatment was associated 

with significant and dose-limiting 

gastrointestinal toxicity (Senapati et 

al., 2023). 

APG-115  

(AA-115, 

Spirooxindole Ascentage 

Pharma 

 Advanced solid 

tumors or 

Phase I  NCT02935907 The MTD/RP2D of APG-115 (every 

other day (QOD) for 21 days of a 28-
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alrizomadlin) lymphoma  day cycle) was determined as 100 mg 

(Drew W. Rasco, 2019).  

SAR405838  

(MI-773) 

Spirooxindole Sanofi Pimasertib Locally advanced 

or metastatic solid 

tumors  

Phase I  NCT01985191 The drug was given at 200 mg daily 

plus 45 mg pimasertib two times a 

day. One of 24 patients had a partial 

response and 63% of patients had 

stable when the drug was combined 

with pimasertib (de Weger et al., 

2019a). 

SAR405838  

(MI-773) 

Spirooxindole Sanofi  Advanced solid 

tumors  

Phase I  NCT01636479 The treatment was given at 300 mg 

once daily. SAR405838 treatment was 

associated with an increased plasma 

MIC-1. The best response rate was 

56% of patients with stable disease 

and 32% progression-free disease at 3 

months (de Jonge et al., 2017). 

Navtemadlin 

KRT-232 

(AMG 232) 

Piperidinones Kartos Trametinib  Relapsed/refractory 

acute myeloid 

leukemia 

Phase I  NCT02016729 The drug was administered at 360 mg 

for single treatment or 60 mg when it 

was combined with trametinib. Four 

of 13 (31%) patients responded to 

treatment (Erba et al., 2019). 

Navtemadlin 

KRT-232 

(AMG 232) 

Piperidinones Kartos  Advanced p53 wild-

type solid tumors or 

multiple myeloma  

Phase I  NCT01723020 Navtemadlin was given at a dose of 

240 mg, every 3 weeks (Gluck et al., 

2020) 

NVP-CGM097  Dihydro-

isoquinolinones 

Novartis  Advanced solid 

tumors  

Phase I  NCT01760525 The drug was given at 10-400 mg every 

week for 3 weeks or 300-700 mg every 

week for 2 weeks with 1 week off. The 

MTD was not reached. Some (39%) 

patients responded to the treatment, 

including one partial response and 19 

patients with stable disease (Bauer et 

al., 2021) 

Siremadlin 

(HDM201)  

Pyrrolidono-

imidazole 

Novartis  Advanced solid and 

hematological 

TP53wt tumors 

Phase I  NCT02143635 Siremadlin was given at 250 mg on day 

1 of a 21-day cycle (1A regiment); 120 

mg on days 1 and 8 of a 28-day cycle 

(1B regiment); and 45 mg on days 1 to 

day 7 with a 28-day cycle (2C 

regiment). There was a 10.3% response 

rate in solid tumor patients and a rate of 

4.2% with 1B, 20% with 1A, and 
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22.2% with the 2C regimen in AML 

patients (Stein et al., 2021). 

Siremadlin 

(HDM201)  

Pyrrolidono-

imidazole 

Novartis LEE011 Liposarcoma Phase I  NCT02343172 N/A 

UBX0101 N/A Unity  Knee osteoarthritis Phase I  NCT04229225 

NCT03513016 

N/A 

MK-8242     Phase I NCT01463696 At the RP2D of 400 mg BID (7 days-

on/14 days-off dosing schedule), MK-

8242 activates the p53 pathway with an 

acceptable tolerability profile (Wagner 

et al., 2017).  
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Table 2. Selected clinical trials ongoing or currently recruiting patients  

 

Compounds Sponsors Title Conditions Combination Phase NCT Number 

       

ALRN-6924 Aileron ALRN-6924 and Paclitaxel in treating 

patients with advanced, metastatic, or 

unresectable solid tumors 

Advanced malignant solid 

neoplasm 

Paclitaxel Phase I NCT03725436 

       

Siremadlin 

(HDM201) 

Novartis HDM201 and Pazopanib in patients with 

p53 wild-type advanced/metastatic soft 

tissue sarcomas 

Advanced/metastatic soft tissue 

sarcoma 

Pazopanib Phase 

I/II 

NCT05180695 

Siremadlin 

(HDM201) 

Novartis Trametinib + HDM201 in CRC patients 

with RAS/RAF mutant and TP53 wild-

type advanced/metastatic colorectal 

cancer mutant and TP53 wild-type 

RAS/RAF mutant advanced/ 

metastatic colorectal cancer  

Trametinib Phase I NCT03714958 

Siremadlin 

(HDM201) 

Novartis A study of Siremadlin in combination 

with Venetoclax plus Azacytidine in 

adult participants with AML who are 

ineligible for chemotherapy. 

Acute myeloid leukemia who 

responded sub-optimally to 

venetoclax and azacitidine 

treatment and newly diagnosed 

unfit acute myeloid leukemia 

Venetoclax 

azacitidine 

Phase 

Ib/II 

NCT05155709 

Siremadlin 

(HDM201) 

Novartis A Phase 1, open-label, multi-center, 

single-dose, parallel group study to 

evaluate the pharmacokinetics of 

Siremadlin (HDM201) in participants 

with mild, moderate and severe hepatic 

impairment compared to matched 

healthy control participants 

Mild, moderate, and severe 

hepatic impairment 

 Phase I NCT05599932 

Siremadlin 

(HDM201) 

Novartis A Randomized, open-label, Phase I/II 

open platform study evaluating safety 

and efficacy of novel Ruxolitinib 

combinations in myelofibrosis patients 

Primary myelofibrosis, post 

polycythemia vera myelofibrosis, 

and post-essential 

thrombocythemia myelofibrosis 

Ruxolitinib Phase 

I/II 

NCT04097821 

Siremadlin 

(HDM201) 

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 

p53WT advanced/ metastatic 

tumors with cyclin-dependent 

kinase 6 and/or cyclin-dependent 

kinase 4, and/or cyclin dependent 

kinase inhibitor 2A homozygous 

deletion, and/or amplification of 

cyclin D1 and/or cyclin D3 with 

no deletion/losses more than 

single copy of retinoblastoma 1 

Ribociclib Phase 

II 

NCT04116541 
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by copy number  

Siremadlin 

(HDM201) 

Novartis 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) 

Acute myeloid leukemia or high-

risk myelodysplastic syndromes 

MBG453, 

venetoclax 

Phase 

Ib 

NCT03940352 

Siremadlin 

(HDM201) 

Novartis A Phase Ib/II, open label study of 

Siremadlin monotherapy and in 

combination with donor lymphocyte 

infusion as a treatment for patients with 

acute myeloid leukemia post-allogeneic 

stem cell transplantation who are in 

complete remission but at high risk for 

relapse. 

Acute myeloid leukemia post-

allogeneic stem cell transplant 

Donor 

lymphocyte 

infusion 

Phase 

Ib/II 

NCT05447663 

APG-115 

(AA-115, 

alrizomadlin) 

Ascentage 

Pharma 

A phase Ib study of APG-115 single 

agent or in combination with 

Azacytidine or Cytarabine in patients 

with AML and MDS. 

Acute myeloid leukemia, 

myelodysplastic syndromes 

Cytarabine, 

Azacytidine 

Phase 

Ib 

NCT04275518 

APG-115 

(AA-115, 

alrizomadlin) 

Ascentage 

Pharma 

A study of APG-115 in combination 

with Pembrolizumab in patients with 

metastatic melanomas or advanced solid 

tumors 

Unresectable or metastatic 

melanoma or advanced solid 

tumor 

Pembrolizumab Phase 

Ib/II 

NCT03611868 

APG-115 

(AA-115, 

alrizomadlin) 

Ascentage 

Pharma 

A Phase Ib/II study of APG-115 in 

combination with PD-1 inhibitor in 

patients with advanced liposarcoma or 

other advanced solid tumors 

Advanced liposarcoma or 

advanced solid tumors 

Toripalimab Phase 

Ib/II 

NCT04785196 

APG-115 

(AA-115, 

alrizomadlin) 

Ascentage 

Pharma 

APG-115 in salivary gland cancer trial Malignant salivary gland cancer, 

salivary gland cancer 

Carboplatin Phase 

I/II 

NCT03781986 

APG-115 

(AA-115, 

alrizomadlin) 

Ascentage 

Pharma 

A Phase I clinical study of APG-115 

alone or in combination with APG-2575 

in children with recurrent or refractory 

neuroblastoma or solid tumors 

Relapsed or refractory 

neuroblastoma or solid tumors 

APG-2575 Phase I NCT05701306 

APG-115 

(AA-115, 

alrizomadlin) 

Ascentage 

Pharma 

A Phase Ib/II study of APG-115 alone or 

in combination with Azacitidine in 

patients with relapse/refractory AML, 

CMML or MDS 

Relapsed or refractory acute 

myeloid leukemia, chronic 

myelomonocytic leukemia 

(CMML), or myelodysplastic 

syndromes 

5-azacitidine Phase 

Ib/II 

NCT04358393 

APG-115 Ascentage A Phase IIa study evaluating the relapsed/refractory T-cell APG-2575 Phase NCT04496349 
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(AA-115, 

alrizomadlin) 

Pharma pharmacokinetics, safety, and efficacy 

of APG-115 as a single agent or in 

combination with APG-2575 in subjects 

with relapsed/refractory T-cell 

prolymphocytic leukemia (R/R T-PLL) 

prolymphocytic leukemia (R/R T-

PLL) 

IIa 

Navtemadlin 

(KRT232, 

AMG232) 

Kartos Testing the addition of KRT-232 (AMG 

232) to usual chemotherapy for relapsed 

multiple myeloma 

Plasmacytoma, recurrent or 

refractory plasma cell myeloma 

Dexamethasone

, Carfilzomib, 

lenalidomide 

Phase I NCT03031730 

Navtemadlin 

(KRT232, 

AMG232) 

Kartos KRT-232 with or without anti-PD-

1/anti-PD-L1 for the treatment of 

patients with Merkel cell carcinoma 

Merkel cell carcinoma Avelumab Phase 

Ib/II 

NCT03787602 

Navtemadlin 

(KRT-232, 

AMG 232) 

Kartos A Two-part, Phase 1b/2, multicenter, 

open-label, dose escalation and double-

blind, randomized, placebo-controlled, 

dose expansion study of the safety, 

efficacy and pharmacokinetics of 

Navtemadlin plus Pembrolizumab as 

maintenance therapy in subjects with 

locally advanced and metastatic non-

small cell lung cancer 

Locally advanced and metastatic 

non-small cell lung cancer  

Pembrolizumab Phase 

Ib/II 

NCT05705466 

Navtemadlin 

(KRT232, 

AMG232) 

Kartos Safety and efficacy of KRT-232 in 

combination with Acalabrutinib in 

subjects with R/R DLBCL or R/R CLL 

Diffuse large B cell lymphoma, 

chronic lymphocytic leukemia, 

non-Hodgkin’s lymphoma  

Acalabrutinib Phase Ib/II NCT04502394 

Navtemadlin 

(KRT232, 

AMG232) 

Kartos TL-895 and KRT-232 study in acute 

myeloid leukemia 

Relapsed/refractory fms-like 

tyrosine kinase 3 (FLT3) mutated 

acute myeloid leukemia 

TL-895 Phase Ib/II NCT04669067 

Navtemadlin 

(KRT232, 

AMG232) 

Kartos KRT-232 and TKI study in chronic 

myeloid leukemia 

Relapsed/refractory Philadelphia 

chromosome-positive chronic 

myeloid leukemia (Ph
+
 CML) 

Dasatinib, 

Nilotinib 

Phase Ib/II NCT04835584 

Navtemadlin 

(KRT232, 

AMG232) 

Kartos An open-label, multicenter, phase 1b/2 

study of the safety and efficacy of KRT-

232 when administered alone and in 

combination with low-dose Cytarabine 

(LDAC) or Decitabine in patients with 

AML 

Relapsed/refractory acute 

myeloid leukemia, acute myeloid 

leukemia secondary to 

myeloproliferative neoplasia  

Decitabine, 

Cytarabine 

Phase Ib/II NCT04113616 

Navtemadlin 

(KRT232, 

AMG232) 

Kartos KRT-232 versus best available therapy 

for the treatment of subjects with 

myelofibrosis who are relapsed or 

refractory to JAK inhibitor treatment 

Relapsed/refractory to Janus 

kinase inhibitor (JAKi) primary 

myelofibrosis, post polycythemia 

vera myelofibrosis, or post-

essential thrombocythemia 

Best available 

therapy 

Phase 

II/III 

NCT03662126 
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myelofibrosis 

Navtemadlin 

(KRT232, 

AMG232) 

Kartos KRT-232 compared to Ruxolitinib in 

patients with phlebotomy-dependent 

polycythemia vera 

Phlebotomy-dependent 

Polycythemia vera resistant or 

intolerant to hydroxyurea  

Ruxolitinib Phase 

IIa/IIb 

NCT03669965 

Navtemadlin 

(KRT232, 

AMG232) 

Kartos An Open-label, multicenter, phase 1b/2 

study of the safety and efficacy of KRT-

232 combined with Ruxolitinib in 

patients with primary myelofibrosis 

(PMF), post-polycythemia vera MF 

(Post-PV-MF), or post-essential 

thrombocythemia MF (Post ET-MF) 

who have a suboptimal response to 

Ruxolitinib 

Primary myelofibrosis, post 

polycythemia vera myelofibrosis, 

and post-essential 

thrombocythemia myelofibrosis 
who have a suboptimal response 

to Ruxolitinib   

Ruxolitinib Phase 

Ib/II 

NCT04485260 

Navtemadlin 

(KRT232, 

AMG232) 

Kartos KRT-232 in subjects with relapsed or 

refractory small cell lung cancer 
 

Relapsed or refractory small-cell 

lung cancer 

 Phase II NCT05027867 

Navtemadlin 

(KRT232, 

AMG232) 

Kartos KRT-232 in combination with TL-895 

for the treatment of R/R MF and KRT-

232 for the treatment of JAKi intolerant 

MF 

Relapsed/refractory to Janus 

kinase inhibitor (JAKi) 

myelofibrosis, post polycythemia 

vera myelofibrosis, post-essential 

thrombocythemia myelofibrosis, 

and primary myelofibrosis 

TL-895 Phase I/II NCT04640532 

Navtemadlin 

(KRT232, 

AMG232) 

Kartos An Open-label, multicenter, Phase 2 

study assessing the safety and efficacy 

of KRT-232 or TL-895 in Janus kinase 

inhibitor treatment-naïve myelofibrosis 

JAKi treatment-naïve 

myelofibrosis, post polycythemia 

vera myelofibrosis, post-essential 

thrombocythemia myelofibrosis, 

and primary myelofibrosis 

TL-895 Phase II NCT04878003 

Navtemadlin 

(KRT232, 

AMG232) 

Telios 

Pharma 

Phase I/II, first in human, dose 

escalation trial of TL 895 monotherapy 

in subjects with relapsed/refractory B 

cell malignancies and expansion of TL-

895 monotherapy and combination 

therapy with Navtemadlin in treatment-

naïve chronic lymphocytic leukemia or 

small lymphocytic lymphoma subjects 

and subjects with relapsed/refractory 

chronic lymphocytic leukemia or 

relapsed/refractory small lymphocytic 

lymphoma 

Treatment-naïve and 

relapsed/refractory chronic 

lymphocytic leukemia or small 

lymphocytic lymphoma (SLL) 

TL-895 Phase I/II NCT02825836 
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Navtemadlin 

(KRT232, 

AMG232) 

Kartos Navtemadlin and radiation therapy in 

treating patients with soft tissue sarcoma 

Leukemia and resectable soft 

tissue sarcoma 

Radiation 

therapy 

Phase Ib NCT03217266 

Navtemadlin 

(KRT232, 

AMG232) 

Kartos A Phase 1b study with expansion cohort 

of escalating doses of KRT-232 (AMG 

232) administered in combination with 

standard induction chemotherapy 

(Cytarabine and Idarubicin) in newly 

diagnosed acute myelogenous leukemia 

(AML) 

Acute myeloid leukemia Cytarabine, 

Idarubicin 

Phase Ib NCT04190550 

Navtemadlin 

(KRT232, 

AMG232) 

Kartos A Phase 2/3 study of Navtemadlin as 

maintenance therapy in subjects with 

TP53WT advanced or recurrent 

endometrial cancer who responded to 

chemotherapy 

Advanced or recurrent 

endometrial cancer 

 Phase 

II/III 

NCT05797831 

Idasanutlin 

(RO5503781, 

RG7388) 

Mayo 

Clinic 

Idasanutlin, Ixazomib Citrate, and 

Dexamethasone in treating patients with 

relapsed multiple myeloma 

Recurrent plasma cell myeloma 

with loss of chromosome 17p  

Dexamethaso

ne,  Ixazomib 

Citrate 

Phase I/II NCT02633059 

Idasanutlin 

(RO5503781, 

RG7388) 

Roche A Study evaluating the safety, 

tolerability, pharmacokinetics and 

preliminary activity of Idasanutlin in 

combination with either chemotherapy 

or Venetoclax in treatment of pediatric 

and young adult participants with 

relapsed/refractory acute leukemias or 

solid tumors 

Relapsed or refractory acute 

myeloid leukemia, acute 

lymphoblastic leukemia, and 

Neuroblastoma 

Venetoclax, 

Cyclophospha

mide, 

Topotecan, 

Fludarabine, 

Cytarabine 

Phase I/II NCT04029688 

Idasanutlin 

(RO5503781, 

RG7388) 

Roche NCT Neuro Master Match - N²M² 

(NOA-20) (N²M²) 

Newly diagnosed isocitrate 

dehydrogenase (IDH) wildtype 

glioblastoma bearing an 

unmethylated MGMT promoter 

 Phase I/IIa NCT03158389 

Idasanutlin 

(RO5503781, 

RG7388) 

Roche iSTAR: Phase 1b Trial of Idasanutlin 

and Selinexor Therapy For Children 

With Progressive/Relapsed Atypical 

Teratoid Rhabdoid Tumors, Extra-CNS 

Malignant Rhabdoid Tumors Or 

Synchronous/Metachronous Rhabdoid 

Tumors 

Children with progressive or 

recurrent atypical 

teratoid/rhabdoid tumors 

(AT/RT), malignant rhabdoid 

tumors (MRT) and 

synchronous/metachronous 

rhabdoid tumors 

Selinexor Phase Ib  NCT05952687 

Milademetan 

(DS-3032b, 

Rain-32) 

RAIN A Randomized multicenter Phase 3 

study of Milademetan versus 

Trabectedin in patients with 

Dedifferentiated liposarcoma Trabectedin 

 

Phase 

III 

NCT04979442 
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dedifferentiated liposarcoma 

Milademetan 

(DS-3032b, 

Rain-32) 

RAIN A Phase 2 basket study of Milademetan 

in advanced/metastatic solid tumors 

(MANTRA-2) 

Advanced/metastatic solid tumor 
refractory or intolerant to 

standard-of-care therapy 

 Phase 

II 

NCT05012397 

BI 907828 

(Brigimadlin) 

Boehringer 

Ingelheim 

This Study aims to find the best dose of 

BI 907828 in patients with different 

types of advanced cancer (solid tumors) 

Neoplasm  Phase 

Ia/Ib 

NCT03449381 

BI 907828 

(Brigimadlin) 

Boehringer 

Ingelheim 

Brightline-1: a study to compare BI 

907828 with Doxorubicin in people with 

a type of cancer called dedifferentiated 

liposarcoma 

Advanced dedifferentiated 

liposarcoma 

Doxorubicin Phase 

II/III 

NCT05218499 

BI 907828 

(Brigimadlin) 

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) 

Neoplasm BI 754091 

(Ezabenlimab), 

BI 754111 

 

Phase 

Ia/Ib 

 

NCT03964233 

BI 907828 

(Brigimadlin) 

Boehringer 

Ingelheim 

An Open-label, non-randomized Phase I 

investigation of human ADME 

(absorption, distribution, metabolism 

and excretion) and absolute oral 

bioavailability of BI 907828 in patients 

with advanced solid tumors 

Advanced solid tumors  Phase I NCT05613036 

BI 907828 

(Brigimadlin) 

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 or with a 

CYP3A4 inhibitor in patients with 

various solid tumors 

Solid tumors Rifampicin, 

Itraconazole 

Phase I NCT05372367 

BI 907828 

(Brigimadlin) 

Boehringer 

Ingelheim 

Brightline-2: a Phase IIa/IIb, open-label, 

single-arm, multi-center trial of 

Brigimadlin (BI 907828) for treatment 

of patients with locally advanced / 

metastatic, MDM2 amplified, TP53 

wild-type biliary tract adenocarcinoma, 

pancreatic ductal adenocarcinoma, or 

other selected solid tumors 

Locally advanced/metastatic, 

biliary tract adenocarcinoma, 

pancreatic ductal adenocarcinoma 

urothelial bladder cancer, and 

lung adenocarcinoma 

 Phase 

IIa/IIb 

NCT05512377 
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BI 907828 

(Brigimadlin) 

Boehringer 

Ingelheim 

A Phase 0/Ia study of BI 907828 

concentrations in brain tissue and a non-

randomized open-label, dose Escalation 

study of BI 907828 in combination with 

radiotherapy in patients with newly 

diagnosed glioblastoma 

Newly diagnosed glioblastoma Radiation 

therapy 

Phase 

0/Ia 

NCT05376800 

KT-253 Kymera 

Therapeuti

cs 

Safety and clinical activity of kt-253 in 

adult patients with high grade myeloid 

malignancies, acute lymphocytic 

leukemia, lymphoma, solid tumors 

Relapsed or refractory (R/R) high 

grade myeloid malignancies, 

acute lymphocytic leukemia 

(ALL), R/R lymphoma, and R/R 

solid tumors 

 Phase I NCT05775406 
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Figure 1

1992    1993    1996    1997    1998    19991987 20212000   2001   2004   2007 2010    2014    2018    2019

MDM2 gene was 
first discovered 

(Cahilly-Snyder et al., 1987)

p53 induces MDM2 
expression 
(Chen et al., 1993)

MDM2 negatively 
regulates p53 

(Honda et al., 1997; Haupt et al., 1997) 

MDM2 as oncogene 
independent of p53 

(Jones et al., 1998) 

The first MDM2 
SMIs (chalcones)

(Stoll et al., 2001)

MDM2 as an oncogene 
associated with p53 

(Momand et al., 1992; Oliner et al., 1992)

Structure of 
p53/MDM2 complex 

(Kussie et al., 1996) 

Targeting MDM2 for 
cancer treatment with 

antisense oligos
(Wang et al., 1999) 

Peptide inhibitor of 
MDM2

(Garcia-Echeverria et al., 2000)

Development of 
RITA and Nutlins

(Vassilev et al., 2004; Issaeva et 
al., 2004) 

The first MDM2 inhibitor 
into clinical trials 

(RG7112, NCT00559533)
(Vu et al., 2013) 

Dual inhibitor targeting 
MDM2/MDMX
(Popowicz et al., 2010)

p53 independent 
MDM2 degrader

(Patil et al., 2017; Wang et al., 2014b)

PROTAC MDM2 degrader
(Li et al., 2019; Wang et al., 2019a)   

Phase III patient recruitment
Milademetan, NCT04979442

Phase III patient recruitment
AMG232, NCT03662126

2022

Phase III patient recruitment
BI 907828, NCT05218499

2023

FDA orphan drug designation for AML
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Figure 2
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