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Cancer cells often depend on multiple pathways for their growth and survival, resulting in therapeutic
resistance and the limited effectiveness of treatments. Combination therapy has emerged as a favorable
approach to enhance treatment efficacy and minimize acquired resistance and harmful side effects. The
murine double minute 2 (MDM2) protein regulates cellular proliferation and promotes cancer-related
activities by negatively regulating the tumor suppressor protein p53. MDM2 aberrations have been
reported in a variety of human cancers, making it an appealing target for cancer therapy. As a result, sev-
eral small-molecule MDM2 inhibitors have been developed and are currently being investigated in clin-
ical studies. Nevertheless, it has been shown that the inhibition of MDM2 alone is inadequate to achieve
long-term suppression of tumor growth, thus prompting the need for further investigation into combina-
tion therapeutic strategies. In this review, possible clinical and preclinical MDM2 combination inhibitor
regimens are thoroughly analyzed and discussed. It provides a rationale for combining MDM2 inhibitors
with other therapeutic approaches in the management of cancer, taking into consideration ongoing clin-
ical trials that evaluate the combination of MDM2 inhibitors. The review explores the current status of
MDM2 inhibitors in combination with chemotherapy or targeted therapy, as well as promising approach
of combining MDM2 inhibitors with immunotherapy. In addition, it investigates the function of PROTACs
as MDM2 degraders in cancer treatment. A comprehensive examination of these combination regimens
highlights the potential for advancing MDM2-inhibitor therapy and improving clinical outcomes for can-
cer patients and establishes the foundation for future research and development in this promising area of
study.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

It is widely acknowledged that most tumors rely on multiple
pathways to grow and survive. Cancer treatments often modulate
proteins that are involved in complex growth pathways and mech-
anisms of drug resistance (Huang et al., 2020). Therapeutic resis-
tance and cancer progression are driven by heterogeneity among
cancer cells within a tumor, which limits the number of patients
who experience meaningful clinical improvement and optimal
treatment outcomes. Cancer molecular characteristics and medica-
tion pharmacokinetics may vary among individuals and tumors,
providing a biological explanation for the observed variation.
Single-cell sequencing has shown that cancer genomes evolve
rapidly and diversely in response to treatment (Kuipers et al.,
2017; Maynard et al., 2020). The effectiveness of cancer therapy
is also hindered by the disease's ability to evolve through genetic
and nongenetic processes. Even highly effective targeted therapies
that aim to treat specific genetic mutations exhibit variability in
drug response in clinical studies. Combining different therapeutic
approaches such as surgery, chemotherapy, radiation, or targeted
treatments can offer significant curative advantages in treating
cancer by increasing efficacy and reducing acquired treatment
resistance and toxic adverse effects (Plana et al., 2022;
Strebhardt and Ullrich, 2008).

Many solid tumors are primarily treated with surgery, which is
frequently accompanied by neoadjuvant and adjuvant therapies.
Although systemic therapy is often a favored approach, the effec-
tiveness of cytotoxic drugs has been limited for specific types of
cancer including non-solid tumors (Italiano et al., 2012). Similarly,
ionizing radiation is a frequently utilized modality in the treatment
of childhood sarcoma, commonly associated with elevated MDM2,
either during the initial diagnosis or in cases of disease recurrence.
It has been observed that a significant proportion of sarcomas
occurring in children demonstrate a p53 wild-type phenotype
(Phelps et al., 2015). MDM2 inhibitors commonly disrupt the bind-
ing between MDM2 and p53, thereby activating wild-type p53.
However, the cellular response to MDM2 inhibition can differ sig-
nificantly depending on both the type of tumor and the dosage
administered (Jeay et al., 2018; Ray-Coquard et al., 2012). On the
other hand, the efficacy of using MDM2 inhibitors as a single ther-
apy remains inconclusive owing to many circumstances, including
the existence of non-functional p53 mutations and the develop-
ment of resistance mechanisms. Idasanutlin, known as RG7388,
is a second-generation MDM2 inhibitor and a member of the nutlin
family. Compared to the first-generation MDM2 inhibitors,
idasanutlin has demonstrated higher efficacy and selectivity
(Ding et al., 2013). However, recent findings revealed that long-
term exposure to idasanutlin led to the emergence of resistance,
which was attributed to the activation of the extracellular signal-
regulated kinases 1/2 (ERK1/2)insulin growth factor binding pro-
tein 1 (IGFBP1) signaling pathway (Berberich et al., 2019). The inci-
dence of primary resistance or acquired resistance to several
MDM2 inhibitors remains prevalent in a wide variety of malignan-
cies. Although poorly understood, acquired resistance to MDM2
inhibitors might develop through a number of pathways, one of
which is the acquisition of p53 mutations (Aziz et al., 2011; Hata
et al., 2017; Jung et al., 2016). These obstacles reinforce the need
2

to integrate MDM2 inhibitors with other pharmacological anti-
cancer agents. Therefore, profiling tumor genotypes could enhance
MDM2 inhibition effectiveness and inform combination therapy
design. In addition, identifying broader criteria beyond p53 status
is crucial to predicting treatment response. Also, optimized treat-
ment schedules and dosages are potentially essential to address
toxicity and resistance challenges (Haronikova et al., 2021). The
purpose of this review is to discuss the advantages of targeting
the MDM2 pathway with the objective of improving the effective-
ness of cancer therapies while simultaneously mitigating the risk
of adverse effects. The key focus of such a strategy is to highlight
the substantial advantages of employing a synergistic approach
to advance cancer therapy outcomes, particularly in the context
of malignancies linked to the dysregulation of MDM2.

To fully leverage the potential benefits of combining treat-
ments, it is imperative to conduct a comprehensive assessment
that includes both clinical and preclinical studies (Konopleva
et al., 2020a). This comprehensive evaluation carefully examines
the advantages and disadvantages associated with applying com-
bined therapeutic approaches, with the primary objective being
to ensure that the combination of diverse therapeutic approaches
does not result in increased toxicity or the occurrence of severe
adverse effects that outweigh the predicted positive effects
(Burgess et al., 2016). This review further examines the molecular
mechanisms of the MDM2 pathways and explores potential combi-
nation strategies to enhance their tumorigenic effects.
2. MDM2 and its detrimental role in cancer progression

The MDM2 gene was identified in 1987 using RNA screening in
a spontaneously transformedmouse 3 T3 cell (Cahilly-Snyder et al.,
1987). Further investigation found that this evolutionarily con-
served gene was important in controlling cellular development
and had tumorigenic potential (Fakharzadeh et al., 1991;
Momand et al., 1992). Elevated levels of MDM2 have been
observed in certain human malignancies, resulting in reduced
p53 function. Subsequently, it was discovered that the N-
terminal domain of MDM2 inhibits the activity of p53, and it was
also demonstrated that MDM2 facilitates the degradation of p53
through an E3 ligase proteasomal mechanism (Fig. 1) (Chen
et al., 1993; Fang et al., 2000; Honda et al., 1997; Oliner et al.,
1993). Mounting data suggests that the oncogenic role of MDM2
extends beyond its well-known function as a negative regulator
of the p53 tumor suppressor. MDM2 has been found to control
the cell cycle, apoptosis, differentiation, and genomic stability in
a p53-independent fashion (Bohlman and Manfredi, 2014; Jones
et al., 1998; Wu and Levine, 1997). For instance, Arena et al.
demonstrate that p53 is not required for MDM2 recruitment to
mitochondria to regulate respiration and mitochondrial dynamics
(Arena et al., 2018). Werner Syndrome (WS) is an autosomal reces-
sive disorder characterized by premature aging, and it is caused by
mutations in the WRN gene. A study showed that MDM2-mediated
degradation of WRN plays a role in cellular aging through a mech-
anism that operates independently of the p53 tumor suppressor
pathway (Liu et al., 2019). Similarly, MDM2 has been shown to
be critical in circumventing cell cycle checkpoints, essential mech-
anisms for maintaining cellular equilibrium and preventing uncon-



Fig. 1. Illustrates the protein structure of mdm2 and the inhibitory effect of mdm2 on p53 function. mdm2 consists of distinct domains, including an n-terminal p53-binding
domain, nuclear export signal, nuclear export signal, a central acidic domain, a zinc finger domain, and a c-terminal ring finger domain. mdmx, a homolog of mdm2, forms a
dimeric complex with the n-terminal domain of mdm2. ub stands for ubiquitin binding, which is necessary for ubiquitination to take place.
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trolled growth, specifically in estrogen-dependent breast cancer
cells. Estrogen promotes cell growth via an MDM2-regulated path-
way that not only functions independently of the p53 tumor sup-
pressor but also has the capacity to impair the activity of wild-
type p53 (Brekman et al., 2011).

MDM2 amplification or overexpression has been reported in
40% to 60% of human sarcomas. In addition, late-stage solid and
hematological malignancies exhibit increased expression of
MDM2. The MDM2 gene has been observed in more than 28 types
of tumors, which account for approximately 17% of all cancer types
(Araki et al., 2010).These aggressive tumors are associated with
poor clinical outcomes and inadequate diagnostic tools. As a result,
MDM2 overexpression has been associated with a poorer clinical
prognosis, a lower possibility of an effective therapeutic response,
and an increased risk of distant metastases. Since the identification
of the MDM2 and p53 interaction configuration in 1996, several
small-molecule MDM2 inhibitors have been developed and are
currently being evaluated in clinical trials to assess their effective-
ness in treating cancer (Fig. 2) (Haupt et al., 1997; Tortora et al.,
2000). Nutlin, the first MDM2 inhibitor, was developed in 2003
and has been extensively used to study MDM2 function (Vassilev
et al., 2004). MDM2 has emerged as a potential target for cancer
therapy, with the inhibition of the proteinprotein interaction
between MDM2 and p53 being recognized as an effective treat-
Fig. 2. Illustrates the primary mechanism of action for mdm2 inhibitors and mdm2-ta
leading to the subsequent release of p53. Protacs also possess the ability to degrade m
effects.

3

ment strategy (Li and Lozano, 2013). MDM2 genomic profiling
and protein structure: implications for cancer treatment.

Extensive research has been conducted on the MDM2 protein
structure and chromosomal location of its gene. The MDM2 gene,
also known as HDM2, is located on chromosome 12q14.3-q15
and has two promoters (P1 and P2). It is regulated at multiple
levels, including transcriptional, translational, and post-
translational, by various cellular signals that govern protein accu-
mulation and activity (Barak et al., 1993; de Oca Luna et al.,
1996). The MDM2 gene consists of 12 exons, each capable of pro-
ducing distinct spliced variants and isoforms of the MDM2 protein.
MDM2 expression is constitutively regulated by the P1 promoter,
while the P2 promoter is responsible for inducing the gene expres-
sion in response to stressors such as radiation. The translational
functionality of the MDM2 protein may differ depending on the
promoter, despite both P1 and P2 MDM2 promoters producing
full-length MDM2 proteins.

On the other hand, recent research indicates that aberrant reg-
ulation of splicing plays a role in carcinogenesis and the develop-
ment of cancer. The molecular mechanisms by which cancer cells
modify their splicing ability to facilitate tumor growth and treat-
ment resistance are poorly understood. Notably, unlike solid
tumors, hematological tumor cells frequently carry mutations in
genes involved in splicing (Kitamura and Nimura, 2021). Numer-
rgeted protacs. Small molecules disrupt the interactions between p53 and mdm2,
dm2 protein. Inhibiting mdm2 will lead to many p53-dependent and independent
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ous splice variants of MDM2 have been identified in both normal
and malignant cells, but their impact and functional characteristics
in response to chemotherapy treatment remain unclear (Huun
et al., 2017). The first alternatively spliced MDM2 transcript has
been observed in human malignancies for more than twenty years.
A total of 72 distinct MDM2 splice variants have been identified in
both human cancer and normal tissue (Bartel et al., 2002).The ele-
vated expression of MDM2 splice variants has been observed in
response to genotoxic stress caused by chemotherapy (Bartel
et al., 2004). The existence of extensive genomic profiling data-
bases, such as The Cancer Genome Atlas Research Network, has
facilitated the examination of the effects of MDM2 amplification
and single nucleotide polymorphisms (SNP) inheritance in diverse
high-quality tumor samples from various cancer origins.

MDM2 consists of three distinct domains, including the N-
terminal domain, the C-terminal domain, and the acidic domain
(Fig. 1). Numerous studies have provided evidence indicating that
distinct regions of MDM2 engage in interactions with p53, result-
ing in the suppression of its transcriptional activity. In addition,
the MDM2 domains serve to enhance the E3 ligase function of
MDM2, resulting in the degradation of proteins targeted by
MDM2, such as p53, through the proteasomal pathway. During cel-
lular stress, the transportation of MDM2 between the cytoplasm
and the nucleus is facilitated by the presence of additional
domains, namely a nuclear localization signal (NLS) and a nuclear
export signal (NES) (Fig. 1) (Li and Lozano, 2013). The RING finger
region is essential for localizing the p53 protein, in addition to its
potential role in ubiquitin ligase-mediated activities (Fig. 1)
(Boyd et al., 2000).
2.1. The MDM2-p53 axis as a therapeutic target in cancer

MDM2 inhibits p53 through multiple mechanisms. The func-
tions of this protein include acting as an E3 ubiquitin ligase, which
leads to the degradation of p53 (Fig. 1). It also inhibits the tran-
scriptional activation domain of p53 and plays a role in the trans-
portation of p53 from the nucleus to the cytoplasm. By disrupting
the interaction between MDM2 and p53, it is possible to inhibit all
three pathways (Fig. 1). The prevalence of p53 mutations varies
significantly among different types of tumors. For example, more
than 90% of ovarian cancers have been found to contain p53 muta-
tions, whereas in acute myeloid leukemias (AML), these mutations
are present in less than 15% of cases (ICGC/TCGA Pan-Cancer
Analysis of Whole Genomes Consortium, 2020). P53 gene muta-
tions have a wide variety of effects on the development and pro-
gression of cancer. Some mutations can lead to a functional
deficit, while others might bring novel functionalities or have
dominant-negative consequences. This adds to the complexity of
the cancer biology associated with p53. The disparity in the fre-
quency of p53 mutations between various cancer types suggests
tissue-specific requirements, which could determine the necessity
for normal p53 function loss or aberrant mutant p53 functions
(Kennedy and Lowe, 2022). The p53 gene is responsible for encod-
ing p53, a transcription factor and tumor suppressor that is widely
recognized as the guardian of the genome. P53 is the most fre-
quently mutated gene in various types of cancer, with mutations
present in nearly 50% of malignancies. The prevalence of p53muta-
tions varies significantly across different cancer types, with rates as
low as less than 5% in cervical cancer and as high as 80% to 90% in
small-cell lung cancer and ovarian cancer. The majority of p53
mutations (73%) are missense substitutions, while frameshift
insertions and deletions (9%), nonsense mutations (8%), silent
mutations (4%), and other less common modifications make up
the remaining mutations (Dembla et al., 2018; Joerger and
Fersht, 2016).
4

Compared to MDM2, p53 is activated and stabilized in the cell
when there is cellular stress and DNA damage, indicating its
important function as a tumor suppressor (Joerger and Fersht,
2016; Vassilev, 2007). In these circumstances, p53 triggers the acti-
vation of specific genes that result in cell cycle arrest, DNA repair,
and apoptosis. These processes facilitate the repair or elimination
of damaged cells, thus preventing the development of tumors. Acti-
vating p53 in human malignancies has been a longstanding thera-
peutic priority, and despite recent progress, it remains a
challenging task (Saiki et al., 2014). Numerous studies have
demonstrated that inhibiting MDM2 effectively stimulates p53
activation and promotes apoptosis in cancer cells in preclinical
in vitro and animal models. Elevated levels of p53 can hinder the
proliferation and differentiation of healthy cells. Under normal
and unstressed circumstances, p53 levels are tightly controlled
through rapid degradation by the proteasome (Levine and Oren,
2009). The later hypothesis suggests that MDM2 facilitates the
activation of wild-type p53 in a manner that does not involve
genetic damage, resulting in a more advantageous therapeutic
result (Chen et al., 2015). Thereby, restoring p53 signaling is
approached cautiously in practice due to its potential impact on
healthy cells.

The MDM2-p53 axis is a crucial pathway in the development of
tumors and has been extensively researched as a potential target
for cancer treatment. This intervention could potentially be used
in most cancers that have wild-type p53. The primary focus of
recent research has been directed towards the development of
therapeutic agents that exhibit synergistic effects when used in
combination with MDM2 inhibitors. In vitro and in vivo studies
have demonstrated the promising antiproliferative effects of
small-molecule inhibitors of MDM2 on tumors (Saiki et al.,
2014). The primary objectives of targeting the MDM2 pathway
are to reduce the regulatory impact of MDM2 on p53 and restore
its function as a tumor suppressor to effectively impede tumor
growth and mitigate the emergence of resistance to these inhibi-
tors. Several molecular strategies have been developed to achieve
this objective, including inhibiting the expression of MDM2,
inhibiting the interaction between MDM2 and p53, modifying
the E3 ubiquitin ligase activity of MDM2, and targeting the
MDM2-p53 proteinprotein complex (Fig. 2).

Significant evidence supports the existence of an auto-
regulatory feedback loop between MDM2 and p53. The p53-
binding site interacts with the MDM2 P2 promoter in this loop,
leading to an increase in both MDM2 gene expression and protein
levels. MDM2 inhibits the transactivation domain of p53 upon
binding, resulting in reduced transcriptional activity of p53 on
MDM2 and other genes. MDM2 functions as an E3 ubiquitin ligase,
promoting the ubiquitination of p53 and consequently accelerating
its degradation (Karni-Schmidt et al., 2016; Konopleva et al.,
2020b; Vassilev, 2007). The presence of an auto-regulatory loop
between MDM2 and p53 suggests that the efficacy of MDM2 inhi-
bitors may be limited due to the buildup of MDM2 protein, which
in turn facilitates the later degradation of p53. On the other hand,
MDMX, an MDM2 homolog, can interact with both p53 and MDM2,
complicating the interaction between p53 and MDM2. MDMX
binds to the N-terminal transactivation domain of p53, leading to
the inhibition of its transcriptional activity. Nevertheless, it is
important to acknowledge that MDMX does not exhibit direct E3
ligase activity and lacks p53-responsive elements (Shvarts et al.,
1996). In contrast, MDMX possesses a RING domain that facilitates
its interaction with MDM2, leading to the formation of RING-
mediated heterodimers (Leslie et al., 2015; Sharp et al., 1999;
Tanimura et al., 1999; Tisato et al., 2017).

The initial discovery involved the identification of the nutlins,
which are the first low molecular weight inhibitors that exhibit
potent and selective properties in their ability to disrupt the bind-
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ing between MDM2 and p53 (Kirkpatrick, 2004; Vassilev, 2004).
These first-generation compounds activate the p53 pathway and
inhibit tumor growth in vitro and in vivo. The mechanism of action
of these compounds involves binding to the hydrophobic cleft at
the N-terminus of MDM2, which mimics the p53 residues Trp23,
Leu26, and Phe19 (Fig. 2) (Vassilev et al., 2004). Several preclinical
studies have evaluated the efficacy of nutlin-3 in hematologic can-
cers with MDM2 amplification, such as acute myeloid leukemia,
chronic lymphocytic leukemia, and multiple myeloma. Nutlin-3a
has been found to induce cell death independently of p53 by stabi-
lizing p73, a pro-apoptotic tumor suppressor belonging to the p53
family (Fig. 3). RG7112, a second-generation MDM2 inhibitor, has
been shown to inhibit cell-cycle progression in a dose-dependent
manner and increase the expression of the p53 protein. This med-
ication was the first MDM2 inhibitor to enter clinical trials, with
the primary goal of treating MDM2-amplified liposarcoma. Both
nutlin and RG7112 exhibited clinical limitations in terms of their
effectiveness (Duffy et al., 2022; Konopleva et al., 2020b; Wade
et al., 2013).

MDM2 amplification is frequently observed in patients with
advanced dedifferentiated liposarcomas (DDLPS). As a result,
exploring different oncogenic signaling pathways linked to sar-
coma tumorigenesis via the MDM2-p53 loop may present potential
targets for combination therapy in DDLPS. Until recently, none of
the developed MDM2 inhibitors had progressed beyond early-
phase clinical trials for solid tumors (Iancu-Rubin et al., 2014).
However, a recent trial evaluating the preliminary efficacy of mila-
demetan (DS-3032b) in patients with advanced malignancies,
including DDLPS, yielded inconclusive outcomes (Gounder et al.,
2023a, 2023b). Another recent report indicated that patients with
advanced well-differentiated LPS or DDLPS had a feasible and early
anti-tumor response when administered with siremadlin and ribo-
ciclib (Abdul Razak et al., 2022). Milademetan is a small molecule
inhibitor that selectively targets the MDM2-p53 interaction by
activating p53 function at low concentrations and has also been
shown to induce apoptosis in wild-type p53 cancer cell lines
(Ishizawa et al., 2018). The first clinical investigation evaluating
milademetan in patients with advanced solid tumors or lym-
phomas assessed the safety and tolerability of milademetan using
various dosing regimens. The disease control rate for all cohorts
(N = 107) was 45.8% (95% CI, 36.1 to 55.7), and the median
progression-free survival was 4.0 months (95% CI, 3.4 to 5.7). The
study population demonstrated that milademetan had a 46% dis-
ease control rate (DCR) when used as a monotherapy. This is com-
parable to the DCR of milademetan in Japanese patients with solid
tumors, which was 44% in a phase I study. (Takahashi et al., 2021).
Fig. 3. Demonstrates the benefits of combining mdm2 with diverse cancer therapies
synergistically reduces tumors and induces cancer cell death, potentially overcoming tr
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The observed monotherapy results of milademetan in DDLPS have
led to the initiation of a randomized phase III trial (MANTRA) com-
paring milademetan to standard care in DDLPS (Gounder et al.,
2023a, 2023b).
2.2. The rationale for combining MDM2 inhibitors with other cancer-
treatment approaches

In recent years, numerous research efforts have concentrated on
the advancement of selective MDM2 inhibitors and their potential
combination treatments. (Traweek et al., 2022) Notably, MDM2 is
crucial in hematopoiesis, and inhibiting MDM2 can lead to hema-
tological complications. It is widely accepted that treatment with
MDM2 inhibitors stimulates the activation of various signaling
pathways that trigger apoptosis, including caspase activation,
DNA fragmentation, and loss of mitochondrial membrane potential
(Fig. 2) (Balayssac et al., 2018; Kojima et al., 2005a; Pant et al.,
2012). MDM2 inhibitors have the potential to enhance therapeutic
effectiveness and reduce the possibility of chemotherapy resis-
tance. However, it appears that the exclusive targeting of MDM2
has limited potential for consistent and effective suppression of
tumor proliferation. Prior research, on the other hand, has shown
that suppressing MDM2 might possibly increase the development
of tumor cells with rare incidences of p53 inactivation. Therefore, it
is essential to employ a synergistic therapeutic strategy in order to
eradicate tumors completely (Fig. 3) (Aziz et al., 2011; Martins
et al., 2006).

Historically, early clinical trials of MDM2-p53 pathway inhibi-
tors have not demonstrated significant clinical efficacy (Andreeff
et al., 2016; de Jonge et al., 2017). The optimal effectiveness of
MDM2 in the treatment of solid tumors, as compared to non-
solid tumors, remains to be definitively established. This disparity
is attributed to numerous factors, including the presence of inac-
tive p53 mutations, the upregulation of coactivators such as
MDMX, and other unknown resistance mechanisms (Jung et al.,
2016). Previous clinical studies identified two main concerns
related to MDM2-targeted agents. The first main problem is p53
activation in the bone marrow, which causes hematological toxic-
ity, particularly thrombocytopenia and neutropenia (Fig. 2). There-
fore, these toxicity concerns are widely recognized as major dose-
limiting concerns, necessitating the adjustment of an optimal dos-
ing regimen. The second concern pertains to the identification of
p53 mutations in numerous cancer patients. This underscores the
significance of combining MDM2 inhibitors with drugs that can
effectively reduce tumor growth, regardless of the patient's p53
status. Given the importance of p53 in cancer development, the
. This combined approach enhances the effectiveness of cancer treatments as it
eatment resistance.
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existing paradigm has encountered significant challenges over the
past two decades (Fig. 2) (Hoffman-Luca et al., 2015; Wang et al.,
2017).

Combined therapies can offer advantages to patients by either
restoring their antitumorigenic activity or slowing the develop-
ment of treatment resistance. It is therefore important to prioritize
patient safety when considering combining modalities to avoid
undesirable side effects (Rusiecki et al., 2019). Wang HQ and col-
leagues found that inhibiting MDM2 can enhance the antitumor
effects in cancer cells with wild-type p53 by influencing the
immune and stromal microenvironments. These results provide
evidence for the potential effectiveness of combining MDM2 inhi-
bitors with checkpoint-blocking antibodies in the treatment of
patients with p53 wild -type tumors (Wang et al., 2021). Addition-
ally, experimental studies utilizing human tumor cell lines have
demonstrated that the addition of MDM2 inhibitors to radiation
therapy can enhance radiation response (Werner et al., 2015).
Fig. 3 highlights the potential advantages that can be achieved
through the synergistic combination of MDM2 with various thera-
peutic cancer modalities. Through collaborative efforts, the combi-
nation of MDM2 and various therapeutic interventions exhibits a
synergistic effect, leading to enhanced tumor suppression and
the induction of cancer cell death. The integration of this combined
strategy exhibits considerable potential for the advancement of
cancer therapeutics, with a particular emphasis on enhancing effi-
cacy and tailoring treatments to individual patients. This review
focuses on the potential of MDM2 inhibitors in combination with
other tumorigenic signaling pathways, as well as the preclinical
and clinical use of PROTAC (proteolysis targeting chimeras)
(Khurana and Shafer, 2019).

2.3. Investigating the role of PROTACs MDM2 degraders in cancer
management

MDM2 inhibitors function by inhibiting the degradation of
MDM2, resulting in the accumulation and activation of the p53
protein. This process enhances the transcription of MDM2 mRNA,
leading to an elevation in MDM2 protein levels. One drawback of
MDM2 inhibitors is that the removal of these inhibitors can lead
to the rapid degradation of p53 by the increased MDM2 protein,
thereby restricting their therapeutic efficacy. In this regard, prior
research has demonstrated that the accumulation of p53 protein
in xenograft tumor tissues is transient following a single adminis-
tration of an MDM2 inhibitor, highlighting the short-term efficacy
of the treatment. Moreover, the presence of an elevated level of
MDM2 protein in healthy tissues, given its carcinogenic properties,
could potentially lead to undesirable consequences (Fig. 2). It is
therefore necessary to develop innovative approaches for more
efficient targeting of MDM2. These approaches should aim to opti-
mize therapeutic outcomes by addressing issues related to tran-
sient p53 accumulation and potential adverse effects in normal
tissues (Li et al., 2019). For instance, exploring the potential of
PROTACs MDM2 degraders as a substitute for combination therapy
in cancer treatment presents promising prospects. PROTACs pre-
sent an intriguing therapeutic option due to their ability to target
multiple pathways simultaneously, exhibit enhanced specificity,
potentially overcome resistance, and demonstrate synergistic
effects with other treatments (Fig. 2).

Certain proteins have proven difficult to target due to their
broad, shallow active sites, which pose challenges when binding
with small molecules. Protein degraders represent a category of
molecules that have the potential to selectively degrade particular
proteins. Clinical studies using PROTAC molecules began in 2019,
and by 2020, these trials had provided the first clinical evidence
demonstrating the efficacy of this novel therapeutic approach, pro-
viding proof-of-concept for two challenging oncogenic targets: the
6

estrogen receptor and the androgen receptor (BÕkÕs et al., 2022).
PROTACs have a heterobifunctional structure, consisting of two
distinct ligands. One ligand binds to a specific protein of interest
(POI), while the other ligand binds to an E3 ubiquitin ligase. The
two ligands are covalently bonded together through a linker. PRO-
TACs enhance the recruitment of the ubiquitinproteasome system
(UPS), allowing the POI to be brought into close proximity with the
E3 ligase. Consequently, the specific protein undergoes ubiquitina-
tion and subsequent degradation by the proteasome, facilitated by
the UPS (Khan et al., 2020a; Li et al., 2022). On the other hand,
MDM2 can independently target other tumorigenic proteins
through its E3 ligase activities. The first MDM2-based PROTAC
has effectively degraded the androgen receptor by utilizing
nutlin-3a as the MDM2 ligand and a non-steroidal selective andro-
gen receptor modulator (SARM) as the AR ligand (Khan et al.,
2020b; Wang et al., 2020).

The inconsistent response rates shown in clinical studies with
MDM2 inhibitors have prompted concerns about whether PRO-
TACs degraders can provide better effectiveness without notice-
ably raising toxicity. In theory, PROTACs have the potential to
overcome the limitations of current MDM2 inhibitors; hence, many
MDM2 inhibitors have incorporated PROTACs approach to target
endogenous MDM2 (Han et al., 2022). MS3227 was designed to
target MDM2 and recruit Von Hippel-Lindau E3 ligase, leading to
the proteasomal degradation of MDM2. It has been shown that
MS3227 activates p53 targets such as p21, PUMA, and MDM2 in
leukemia cells, resulting in cell cycle arrest, apoptosis, and
decreased cell viability and demonstrates effectiveness in primary
patient samples. Predominantly, targeting leukemic blasts and
boosting the efficacy of other anti-leukemic drugs such as azacy-
tidine, cytarabine, and venetoclax have been demonstrated
(Marcellino et al., 2023). Similarly, the IMiD-based MDM2 PROTAC
8 effectively reduces MDM2 protein levels in the RS4;11 xenograft
model. MDM2 PROTAC 8 demonstrates superior efficacy when
compared to MI-1061, a non-degrading MDM2-p53 inhibitor.
IMiD-MDM2 PROTAC 8 demonstrates efficient degradation of
MDM2 both in vitro and in vivo (Ryan P. Wurz and Cee, 2019).
MD-224, another example of MDM2 PROTAC degraders, has shown
potential as a cancer treatment by using the cullin 4A E3 degrada-
tion system (Li et al., 2019).

A recent study showed that targeting MDM2 degradation using
PROTACs represents a promising and innovative therapeutic
approach with significant potential for the treatment of triple-
negative breast cancer (TNBC) that surpasses the efficacy of current
MDM2 inhibitors. TNBC is a highly aggressive, therapy-resistant,
and often fatal subtype of breast cancer characterized by the inac-
tivation of the p53 tumor suppressor protein. It has been shown
that MDM2-targeted degrader effectively eliminates p53-
inactivated TNBC cells, underscoring the critical role of MDM2 in
the survival of TNBC cells and establishing it as a promising new
therapeutic target for this disease (Adams et al., 2023). As a conse-
quence, using a targeted degradation strategy to block the MDM2-
p53 proteinprotein interaction might lead to increased efficacy and
a long-term pharmacological impact that is significantly different
from that of conventional inhibitors.

In normal cells and tissues such as bone marrow, spleen, and
small intestine, small-molecule MDM2-p53 inhibitors are already
linked to clinical dose-limiting toxicities. This is thought to be
due to the on-target activation of p53, which can be eliminated
when using this approach (Fig. 2) (Ryan P Wurz and Cee, 2019).
New PROTAC degraders show promise for cancer therapy due to
their potential to address the limitations of MDM2 inhibitors, such
as limited efficacy, drug resistance, and undesirable toxicities.
However, the effectiveness and toxicity of PROTAC in human can-
cer patients remain unclear, given the mixed response rates in clin-
ical trials (Fang et al. 2020a). PROTACs can be used in combination
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with various chemotherapeutic drugs, but this approach is still in
its early stages and has the potential to alter current cancer man-
agement practices. To determine whether PROTAC MDM2 degra-
ders can enhance therapeutic outcomes while maintaining an
acceptable safety profile, more studies are needed (Fang et al.,
2020b).

2.4. Combination of MDM2 inhibitors with targeted therapy

The limitations of current cancer therapies in terms of effective-
ness and drug resistance are widely acknowledged, prompting
researchers to constantly explore new strategies for targeting pro-
teins that facilitate tumor growth. In recent decades, targeted ther-
apies have made significant advancements in improving cancer
treatment outcomes (Fig. 3). The potential of combining MDM2
inhibitors with other medications, including phosphoinositide 3-
kinases /mitogen-activated protein kinase (PI3K/MAPK) inhibitors,
Bcl-2 homology 3 (BH3) mimetics, Histone Deacetylases (HDAC)
inhibitors, and BCR-ABL kinase blockers, has been explored and
shows promise as a treatment option for different types of cancer.
Clinical studies have demonstrated that the use of triple combina-
tion inhibitors targeting MDM2, PI3K, and BRAF/MEK leads to sig-
nificant inhibition of cancer cell growth when compared to the
outcomes achieved with dual inhibition (Saiki et al., 2014) There-
fore, the implementation of a simultaneous targeting strategy for
multiple pathways could potentially be an effective method to
overcome signaling redundancies and improve the effectiveness
of MDM2-targeted treatment. These research findings emphasize
the complex interactions between tumorigenic pathways that
influence MDM2-p53 signaling in various types of cancer. As a
result, the simultaneous inhibition of these pathways emerges as
a promising approach to address these challenges.

It is believed that focal adhesion kinase (FAK) plays non-
canonical roles in cancer cells under cellular stress, in addition to
its nuclear functions related to regulating p53 degradation and
cytokine expression. A recent study presented evidence supporting
the combination of an MDM2 inhibitor and a FAK inhibitor as a
potential therapeutic approach for mesothelioma (Lim et al.,
2008; Serrels et al., 2015). FAK, a non-receptor tyrosine kinase, is
typically involved in transmitting signals from cellular adhesions
to regulate various biological activities such as cancer cell survival,
migration, and invasion. The objective of utilizing a combination
therapy involving MDM2 and FAK inhibitors is to concurrently tar-
get multiple pathways, with the goal of possibly enhancing treat-
ment outcomes for this specific cancer type as well as perhaps
other types of cancer (Dawson et al., 2021). A study showed that
the FAK inhibitor (CP-31398) exhibited significant inhibition of
mesothelioma tumor growth, and when combined with nutlin-
3a, synergistic effects were observed. This suggests that the combi-
nation of CP-31398 with nutlin-3a may provide enhanced thera-
peutic benefits for mesothelioma treatment compared to using
either agent alone. These findings suggest that targeting multiple
pathways, including FAK, could potentially offer a more effective
treatment strategy for mesothelioma (Zhong et al., 2020).

Based on evidence indicating that mutations or deletions of p53
were present in less than 20% of patients with hematologic malig-
nancies at the time of diagnosis, the rationale for exploring combi-
nation therapy in AML and other leukemic cells has been
established. (Mitani et al., 2007). Furthermore, several studies have
shown that nutlin-3, when used alone or in combination with
chemotherapy, can enhance the cytotoxicity of AML (Kojima
et al., 2005b; Long et al., 2010; Secchiero et al., 2007). It has also
been suggested that there is a reciprocal interplay between
MDM2 and FMS-like tyrosine kinase-3-internal tandem duplica-
tion (FLT3) in AML cells. In this context, the combined use of sora-
fenib and nutlin-3 drugs has demonstrated synergistic cytotoxic
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effects on both primary acute myeloid leukemia blasts and acute
myeloid leukemia cell lines, leading to an increased level of apop-
tosis and autophagy. (G. Zauli et al., 2012) However, the effective-
ness of venetoclax (a B-cell lymphoma-2 inhibitor) and idasanutlin
(2nd generation MDM2 inhibitor) as monotherapies has been lim-
ited in individuals with relapsed or refractory acute myeloid leuke-
mia (R/R AML). In a similar vein, studies have demonstrated that
combining BCL-2 and MDM2 inhibitors exhibits synergistic apop-
totic effects both in vitro and in vivo (Kojima et al., 2006; Pan
et al., 2017). Furthermore, simultaneous p53 activation and BCL-
2 suppression were effective in reducing apoptotic resistance in
drug-resistant AML animal models. In AML cell lines with wild-
type p53, the combination of venetoclax and idasanutlin displayed
synergistic antitumor activity. In AML models, this combination
treatment demonstrated greater effectiveness and improved sur-
vival outcomes as compared to either drug alone. These data sug-
gest that combining p53 activation with BCL-2 suppression as a
treatment method for AML has promise (Lehmann et al., 2016;
Pan et al., 2017). The synergistic mechanism of venetoclax and
idasanutlin may involve the upregulation of proapoptotic proteins
(BAX, BIM, and PUMA) through p53 activation, which leads to the
inactivation of myeloid cell leukemia 1 (MCL-1) and BCL-extra-
large (BCL-xL), along with the simultaneous degradation of MCL-
1 via dual phosphorylation. MCL-1 is markedly elevated in AML,
especially during relapse, and plays a significant role in the pro-
gression of AML. Hence, the combined use of venetoclax and
idasanutlin may improve the effectiveness of venetoclax in combi-
nation therapy by indirectly targeting MCL-1 (Daver et al., 2023;
Xiang et al., 2010). Another study group investigated the use of
an MDM2 inhibitor in conjunction with a BH3 mimic to boost
p53-mediated Bax activation. A BH3 mimetic is a small-molecule
drug that mimics the activity of pro-apoptotic proteins BH3-only
domain. The combination of MI-63 (an MDM2 inhibitor) and
ABT-737 (a BH3 mimic) reduced cellular viability and enhanced
apoptosis in multiple myeloma mice with mutant p53. These find-
ings suggest that this combination therapy could be beneficial for
patients with both wild-type and mutant p53. Additionally, it has
been reported that the MDM2 inhibitor nutlin can bind to anti-
apoptotic Bcl-2 family proteins, indicating that the benefits of the
combination therapy which may be attributed to the off-target
effects of the MDM2 inhibitor. These findings propose that combin-
ing an MDM2 inhibitor with a BH3 mimetic could serve as a
promising therapeutic strategy for multiple myeloma. Moreover,
MI-63 has shown the ability to overcome lenalidomide resistance
and can be combined with other approved agents like bortezomib
or lenalidomide to enhance activity against both myeloma cell
lines and primary samples (Gu et al., 2014).

2.5. Combination of MDM2 inhibitors with chemotherapy in solid
tumors

The current focus of scientific investigation lies in the compre-
hensive assessment of the therapeutic potential of combining
MDM2 inhibitors with chemotherapy for the treatment of solid
tumors. Although MDM2 inhibitors have exhibited promising
results as single-agent therapies in preclinical studies, their effi-
cacy as monotherapy in clinical trials has been limited. In 2006,
investigators made the initial effort to combine MDM2 inhibitors
and chemotherapy in order to stabilize wild-type p53, activate
p53 activity, decrease proliferation, and enhance the vulnerability
of cells to chemotherapy-induced apoptosis. In a preclinical study,
it was observed that the combination of MDM2 inhibition with
doxorubicin resulted in a considerable decrease in tumor growth
compared to doxorubicin alone (Bill et al., 2019; Cassinelli et al.,
2022). A previous investigation has revealed that neuroblastoma
tumors often retain functional downstream p53 signaling path-
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ways and exhibit wild-type p53 expression. Based on this observa-
tion, investigations have been conducted to explore the potential
of combining MDM2 inhibitors with conventional chemotherapy
regimens, with the aim of enhancing the efficacy of these thera-
peutic interventions. In this regard, three neuroblastoma cell lines
treated with cisplatin, etoposide, and nutlin were used to examine
the effect of combining MDM2 inhibitors with chemotherapy. The
addition of nutlin-3a to etoposide or cisplatin consistently and sig-
nificantly reduced proliferation while increasing apoptosis across
all three cell lines. The findings suggest that inhibiting MDM2
could be a beneficial boost to chemotherapy for neuroblastoma
and other solid tumors with wild-type p53 (Barbieri et al., 2006).
Although p53 mutations are uncommon in neuroblastoma,
MDM2 genetic changes are common. This makes MDM2 inhibitors
targeting the P14 Alternate Reading Frame (ARF)-MDM2-p53 axis a
possible therapeutic strategy (Van Maerken et al., 2009). Clinical
studies with MDM2 inhibitors, such as MI-773, have shown
encouraging results in the treatment of neuroblastoma. One study
revealed that MI-773 induced an apoptotic effect in a p53-wild-
type neuroblastoma and demonstrated comparable efficacy in
combination with doxorubicin, highlighting the potential of com-
bination therapies in overcoming chemotherapy resistance (Lu
et al., 2016). A further investigation was conducted to explore
the possibility that combining MDM2 inhibitors with other
chemotherapeutic agents would be beneficial for neuroblastoma
tumors lacking functional p53. The study focused on examining
the potential of nutlin-3a to increase the sensitivity of a neuroblas-
toma cell line that lacks p53 and is resistant to doxorubicin. The
results suggest that nutlin-3a can augment apoptosis induced by
chemotherapy in cells lacking functional p53 through the activa-
tion of E2F1. This activation leads to the transcriptional activation
of p73 and Noxa in the presence of DNA damage, thereby promot-
ing apoptosis (Ambrosini et al., 2007). It was revealed that admin-
istering nutlin-3 resulted in increased levels of Tap73 and E2F
proteins, both of which play critical roles in the doxorubicin-
resistant phenotype. Consequently, this enhanced the ability of
doxorubicin to inhibit cell growth and induce apoptosis. Notably,
the sensitivity was reduced when Tap73 was deleted, indicating
the significance of Tap73 in the process. The study revealed the
p53-independent mechanism of nutlin-3 in addressing chemore-
sistant neuroblastoma, particularly in combination with other
chemotherapeutic agents (Fig. 2) (Peirce and Findley, 2009).

Breast cancer stem cells are distinguishable through the pres-
ence of the side population (SP) marker ATP-binding cassette
sub-family G member 2 (ABCG2). In breast cancer cell lines that
exhibit high expression levels of ABCG2, the combined treatment
of nutlin-3a and mitoxantrone demonstrated synergistic effects,
as indicated by combination index estimates. Notably, the intro-
duction of nutlin-3a was observed to restore sensitivity to mitox-
antrone by inhibiting the transport function of ABCG2. Notably,
the introduction of nutlin-3a was perceived to restore sensitivity
to mitoxantrone by inhibiting the transport function of ABCG2.
These findings suggest that the concurrent use of nutlin-3a and
mitoxantrone holds promise as a therapeutic approach in breast
cancer with high levels of ABCG2 expression and associated stem
cell-like properties (Zhang et al., 2011). Efflux transporters, such
as P-glycoprotein, multidrug resistance proteins, and breast cancer
resistance proteins, are present on the luminal side of endothelial
cells and contribute to drug resistance in breast cancer cells
(Gadysz et al., 2022). A different study revealed that nutlin-3
demonstrates greater effectiveness compared to previously docu-
mented inhibitors of drug efflux proteins. As a result, cells become
more vulnerable to cytotoxic drugs that are recognized as sub-
strates of these specific efflux proteins. Michaelis et al. demon-
strated the potential of nutlin-3 in inhibiting the functionality of
ABC transporters, including P-glycoprotein and multidrug resis-
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tance protein 1 (MRP1; ABCC1) (Michaelis et al., 2009). Similarly,
in vitro studies have shown that nutlin-3 can effectively overcome
drug resistance in neuroblastoma and rhabdomyosarcoma cells
when used in combination with cytotoxic agents that are sub-
strates of P-glycoprotein and MRP1 (Zhang et al., 2011). Amplifica-
tions of the MDM2 and MYCN genes, which both control the p53
signaling pathway, have been seen in testicular cancer (TC)
patients who are resistant to chemotherapy or have refractory dis-
ease (Bagrodia et al., 2016; Barrett et al., 2019). Preclinical studies
have demonstrated that targeting MDM2 is a promising strategy
for TC, as evidenced by synergistic effects on cell viability when
combining the nutlin-3 with cisplatin (de Vries et al., 2020).
2.6. Effects of MDM2 inhibitors on the immune system and their
potential use in combination with immunotherapy

The existing body of evidence suggests that the effectiveness of
both conventional and targeted anticancer agents extends beyond
their direct cytostatic and cytotoxic effects. It appears that these
cancer therapeutic modalities also play a crucial role in stimulating
or reactivating immune responses (Fig. 3). It has been demon-
strated that the activation of p53 not only modifies the TME but
also plays a crucial role in facilitating immunogenic cell death in
response to chemotherapy or radiotherapy (Moore et al., 2018;
Zitvogel et al., 2013). Emerging evidence suggests that p53 dys-
function can contribute to the promotion of inflammation and
facilitate the evasion of the immune system by tumors. Conse-
quently, p53 dysfunction may serve as a driving force in the initi-
ation and progression of tumorigenesis from an immunological
perspective. Targeting p53 in the tumor microenvironment (TME)
is consequently an immunologically appealing approach for
reversing immunosuppression and increasing antitumor immunity
(Guo and Cui, 2015; Muþoz-Fontela et al., 2016). Earlier investiga-
tions have indicated that nutlin-3 treatment may render tumor
cells more vulnerable to immune-mediated killing through mech-
anisms including an elevated expression of CD80 in these tumor
cells, indicating the possibility of an alternative mechanism for
immune activation in tumors mediated by the MDM2/p53 axis
(Scarpa et al., 2021). It has been suggested that the induction of
effective antitumor immunity by nutlin-3a is mechanistically
dependent on two distinct yet immunologically synergistic p53-
dependent processes. First, it is dependent on the activation of
p53, which results in tumor immunogenic cell death (ICD) and
the induction of antigen-specific immune responses, activation,
and proliferation of polyfunctional CD8 CTLs. Second, it requires
an increase in infiltrating dendritic cells (DC) and a reduction in
immunosuppressive MDSCs to produce the observed
immunomodulatory effects; this is accomplished through the
p53-mediated reversal of immunosuppression within the TME.
On the other hand, it has been indicated that an immune-based
approach requires only limited local p53 activation to change the
immune landscape of TME and subsequently enhance the immune
response to systemic antitumor immunity. Notably, while tradi-
tional tumoricidal therapies heavily depend on targeting the p53
protein in every individual tumor cell and frequently result in sys-
temic toxicity, immune-based strategies necessitate only minimal
local activation of p53 to modify the immune environment within
the TME. This localized activation of p53 has been shown to have a
significant impact on the promotion of systemic adaptive immu-
nity. Additionally, the activation of p53 in tumor-infiltrating lym-
phocytes (TILeus) within the TME has been found to impact the
behavior and function of myeloid subpopulations, leading to sus-
tained activation of T-cells. Both of these processes are dependent
on ensuring effective T-cell infiltration into the TME in order to
achieve successful tumor elimination (Guo et al., 2017).
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It has been indicated that the combination of MDM2 inhibition
with immunomodulatory agents shows promise for enhancing the
immune response against cancer cells and potentially improving
treatment outcomes. In a recent study, it was revealed that APG-
115, an MDM2 inhibitor, can enhance the immune response
against tumors within the tumor microenvironment (TME) when
combined with PD-1 inhibition. Notably, this effect was observed
regardless of the p53 status of the tumor. As a result, a phase 1b
clinical trial is presently in progress to examine the potential of
combining APG-115 and pembrolizumab in patients with solid
tumors, including those harboring p53 mutations (Fang et al.,
2019). The potential immunomodulatory effects of MDM2/p53
inhibitors can be harnessed when used in combination with
immune checkpoint blocking antibodies, thereby offering addi-
tional antitumor advantages. Through the use of syngeneic models,
the study findings indicate that HDM201 use resulted in a signifi-
cant upregulation of CD80 expression in tumor cells. Furthermore,
it has been observed that there is a significant enhancement in T-
cell stimulation and an enhanced percentage of CD8 + T cells
within the overall CD45 + population. Furthermore, it has also
been found that there is an upregulation of PD-L1 expression on
CD45-negative cells, as well as an increase in the frequency of
PD-1-positive cells within the T-cell populations. The blockade of
the PD-1/PD-L1 interaction has been shown to enhance the activity
of HDM201 specifically in tumors with wild-type p53, while no
significant effect has been detected in tumors with mutant p53
or p53 knockout. These findings suggest that MDM2 inhibition pro-
motes adaptive immunity, which is further enhanced by the addi-
tion of antibodies that block checkpoint proteins. Therefore, the
combination of MDM2 inhibitors and checkpoint blockade anti-
bodies displays therapeutic potential for patients with p53 wild-
type tumors (Wang et al., 2021).

In both endocrine-resistant and endocrine-sensitive models of
breast cancer, the effectiveness of NVP-CGM097, an MDM2 inhibi-
tor, is currently being studied. Endocrine therapy combined with
suppression of CDK4/6 and MDM2 has shown promising outcomes
in the treatment of estrogen receptor positive (ER + ) breast cancer.
A recent investigation has shown that combining MDM2 inhibitors
with ER degraders or CDK4/6 inhibitors provides an appealing
approach for treating advanced, endocrine-resistant, ER-positive
breast cancer. The study concluded that this combination activates
cell cycle co-regulatory pathways in a synergistic manner
(Portman et al., 2020). In the case of dedifferentiated liposarcomas,
the combination of RG7388 (an MDM2 inhibitor) and palbociclib (a
CDK4-targeting agent) showed greater antitumor efficacy when
used together compared to either drug used alone, both in
in vitro and animal models. In an animal model of dedifferentiated
liposarcoma, the combined regimen significantly improved the
median progression-free survival rate and reduced tumor progres-
sion rates when compared to the use of either drug individually
(Laroche-Clary et al., 2017).

An alternative perspective suggests that combining MDM2 inhi-
bition with an immunomodulatory agent like lenalidomide,
despite its lack of specificity, could enhance the immune response
against cancer cells. Lenalidomide has demonstrated the ability to
activate T cells, promote cytokine production, and augment the
expression of MHC class I molecules on tumor cells. As a result,
lenalidomide may improve the recognition of tumor cells by the
immune system, thereby potentially enhancing the immune-
mediated antitumor response when used in combination with
MDM2 inhibitors. The combination of MDM2 inhibition and
lenalidomide offers a dual approach that can potentially target
cancer cells directly and simultaneously activate and enhance the
immune response. The combined strategy has the potential to
improve treatment outcomes, particularly for patients with multi-
ple myeloma who have developed resistance to lenalidomide or
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other immunomodulatory agents (Gu et al., 2014). Another study
examined the effectiveness of a combined treatment using the gly-
coengineered type II anti-CD20 antibody obinutuzumab (GA101)
and the MDM2-selective inhibitor idasanutlin (RG7388) in facili-
tating antitumor effects. The results revealed that this combination
treatment exhibited an enhanced cytotoxic effect specifically on
p53 wild-type mantle cell lymphoma (MCL) and diffuse large B-
cell lymphoma (DLBCL) tumor cell lines. The combination therapy
did not affect obinutuzumab-mediated antibody-dependent cellu-
lar cytotoxicity or B-cell depletion in samples from healthy donors.
Furthermore, significant antitumor effectiveness was observed
in vivo studies utilizing xenograft models with wild-type p53.
The results indicate that the combination of obinutuzumab and
idasanutlin may be an effective therapeutic strategy for p53
wild-type MCL and DLBCL, showing promise for targeted therapies
in lymphoma treatment (Herting et al., 2016). Given the previously
conflicted conclusions, the interaction between the effectiveness of
immune-modulating agents and the status of p53 demonstrates
variability depending on the specific context. The variability
observed implies that the impact of p53 on the efficacy of
immune-modulating agents may not be a universal phenomenon,
but rather dependent on factors such as the type of immune-
modulating agent and type of cancer. Further studies are necessary
to better understand the complex relationship between
immunomodulators and p53 due to the variability in the observed
responses. These investigations can elucidate the relationship
between the status of p53 and the response to immunomodulatory
treatments, specifically identifying the conditions or contexts in
which this influence occurs. Moreover, a comprehensive under-
standing of this correlation can facilitate customized treatment
strategies, individualized medicine, and the advancement of more
efficient therapies for different types of cancer.

2.7. Ongoing clinical trials assessing the combination of MDM2
inhibitors

Current clinical trials are being conducted to investigate the
potential of combining MDM2 inhibitors as a novel treatment
approach for cancer patients. The trials aim to improve the efficacy
of MDM2 inhibitors in combating cancer, address drug resistance,
and enhance treatment outcomes for individuals with various can-
cer types. Investigators aim to achieve synergistic effects and tar-
get multiple pathways simultaneously by combining MDM2
inhibitors with other therapies, such as chemotherapy drugs or tar-
geted agents. These trials offer valuable insights into the potential
benefits and challenges of combining MDM2 inhibitors with other
therapies, aiming to develop more effective treatment regimens in
the future. For instance, concurrent use of the multi-kinase inhibi-
tor sorafenib and the small molecule inhibitor nutlin-3 against
AML cells showed promising anti-leukemic potential. These find-
ings prompted an initial study to investigate the potential benefits
of combining sorafenib and nutlin-3 for AML treatment (Giorgio
Zauli et al., 2012). While initial clinical data appeared promising,
recent research indicates that some patients may experience a
temporary positive response followed by subsequent non-
responsiveness. This observation implies that sorafenib's efficacy
may not be fully accomplished when used as a monotherapy, thus
underscoring the necessity of investigating combination therapies
as an alternative solution (Rahmani et al., 2012). In terms of effi-
cacy, an early-phase clinical study (phase 1/1b) on individuals with
AML (NCT01773408) demonstrates the success of this strategy. A
combination of idasanutlin, an MDM2 inhibitor, and cytarabine
was used in this experiment, which demonstrated both safety
and beneficial therapeutic effects. The combined treatment exhib-
ited composite rates of 27% (n = 20/75) for complete remission (CR)
and 28% (n = 21/75) for overall CR. The findings of this study indi-
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cate that the utilization of idasanutlin and cytarabine in combina-
tion exhibits potential as a therapeutic strategy for AML (Yee et al.,
2021). Consistently, the efficacy of combining venetoclax, a BCL-2
inhibitor, with idasanutlin was evaluated in a phase 1b clinical trial
(NCT02670044), which was intended for patients with relapsed or
refractory AML who were not eligible for conventional cytotoxic
chemotherapy. Venetoclax and idasanutlin as single-agent thera-
pies demonstrated limited efficacy in patients with relapsed or
refractory AML. During the dose escalation phase of the trial, the
composite complete remission rate was 26.0% and the morphologic
leukemia-free state rate was 12%. Despite not demonstrating
improved overall survival compared to cytarabine alone, the ratio-
nale for combining venetoclax and idasanutlin in the trial was
based on preclinical synergistic effects. The trial results demon-
strated that the combination therapy of venetoclax and idasanutlin
exhibited promising efficacy and acceptable safety in unfit patients
with relapsed or refractory AML. Even though there was no signif-
icant improvement in overall survival, the combination of veneto-
clax and idasanutlin showed sensible clinical effects. This is
particularly encouraging for individuals with relapsed or refractory
AML who are unfit, have previously received low-intensity treat-
ments, and have limited treatment options. The combination ther-
apy demonstrated acceptable safety and promising initial efficacy
in this challenging individual group, indicating the necessity for
further investigation into the simultaneous inhibition of BCL-2
and MDM2 in AML (Daver et al., 2023).

The efficacy of the combination of cytarabine and idasanutlin
was further evaluated in patients diagnosed with relapsed/refrac-
tory AML in the Phase 3 MIRROS trial (NCT02545283). The trial
findings demonstrated that the incorporation of idasanutlin in
combination with intermediate-dose cytarabine did not yield a sta-
tistically significant improvement in the median overall survival of
the participants. Although the combination therapy exhibited
increased response rates, the therapeutic effectiveness of idasanut-
lin was limited by its myelosuppressive effects. The trial partici-
pants frequently reported gastrointestinal AEs, such as diarrhea
and nausea, as well as hematological AEs. The results of the study
revealed a remission rate of 28% (n = 21/75) and a composite
remission rate of 27% (n = 20/75). It was noted that modifying
the treatment regimen or adjusting the dosage of MDM2 inhibitors
might be necessary to alleviate myelosuppression and fully control
the benefits of MDM2 inhibition (Montesinos et al., 2020). These
observations highlight the need for further investigation and opti-
mization of the treatment approach to enhance the therapeutic
outcomes in patients with relapsed/refractory AML.

Single-agent MEK inhibitors have demonstrated limited clinical
benefits in treating NRASQ61-mutant melanoma, which represents
the second most common somatic mutation in melanoma. Cur-
Table 1
Overview of combined pharmacological anti-cancer agents evaluated in clinical trials.

Therapeutic
Modality

Combined treatment Disease Observed Outco

Chemotherapy Idasanutlin, +
cytarabine

Relapsed or refractory
(r/r) acute myeloid
leukemia

The composite c
35.6% for combi

Idasanutlin, +
cytarabine
(Phase 3 MIRROS trial)

Relapsed or refractory
(r/r) acute myeloid
leukemia

Failed to produc
median overall s

Targeted
Therapy

Venetoclax, a BCL-2
inhibitor + idasanutlin

Relapsed or refractory
(r/r) acute myeloid
leukemia

The combined r
leukemic respon
and idasanutlin

AMG 232
(MDM2
inhibitor) + Trametinib
(MAPK inhibitors)

Metastatic cutaneous
melanoma

The combination
clinical efficacy

10
rently, there are no established treatments specifically targeting
NRASQ61-mutant melanoma. To overcome this challenge, an alter-
native treatment approach involves targeting essential proteins
involved in intact and non-mutated cell death pathways
(Dummer et al., 2017; Shattuck-Brandt et al., 2020). In the context
of melanoma, the upregulation of the MDM2 protein is often
observed due to the reduced or absent expression of MDM2 inhibi-
tors like p14ARF (Fig. 1) (Polsky et al., 2001). It is important to note
that the majority of melanomas exhibit wild-type p53 expression.
A clinical trial (NCT02110355) assessed the safety, tolerability,
pharmacokinetics, and maximum tolerated dose of AMG 232 (an
MDM2 inhibitor) in combination with dabrafenib-trametinib or
trametinib alone in patients with melanoma, with or without
BRAFV600 mutations, respectively. Significantly, the patients
included in the study had no prior exposure to BRAF or MEK inhi-
bitors. The co-administration of AMG 232 with either trametinib
alone or trametinib plus dabrafenib at the standard dose was gen-
erally well tolerated, especially at lower doses of AMG 232
(Moschos et al., 2022). Melanoma patients could experience
improved outcomes and enhanced therapeutic efficacy by combin-
ing MDM2 inhibitors with established treatment modalities.
Table 1 presents a comprehensive review of combined pharmaco-
logical agents for cancer treatment as assessed in various clinical
trials.

3. Discussion and conclusion: future direction

Inhibition of MDM2 offers a potential therapeutic strategy for
restoring p53 function and reducing tumor development across
various types of cancer. Nonetheless, there are significant chal-
lenges associated with this approach. Drug-related toxicity poses
a major drawback, as altering the treatment schedule alone may
not adequately control adverse effects on the gastrointestinal,
hematologic, and cardiac systems. To achieve better tolerability,
it is crucial to explore and improve drug delivery approaches.
One additional challenge pertains to the emergence of drug resis-
tance, which can limit the effectiveness of MDM2 inhibitors in clin-
ical settings. Notably, Jung et al. conducted a phase I study in which
they observed clinical evidence of resistance to an MDM2 inhibitor
(SAR405838) in individuals with de-differentiated or MDM2-
amplified liposarcoma. Analysis of cell-free DNA revealed the
emergence of p53 mutations during therapy, which correlated
with tumor size. This finding underscores the importance of gain-
ing a comprehensive understanding of the mechanisms underlying
acquired resistance in both preclinical models and patients (Jung
et al., 2016). Improving the efficacy of MDM2 combination regi-
mens can be achieved by utilizing novel biomarkers to identify
patients who would benefit from personalized therapeutic
mes ClinicalTrials.gov
Identifier

omplete remission rates were 18.9% for monotherapy Vs.
nation therapy

NCT01773408

e a statistically significant enhancement in the participants'
urvival

NCT02545283

ates show a complete remission of 34.3% and an anti-
se of 48.5% vs. venetoclax (complete remission rate of 19%,
(anti-leukemic response of 21%)

NCT02670044

treatment failed to demonstrate a noticeable increase in NCT02110355

http://ClinicalTrials.gov
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approaches. Such an approach could significantly enhance the
effectiveness of MDM2 combination approaches (Tisato et al.,
2017). MDM2 inhibitors might be used in combination with other
cancer treatment approaches, including chemotherapy, radiation
therapy, or immunotherapy, to provide a more potent and thor-
ough strategy. The combination of medications may function syn-
ergistically to target several pathways involved in tumor growth
and survival, resulting in increased effectiveness and perhaps over-
coming drug resistance. To comprehensively evaluate the thera-
peutic potential and safety profile of combining MDM2
inhibitors, additional studies, including preclinical models and
clinical trials with a larger sample size, are required. These studies
will shed light on their mechanism of action, optimal dosage, dura-
tion of treatment, and potential adverse effects. The efficacy of
combining MDM2 inhibitors in the fight against cancer will be
determined by the findings of careful scientific studies and the col-
lection of solid clinical data. Such research activities are essential
for guiding the development of targeted and personalized thera-
peutic strategies for cancer patients, with the ultimate goal of
improving patient outcomes and survival rates.

Funding

This work was supported and funded by the Deanship of Scien-
tific Research at Imam Mohammad Ibn Saud Islamic University
(IMSIU) (grant number IMSIU-RG23083).

Declaration of Generative AI and AI-assisted technologies in the
writing process

During the preparation of this work, the author used ChatGPT
and Quillbot in order to enhance the language, which involves
rewriting particularly complex sentences to ensure greater clarity.
After using these tools, the author reviewed and edited the content
as needed and take full responsibility for the content of the
publication.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.
References

Abdul Razak, A.R., Bauer, S., Suarez, C., Lin, C.-C., Quek, R., H≈tter-Kr—nke, M.L.,
Cubedo, R., Ferretti, S., Guerreiro, N., Jullion, A., Orlando, E.J., Clementi, G., Sand
Dejmek, J., Halilovic, E., Fabre, C., Blay, J.-Y., Italiano, A., 2022. Co-targeting of
MDM2 and CDK4/6 with siremadlin and ribociclib for the treatment of patients
with well-differentiated or dedifferentiated liposarcoma: results from a proof-
of-concept. Phase Ib Study. Clin. Cancer Res. 28, 1087–1097. https://doi.org/
10.1158/1078-0432.CCR-21-1291.

Adams, C.M., Mitra, R., Xiao, Y., Michener, P., Palazzo, J., Chao, A., Gour, J., Cassel, J.,
Salvino, J.M., Eischen, C.M., 2023. Targeted MDM2 degradation reveals a new
vulnerability for p53-inactivated triple-negative breast cancer. Cancer Discov.
13, 1210–1229. https://doi.org/10.1158/2159-8290.CD-22-1131.

Ambrosini, G., Sambol, E.B., Carvajal, D., Vassilev, L.T., Singer, S., Schwartz, G.K.,
2007. Mouse double minute antagonist Nutlin-3a enhances chemotherapy-
induced apoptosis in cancer cells with mutant p53 by activating E2F1.
Oncogene 26, 3473–3481. https://doi.org/10.1038/sj.onc.1210136.

Andreeff, M., Kelly, K.R., Yee, K., Assouline, S., Strair, R., Popplewell, L., Bowen, D.,
Martinelli, G., Drummond, M.W., Vyas, P., Kirschbaum, M., Iyer, S.P., Ruvolo, V.,
GonzÃlez, G.M.N., Huang, X., Chen, G., Graves, B., Blotner, S., Bridge, P., Jukofsky,
L., Middleton, S., Reckner, M., Rueger, R., Zhi, J., Nichols, G., Kojima, K., 2016.
Results of the phase I trial of RG7112, a small-molecule MDM2 antagonist in
leukemia. Clin. Cancer Res. 22, 868–876. https://doi.org/10.1158/1078-0432.
CCR-15-0481.

Araki, S., Eitel, J.A., Batuello, C.N., Bijangi-Vishehsaraei, K., Xie, X.-J., Danielpour, D.,
Pollok, K.E., Boothman, D.A., Mayo, L.D., 2010. TGF-beta1-induced expression of
11
human Mdm2 correlates with late-stage metastatic breast cancer. J. Clin. Invest.
120, 290–302. https://doi.org/10.1172/JCI39194.

Arena, G., Riscal, R., Linares, L.K., Le Cam, L., 2018. MDM2 controls gene expression
independently of p53 in both normal and cancer cells. Cell Death Differ. 25,
1533–1535. https://doi.org/10.1038/s41418-018-0156-x.

Aziz, M.H., Shen, H., Maki, C.G., 2011. Acquisition of p53 mutations in response to
the non-genotoxic p53 activator Nutlin-3. Oncogene 30, 4678–4686. https://
doi.org/10.1038/onc.2011.185.

Bagrodia, A., Lee, B.H., Lee, W., Cha, E.K., Sfakianos, J.P., Iyer, G., Pietzak, E.J., Gao, S.P.,
Zabor, E.C., Ostrovnaya, I., Kaffenberger, S.D., Syed, A., Arcila, M.E., Chaganti, R.S.,
Kundra, R., Eng, J., Hreiki, J., Vacic, V., Arora, K., Oschwald, D.M., Berger, M.F.,
Bajorin, D.F., Bains, M.S., Schultz, N., Reuter, V.E., Sheinfeld, J., Bosl, G.J., Al-
Ahmadie, H.A., Solit, D.B., Feldman, D.R., 2016. Genetic determinants of cisplatin
resistance in patients with advanced germ cell tumors. J. Clin. Oncol. 34, 4000–
4007. https://doi.org/10.1200/JCO.2016.68.7798.

Balayssac, D., Pereira, B., Darfeuille, M., Cuq, P., Vernhet, L., Collin, A., Vennat, B.,
Authier, N., 2018. Use of psychotropic medications and illegal drugs, and related
consequences among French pharmacy students - SCEP study: A nationwide
cross-sectional study. Front. Pharmacol. 9. https://doi.org/10.3389/
fphar.2018.00725.

Barak, Y., Juven, T., Haffner, R., Oren, M., 1993. mdm2 expression is induced by wild
type p53 activity. EMBO J. 12, 461–468.

Barbieri, E., Mehta, P., Chen, Z., Zhang, L., Slack, A., Berg, S., Shohet, J.M., 2006. MDM2
inhibition sensitizes neuroblastoma to chemotherapy-induced apoptotic cell
death. Mol. Cancer Ther. 5, 2358–2365. https://doi.org/10.1158/1535-7163.
MCT-06-0305.

Barrett, M.T., Lenkiewicz, E., Malasi, S., Stanton, M., Slack, J., Andrews, P., Pagliaro, L.,
Bryce, A.H., 2019. Clonal analyses of refractory testicular germ cell tumors. PLoS
One 14. https://doi.org/10.1371/journal.pone.0213815.

Bartel, F., Taubert, H., Harris, L.C., 2002. Alternative and aberrant splicing of MDM2
mRNA in human cancer. Cancer Cell 2, 9–15. https://doi.org/10.1016/s1535-
6108(02)00091-0.

Bartel, F., Harris, L.C., W≈rl, P., Taubert, H., 2004. MDM2 and its splice variant
messenger RNAs: expression in tumors and down-regulation using antisense
oligonucleotides. Mol. Cancer Res. 2, 29–35.

BÕkÕs, M., Langley, D.R., Crews, C.M., 2022. PROTAC targeted protein degraders: the
past is prologue. Nat. Rev. Drug Discov. 21, 181–200. https://doi.org/10.1038/
s41573-021-00371-6.

Berberich, A., Kessler, T., ThomÕ, C.M., Pusch, S., Hielscher, T., Sahm, F., Oezen, I.,
Schmitt, L.-M., Ciprut, S., Hucke, N., Ruebmann, P., Fischer, M., Lemke, D.,
Breckwoldt, M.O., von Deimling, A., Bendszus, M., Platten, M., Wick, W., 2019.
Targeting resistance against the MDM2 Inhibitor RG7388 in glioblastoma cells
by the MEK inhibitor trametinib. Clin. Cancer Res. 25, 253–265. https://doi.org/
10.1158/1078-0432.CCR-18-1580.

Bill, K.L.J., Seligson, N.D., Hays, J.L., Awasthi, A., Demoret, B., Stets, C.W., Duggan, M.
C., Bupathi, M., Brock, G.N., Millis, S.Z., Shakya, R., Timmers, C.D., Wakely, P.E.,
Pollock, R.E., Chen, J.L., 2019. Degree of MDM2 amplification affects clinical
outcomes in dedifferentiated liposarcoma. Oncologist 24, 989–996. https://doi.
org/10.1634/theoncologist.2019-0047.

Bohlman, S., Manfredi, J.J., 2014. p53-independent effects of Mdm2. Subcell.
Biochem. 85, 235–246. https://doi.org/10.1007/978-94-017-9211-0_13.

Boyd, S.D., Tsai, K.Y., Jacks, T., 2000. An intact HDM2 RING-finger domain is required
for nuclear exclusion of p53. Nat. Cell Biol. 2, 563–568. https://doi.org/10.1038/
35023500.

Brekman, A., Singh, K.E., Polotskaia, A., Kundu, N., Bargonetti, J., 2011. A p53-
independent role of Mdm2 in estrogen-mediated activation of breast cancer cell
proliferation. Breast Cancer Res. 13, R3. https://doi.org/10.1186/bcr2804.

Burgess, A., Chia, K.M., Haupt, S., Thomas, D., Haupt, Y., Lim, E., 2016. Clinical
overview of MDM2/X-targeted therapies. Front. Oncol. 6, 7. https://doi.org/
10.3389/fonc.2016.00007.

Cahilly-Snyder, L., Yang-Feng, T., Francke, U., George, D.L., 1987. Molecular analysis
and chromosomal mapping of amplified genes isolated from a transformed
mouse 3T3 cell line. Somat. Cell Mol. Genet. 13, 235–244.

Cassinelli, G., Pasquali, S., Lanzi, C., 2022. Beyond targeting amplified MDM2 and
CDK4 in well differentiated and dedifferentiated liposarcomas: from promise
and clinical applications towards identification of progression drivers. Front.
Oncol. 12,. https://doi.org/10.3389/fonc.2022.965261 965261.

Chen, J., Marechal, V., Levine, A.J., 1993. Mapping of the p53 and mdm-2 interaction
domains. Mol. Cell. Biol. 13, 4107–4114.

Chen, L., Rousseau, R.F., Middleton, S.A., Nichols, G.L., Newell, D.R., Lunec, J.,
Tweddle, D.A., 2015. Pre-clinical evaluation of the MDM2-p53 antagonist
RG7388 alone and in combination with chemotherapy in neuroblastoma.
Oncotarget 6, 10207–10221 10.18632/oncotarget.3504.

Daver, N.G., Dail, M., Garcia, J.S., Jonas, B.A., Yee, K.W.L., Kelly, K.R., Vey, N.,
Assouline, S., Roboz, G.J., Paolini, S., Pollyea, D.A., Tafuri, A., Brandwein, J.M.,
Pigneux, A., Powell, B.L., Fenaux, P., Olin, R.L., Visani, G., Martinelli, G., Onishi,
M., Wang, J., Huang, W., Green, C., Ott, M.G., Hong, W.-J., Konopleva, M.Y.,
Andreeff, M., 2023. Venetoclax and idasanutlin in relapsed/refractory AML: a
nonrandomized, open-label phase 1b trial. Blood 141, 1265–1276. https://doi.
org/10.1182/blood.2022016362.

Dawson, J.C., Serrels, A., Stupack, D.G., Schlaepfer, D.D., Frame, M.C., 2021. Targeting
FAK in anticancer combination therapies. Nat. Rev. Cancer 21, 313–324. https://
doi.org/10.1038/s41568-021-00340-6.

de Jonge, M., de Weger, V.A., Dickson, M.A., Langenberg, M., Le Cesne, A., Wagner, A.
J., Hsu, K., Zheng, W., MacÕ, S., Tuffal, G., Thomas, K., Schellens, J.H.M., 2017. A
phase I study of SAR405838, a novel human double minute 2 (HDM2)

https://doi.org/10.1158/1078-0432.CCR-21-1291
https://doi.org/10.1158/1078-0432.CCR-21-1291
https://doi.org/10.1158/2159-8290.CD-22-1131
https://doi.org/10.1038/sj.onc.1210136
https://doi.org/10.1158/1078-0432.CCR-15-0481
https://doi.org/10.1158/1078-0432.CCR-15-0481
https://doi.org/10.1172/JCI39194
https://doi.org/10.1038/s41418-018-0156-x
https://doi.org/10.1038/onc.2011.185
https://doi.org/10.1038/onc.2011.185
https://doi.org/10.1200/JCO.2016.68.7798
https://doi.org/10.3389/fphar.2018.00725
https://doi.org/10.3389/fphar.2018.00725
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0050
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0050
https://doi.org/10.1158/1535-7163.MCT-06-0305
https://doi.org/10.1158/1535-7163.MCT-06-0305
https://doi.org/10.1371/journal.pone.0213815
https://doi.org/10.1016/s1535-6108(02)00091-0
https://doi.org/10.1016/s1535-6108(02)00091-0
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0070
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0070
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0070
https://doi.org/10.1038/s41573-021-00371-6
https://doi.org/10.1038/s41573-021-00371-6
https://doi.org/10.1158/1078-0432.CCR-18-1580
https://doi.org/10.1158/1078-0432.CCR-18-1580
https://doi.org/10.1634/theoncologist.2019-0047
https://doi.org/10.1634/theoncologist.2019-0047
https://doi.org/10.1007/978-94-017-9211-0_13
https://doi.org/10.1038/35023500
https://doi.org/10.1038/35023500
https://doi.org/10.1186/bcr2804
https://doi.org/10.3389/fonc.2016.00007
https://doi.org/10.3389/fonc.2016.00007
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0110
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0110
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0110
https://doi.org/10.3389/fonc.2022.965261
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0120
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0120
http://10.18632/oncotarget.3504
https://doi.org/10.1182/blood.2022016362
https://doi.org/10.1182/blood.2022016362
https://doi.org/10.1038/s41568-021-00340-6
https://doi.org/10.1038/s41568-021-00340-6


A.M. Alaseem Saudi Pharmaceutical Journal 31 (2023) 101790
antagonist, in patients with solid tumours. Eur. J. Cancer 76, 144–151. https://
doi.org/10.1016/j.ejca.2017.02.005.

de Oca Luna, R.M., Tabor, A.D., Eberspaecher, H., Hulboy, D.L., Worth, L.L., Colman,
M.S., Finlay, C.A., Lozano, G., 1996. The organization and expression of the
mdm2 gene. Genomics 33, 352–357. https://doi.org/10.1006/geno.1996.0210.

de Vries, G., Rosas-Plaza, X., van Vugt, M.A.T.M., Gietema, J.A., de Jong, S., 2020.
Testicular cancer: determinants of cisplatin sensitivity and novel therapeutic
opportunities. Cancer Treat. Rev. 88,. https://doi.org/10.1016/j.
ctrv.2020.102054 102054.

Dembla, V., Somaiah, N., Barata, P., Hess, K., Fu, S., Janku, F., Karp, D.D., Naing, A.,
Piha-Paul, S.A., Subbiah, V., Tsimberidou, A.M., Shaw, K., Meric-Bernstam, F.,
Hong, D.S., 2018. Prevalence of MDM2 amplification and coalterations in 523
advanced cancer patients in the MD Anderson phase 1 clinic. Oncotarget 9,
33232–33243 10.18632/oncotarget.26075.

Ding, Q., Zhang, Z., Liu, J.-J., Jiang, N., Zhang, J., Ross, T.M., Chu, X.-J., Bartkovitz, D.,
Podlaski, F., Janson, C., Tovar, C., Filipovic, Z.M., Higgins, B., Glenn, K., Packman,
K., Vassilev, L.T., Graves, B., 2013. Discovery of RG7388, a potent and selective
p53-MDM2 inhibitor in clinical development. J. Med. Chem. 56, 5979–5983.
https://doi.org/10.1021/jm400487c.

Duffy, M.J., Synnott, N.C., OGrady, S., Crown, J., 2022. Targeting p53 for the
treatment of cancer. Semin. Cancer Biol. 79, 58–67. https://doi.org/10.1016/j.
semcancer.2020.07.005.

Dummer, R., Schadendorf, D., Ascierto, P.A., Arance, A., Dutriaux, C., Di Giacomo, A.
M., Rutkowski, P., Del Vecchio, M., Gutzmer, R., Mandala, M., Thomas, L.,
Demidov, L., Garbe, C., Hogg, D., Liszkay, G., Queirolo, P., Wasserman, E., Ford, J.,
Weill, M., Sirulnik, L.A., Jehl, V., Bozœn, V., Long, G.V., Flaherty, K., 2017.
Binimetinib versus dacarbazine in patients with advanced NRAS-mutant
melanoma (NEMO): a multicentre, open-label, randomised, phase 3 trial.
Lancet Oncol. 18, 435–445. https://doi.org/10.1016/S1470-2045(17)30180-8.

Fakharzadeh, S.S., Trusko, S.P., George, D.L., 1991. Tumorigenic potential associated
with enhanced expression of a gene that is amplified in a mouse tumor cell line.
EMBO J. 10, 1565–1569.

Fang, S., Jensen, J.P., Ludwig, R.L., Vousden, K.H., Weissman, A.M., 2000. Mdm2 is a
RING finger-dependent ubiquitin protein ligase for itself and p53. J. Biol. Chem.
275, 8945–8951.

Fang, Y., Liao, G., Yu, B., 2020. Small-molecule MDM2/X inhibitors and PROTAC
degraders for cancer therapy: advances and perspectives. Acta Pharm. Sin. B 10,
1253–1278. https://doi.org/10.1016/j.apsb.2020.01.003.

Fang, D.D., Tang, Q., Kong, Y., Wang, Q., Gu, J., Fang, X., Zou, P., Rong, T., Wang, J.,
Yang, D., Zhai, Y., 2019. MDM2 inhibitor APG-115 synergizes with PD-1
blockade through enhancing antitumor immunity in the tumor
microenvironment. J. Immunother. cancer 7, 327. https://doi.org/10.1186/
s40425-019-0750-6.

Gadysz, M.Z., Stevanoska, M., Wodarczyk-Biegun, M.K., Nagelkerke, A., 2022.
Breaking through the barrier: Modelling and exploiting the physical
microenvironment to enhance drug transport and efficacy. Adv. Drug Deliv.
Rev. 184,. https://doi.org/10.1016/j.addr.2022.114183 114183.

Gounder, M.M., Bauer, T.M., Schwartz, G.K., Weise, A.M., LoRusso, P., Kumar, P., Tao,
B., Hong, Y., Patel, P., Lu, Y., Lesegretain, A., Tirunagaru, V.G., Xu, F., Doebele, R.C.,
Hong, D.S., 2023. A first-in-human phase I study of milademetan, an mdm2
inhibitor, in patients with advanced liposarcoma, solid tumors, or lymphomas. J.
Clin. Oncol. 41, 1714–1724. https://doi.org/10.1200/JCO.22.01285.

Gounder, M.M., Bauer, T.M., Schwartz, G.K., Weise, A.M., LoRusso, P., Kumar, P., Tao,
B., Hong, Y., Patel, P., Lu, Y., Lesegretain, A., Tirunagaru, V.G., Xu, F., Doebele, R.C.,
Hong, D.S., 2023. A first-in-human phase I study of milademetan, an MDM2
inhibitor, in patients with advanced liposarcoma, solid tumors, or lymphomas. J.
Clin. Oncol. https://doi.org/10.1200/JCO.22.01285 JCO2201285.

Gu, D., Wang, S., Kuiatse, I., Wang, H., He, J., Dai, Y., Jones, R.J., Bjorklund, C.C., Yang,
J., Grant, S., Orlowski, R.Z., 2014. Inhibition of the MDM2 E3 Ligase induces
apoptosis and autophagy in wild-type and mutant p53 models of multiple
myeloma, and acts synergistically with ABT-737. PLoS One 9, e103015.

Guo, G., Cui, Y., 2015. New perspective on targeting the tumor suppressor p53
pathway in the tumor microenvironment to enhance the efficacy of
immunotherapy. J. Immunother. cancer 3, 9. https://doi.org/10.1186/s40425-
015-0053-5.

Guo, G., Yu, M., Xiao, W., Celis, E., Cui, Y., 2017. Local activation of p53 in the tumor
microenvironment overcomes immune suppression and enhances antitumor
immunity. Cancer Res. 77, 2292–2305. https://doi.org/10.1158/0008-5472.
CAN-16-2832.

Han, X., Wei, W., Sun, Y., 2022. PROTAC degraders with ligands recruiting MDM2 E3
ubiquitin ligase: an updated perspective. Acta Mater. medica 1, 244–259 10.
15212/amm-2022-0010.

Haronikova, L., Bonczek, O., Zatloukalova, P., Kokas-Zavadil, F., Kucerikova, M.,
Coates, P.J., Fahraeus, R., Vojtesek, B., 2021. Resistance mechanisms to inhibitors
of p53-MDM2 interactions in cancer therapy: can we overcome them? Cell.
Mol. Biol. Lett. 26, 53. https://doi.org/10.1186/s11658-021-00293-6.

Hata, A.N., Rowley, S., Archibald, H.L., Gomez-Caraballo, M., Siddiqui, F.M., Ji, F.,
Jung, J., Light, M., Lee, J.S., Debussche, L., Sidhu, S., Sadreyev, R.I., Watters, J.,
Engelman, J.A., 2017. Synergistic activity and heterogeneous acquired resistance
of combined MDM2 and MEK inhibition in KRAS mutant cancers. Oncogene 36,
6581–6591. https://doi.org/10.1038/onc.2017.258.

Haupt, Y., Maya, R., Kazaz, A., Oren, M., 1997. Mdm2 promotes the rapid
degradation of p53. Nature 387, 296–299. https://doi.org/10.1038/387296a0.

Herting, F., Herter, S., Friess, T., Muth, G., Bacac, M., Sulcova, J., Umana, P., Dangl, M.,
Klein, C., 2016. Antitumour activity of the glycoengineered type II anti-CD20
antibody obinutuzumab (GA101) in combination with the MDM2-selective
12
antagonist idasanutlin (RG7388). Eur. J. Haematol. 97, 461–470. https://doi.org/
10.1111/ejh.12756.

Hoffman-Luca, C.G., Ziazadeh, D., McEachern, D., Zhao, Y., Sun, W., Debussche, L.,
Wang, S., 2015. Elucidation of acquired resistance to Bcl-2 and MDM2 inhibitors
in acute leukemia in vitro and in vivo. Clin. Cancer Res. 21, 2558–2568. https://
doi.org/10.1158/1078-0432.CCR-14-2506.

Honda, R., Tanaka, H., Yasuda, H., 1997. Oncoprotein MDM2 is a ubiquitin ligase E3
for tumor suppressor p53. FEBS Lett. 420, 25–27.

Huang, A., Garraway, L.A., Ashworth, A., Weber, B., 2020. Synthetic lethality as an
engine for cancer drug target discovery. Nat. Rev. Drug Discov. 19, 23–38.
https://doi.org/10.1038/s41573-019-0046-z.

Huun, J., Gansmo, L.B., MannsÍker, B., Iversen, G.T., Ävreb½, J.I., L½nning, P.E.,
Knappskog, S., 2017. Impact of the MDM2 splice-variants MDM2-A, MDM2-B
and MDM2-C on cytotoxic stress response in breast cancer cells. BMC Cell Biol.
18, 17. https://doi.org/10.1186/s12860-017-0134-z.

Iancu-Rubin, C., Mosoyan, G., Glenn, K., Gordon, R.E., Nichols, G.L., Hoffman, R.,
2014. Activation of p53 by the MDM2 inhibitor RG7112 impairs
thrombopoiesis. Exp. Hematol. 42, 137–145.e5. https://doi.org/10.1016/
j.exphem.2013.11.012.

ICGC/TCGA Pan-Cancer Analysis of Whole Genomes Consortium, 2020. Pan-cancer
analysis of whole genomes. Nature 578, 82–93. https://doi.org/10.1038/
s41586-020-1969-6.

Ishizawa, J., Nakamaru, K., Seki, T., Tazaki, K., Kojima, K., Chachad, D., Zhao, R., Heese,
L., Ma, W., Ma, M.C.J., DiNardo, C., Pierce, S., Patel, K.P., Tse, A., Davis, R.E., Rao, A.,
Andreeff, M., 2018. Predictive gene signatures determine tumor sensitivity to
MDM2 inhibition. Cancer Res. 78, 2721–2731. https://doi.org/10.1158/0008-
5472.CAN-17-0949.

Italiano, A., Toulmonde, M., Cioffi, A., Penel, N., Isambert, N., Bompas, E., Duffaud, F.,
Patrikidou, A., Lortal, B., Le Cesne, A., Blay, J.-Y., Maki, R.G., Schwartz, G.K.,
Antonescu, C.R., Singer, S., Coindre, J.-M., Bui, B., 2012. Advanced well-
differentiated/dedifferentiated liposarcomas: role of chemotherapy and
survival. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 23, 1601–1607. https://doi.
org/10.1093/annonc/mdr485.

Jeay, S., Ferretti, S., Holzer, P., Fuchs, J., Chapeau, E.A., Wartmann, M., Sterker, D.,
Romanet, V., Murakami, M., Kerr, G., Durand, E.Y., Gaulis, S., Cortes-Cros, M.,
Ruetz, S., Stachyra, T.-M., Kallen, J., Furet, P., W≈rthner, J., Guerreiro, N.,
Halilovic, E., Jullion, A., Kauffmann, A., Kuriakose, E., Wiesmann, M., Jensen, M.
R., Hofmann, F., Sellers, W.R., 2018. Dose and schedule determine distinct
molecular mechanisms underlying the efficacy of the p53-MDM2 inhibitor
HDM201. Cancer Res. 78, 6257–6267. https://doi.org/10.1158/0008-5472.CAN-
18-0338.

Joerger, A.C., Fersht, A.R., 2016. The p53 pathway: origins, inactivation in cancer,
and emerging therapeutic approaches. Annu. Rev. Biochem. 85, 375–404.
https://doi.org/10.1146/annurev-biochem-060815-014710.

Jones, S.N., Hancock, A.R., Vogel, H., Donehower, L.A., Bradley, A., 1998.
Overexpression of Mdm2 in mice reveals a p53-independent role for Mdm2
in tumorigenesis. Proc. Natl. Acad. Sci. U. S. A. 95, 15608–15612. https://doi.org/
10.1073/pnas.95.26.15608.

Jung, J., Lee, J.S., Dickson, M.A., Schwartz, G.K., Le Cesne, A., Varga, A., Bahleda, R.,
Wagner, A.J., Choy, E., de Jonge, M.J., Light, M., Rowley, S., MacÕ, S., Watters, J.,
2016. TP53 mutations emerge with HDM2 inhibitor SAR405838 treatment in
de-differentiated liposarcoma. Nat. Commun. 7, 12609. https://doi.org/10.1038/
ncomms12609.

Karni-Schmidt, O., Lokshin, M., Prives, C., 2016. The Roles of MDM2 and MDMX in
Cancer. Annu. Rev. Pathol. 11, 617–644. https://doi.org/10.1146/annurev-
pathol-012414-040349.

Kennedy, M.C., Lowe, S.W., 2022. Mutant p53: its not all one and the same. Cell
Death Differ. 29, 983–987. https://doi.org/10.1038/s41418-022-00989-y.

Khan, S., He, Y., Zhang, X., Yuan, Y., Pu, S., Kong, Q., Zheng, G., Zhou, D., 2020.
PROteolysis TArgeting Chimeras (PROTACs) as emerging anticancer
therapeutics. Oncogene 39, 4909–4924. https://doi.org/10.1038/s41388-020-
1336-y.

Khurana, A., Shafer, D.A., 2019. MDM2 antagonists as a novel treatment option for
acute myeloid leukemia: perspectives on the therapeutic potential of
idasanutlin (RG7388). Onco. Targets. Ther. 12, 2903–2910. https://doi.org/
10.2147/OTT.S172315.

Kirkpatrick, P., 2004. Unleashing p53. Nat. Rev. Drug Discov. 3, 111. https://doi.org/
10.1038/nrd1313.

Kitamura, K., Nimura, K., 2021. Regulation of RNA splicing: aberrant splicing
regulation and therapeutic targets in cancer. Cells 10. https://doi.org/
10.3390/cells10040923.

Kojima, K., Konopleva, M., Samudio, I.J., Shikami, M., Cabreira-Hansen, M., McQueen,
T., Ruvolo, V., Tsao, T., Zeng, Z., Vassilev, L.T., Andreeff, M., 2005. MDM2
antagonists induce p53-dependent apoptosis in AML: implications for leukemia
therapy. Blood 106, 3150–3159. https://doi.org/10.1182/blood-2005-02-0553.

Kojima, K., Konopleva, M., Samudio, I.J., Schober, W.D., Bornmann, W.G., Andreeff,
M., 2006. Concomitant inhibition of MDM2 and Bcl-2 protein function
synergistically induce mitochondrial apoptosis in AML. Cell Cycle 5, 2778–
2786. https://doi.org/10.4161/cc.5.23.3520.

Konopleva, M., Martinelli, G., Daver, N., Papayannidis, C., Wei, A., Higgins, B., Ott, M.,
Mascarenhas, J., Andreeff, M., 2020. MDM2 inhibition: an important step
forward in cancer therapy. Leukemia 34, 2858–2874. https://doi.org/10.1038/
s41375-020-0949-z.

Kuipers, J., Jahn, K., Beerenwinkel, N., 2017. Advances in understanding tumour
evolution through single-cell sequencing. Biochim. Biophys. acta. Rev. cancer
1867, 127–138. https://doi.org/10.1016/j.bbcan.2017.02.001.

https://doi.org/10.1016/j.ejca.2017.02.005
https://doi.org/10.1016/j.ejca.2017.02.005
https://doi.org/10.1006/geno.1996.0210
https://doi.org/10.1016/j.ctrv.2020.102054
https://doi.org/10.1016/j.ctrv.2020.102054
http://10.18632/oncotarget.26075
https://doi.org/10.1021/jm400487c
https://doi.org/10.1016/j.semcancer.2020.07.005
https://doi.org/10.1016/j.semcancer.2020.07.005
https://doi.org/10.1016/S1470-2045(17)30180-8
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0175
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0175
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0175
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0180
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0180
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0180
https://doi.org/10.1016/j.apsb.2020.01.003
https://doi.org/10.1186/s40425-019-0750-6
https://doi.org/10.1186/s40425-019-0750-6
https://doi.org/10.1016/j.addr.2022.114183
https://doi.org/10.1200/JCO.22.01285
https://doi.org/10.1200/JCO.22.01285
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0210
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0210
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0210
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0210
https://doi.org/10.1186/s40425-015-0053-5
https://doi.org/10.1186/s40425-015-0053-5
https://doi.org/10.1158/0008-5472.CAN-16-2832
https://doi.org/10.1158/0008-5472.CAN-16-2832
http://10.15212/amm-2022-0010
http://10.15212/amm-2022-0010
https://doi.org/10.1186/s11658-021-00293-6
https://doi.org/10.1038/onc.2017.258
https://doi.org/10.1038/387296a0
https://doi.org/10.1111/ejh.12756
https://doi.org/10.1111/ejh.12756
https://doi.org/10.1158/1078-0432.CCR-14-2506
https://doi.org/10.1158/1078-0432.CCR-14-2506
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0255
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0255
https://doi.org/10.1038/s41573-019-0046-z
https://doi.org/10.1186/s12860-017-0134-z
https://doi.org/10.1016/j.exphem.2013.11.012
https://doi.org/10.1016/j.exphem.2013.11.012
https://doi.org/10.1038/s41586-020-1969-6
https://doi.org/10.1038/s41586-020-1969-6
https://doi.org/10.1158/0008-5472.CAN-17-0949
https://doi.org/10.1158/0008-5472.CAN-17-0949
https://doi.org/10.1093/annonc/mdr485
https://doi.org/10.1093/annonc/mdr485
https://doi.org/10.1158/0008-5472.CAN-18-0338
https://doi.org/10.1158/0008-5472.CAN-18-0338
https://doi.org/10.1146/annurev-biochem-060815-014710
https://doi.org/10.1073/pnas.95.26.15608
https://doi.org/10.1073/pnas.95.26.15608
https://doi.org/10.1038/ncomms12609
https://doi.org/10.1038/ncomms12609
https://doi.org/10.1146/annurev-pathol-012414-040349
https://doi.org/10.1146/annurev-pathol-012414-040349
https://doi.org/10.1038/s41418-022-00989-y
https://doi.org/10.1038/s41388-020-1336-y
https://doi.org/10.1038/s41388-020-1336-y
https://doi.org/10.2147/OTT.S172315
https://doi.org/10.2147/OTT.S172315
https://doi.org/10.1038/nrd1313
https://doi.org/10.1038/nrd1313
https://doi.org/10.3390/cells10040923
https://doi.org/10.3390/cells10040923
https://doi.org/10.1182/blood-2005-02-0553
https://doi.org/10.4161/cc.5.23.3520
https://doi.org/10.1038/s41375-020-0949-z
https://doi.org/10.1038/s41375-020-0949-z
https://doi.org/10.1016/j.bbcan.2017.02.001


A.M. Alaseem Saudi Pharmaceutical Journal 31 (2023) 101790
Laroche-Clary, A., Chaire, V., Algeo, M.-P., Derieppe, M.-A., Loarer, F.L., Italiano, A.,
2017. Combined targeting of MDM2 and CDK4 is synergistic in dedifferentiated
liposarcomas. J. Hematol. Oncol. 10, 123. https://doi.org/10.1186/s13045-017-
0482-3.

Lehmann, C., Friess, T., Birzele, F., Kiialainen, A., Dangl, M., 2016. Superior anti-
tumor activity of the MDM2 antagonist idasanutlin and the Bcl-2 inhibitor
venetoclax in p53 wild-type acute myeloid leukemia models. J. Hematol. Oncol.
9, 50. https://doi.org/10.1186/s13045-016-0280-3.

Leslie, P.L., Ke, H., Zhang, Y., 2015. The MDM2 RING domain and central acidic
domain play distinct roles in MDM2 protein homodimerization and MDM2-
MDMX protein heterodimerization. J. Biol. Chem. 290, 12941–12950. https://
doi.org/10.1074/jbc.M115.644435.

Levine, A.J., Oren, M., 2009. The first 30 years of p53: growing ever more complex.
Nat. Rev. Cancer 9, 749–758. https://doi.org/10.1038/nrc2723.

Li, Q., Lozano, G., 2013. Molecular pathways: targeting Mdm2 and Mdm4 in cancer
therapy. Clin. Cancer Res. 19, 34–41. https://doi.org/10.1158/1078-0432.CCR-
12-0053.

Li, X., Pu, W., Zheng, Q., Ai, M., Chen, S., Peng, Y., 2022. Proteolysis-targeting
chimeras (PROTACs) in cancer therapy. Mol. Cancer 21, 99. https://doi.org/
10.1186/s12943-021-01434-3.

Li, Y., Yang, J., Aguilar, A., McEachern, D., Przybranowski, S., Liu, L., Yang, C.-Y., Wang,
M., Han, X., Wang, S., 2019. Discovery of MD-224 as a first-in-class, highly
potent, and efficacious proteolysis targeting chimera murine double minute 2
degrader capable of achieving complete and durable tumor regression. J. Med.
Chem. 62, 448–466. https://doi.org/10.1021/acs.jmedchem.8b00909.

Lim, S.-T., Chen, X.L., Lim, Y., Hanson, D.A., Vo, T.-T., Howerton, K., Larocque, N.,
Fisher, S.J., Schlaepfer, D.D., Ilic, D., 2008. Nuclear FAK promotes cell
proliferation and survival through FERM-enhanced p53 degradation. Mol. Cell
29, 9–22. https://doi.org/10.1016/j.molcel.2007.11.031.

Liu, B., Yi, J., Yang, X., Liu, L., Lou, X., Zhang, Z., Qi, H., Wang, Z., Zou, J., Zhu, W.-G., Gu,
W., Luo, J., 2019. MDM2-mediated degradation of WRN promotes cellular
senescence in a p53-independent manner. Oncogene 38, 2501–2515. https://
doi.org/10.1038/s41388-018-0605-5.

Long, J., Parkin, B., Ouillette, P., Bixby, D., Shedden, K., Erba, H., Wang, S., Malek, S.N.,
2010. Multiple distinct molecular mechanisms influence sensitivity and
resistance to MDM2 inhibitors in adult acute myelogenous leukemia. Blood
116, 71–80. https://doi.org/10.1182/blood-2010-01-261628.

Lu, J., Guan, S., Zhao, Y., Yu, Y., Wang, Y., Shi, Y., Mao, X., Yang, K.L., Sun, W., Xu, X., Yi,
J.S., Yang, T., Yang, J., Nuchtern, J.G., 2016. Novel MDM2 inhibitor SAR405838
(MI-773) induces p53-mediated apoptosis in neuroblastoma. Oncotarget 7,
82757–82769 10.18632/oncotarget.12634.

Marcellino, B.K., Yang, X., Émit Kaniskan, H., Brady, C., Chen, H., Chen, K., Qiu, X.,
Clementelli, C., Herschbein, L., Li, Z., Elghaity-Beckley, S., Arandela, J., Kelly, B.,
Hoffman, R., Liu, J., Xiong, Y., Jin, J., Shih, A.H., 2023. An MDM2 degrader for
treatment of acute leukemias. Leukemia 37, 370–378. https://doi.org/10.1038/
s41375-022-01735-6.

Martins, C.P., Brown-Swigart, L., Evan, G.I., 2006. Modeling the therapeutic efficacy
of p53 restoration in tumors. Cell 127, 1323–1334. https://doi.org/10.1016/
j.cell.2006.12.007.

Maynard, A., McCoach, C.E., Rotow, J.K., Harris, L., Haderk, F., Kerr, D.L., Yu, E.A.,
Schenk, E.L., Tan, W., Zee, A., Tan, M., Gui, P., Lea, T., Wu, W., Urisman, A., Jones,
K., Sit, R., Kolli, P.K., Seeley, E., Gesthalter, Y., Le, D.D., Yamauchi, K.A., Naeger, D.
M., Bandyopadhyay, S., Shah, K., Cech, L., Thomas, N.J., Gupta, A., Gonzalez, M.,
Do, H., Tan, L., Bacaltos, B., Gomez-Sjoberg, R., Gubens, M., Jahan, T., Kratz, J.R.,
Jablons, D., Neff, N., Doebele, R.C., Weissman, J., Blakely, C.M., Darmanis, S.,
Bivona, T.G., 2020. Therapy-induced evolution of human lung cancer revealed
by single-cell RNA sequencing. Cell 182, 1232–1251.e22. https://doi.org/
10.1016/j.cell.2020.07.017.

Michaelis, M., Rothweiler, F., Klassert, D., von Deimling, A., Weber, K., Fehse, B.,
Kammerer, B., Doerr, H.W., Cinatl, J., 2009. Reversal of P-glycoprotein-mediated
multidrug resistance by the murine double minute 2 antagonist nutlin-3.
Cancer Res. 69, 416–421. https://doi.org/10.1158/0008-5472.CAN-08-1856.

Mitani, N., Niwa, Y., Okamoto, Y., 2007. Surveyor TM nuclease-based detection of
p53 gene mutations in haematological malignancy. Ann. Clin. Biochem. Int. J.
Lab. Med. 44, 557–559. https://doi.org/10.1258/000456307782268174.

Momand, J., Zambetti, G.P., Olson, D.C., George, D., Levine, A.J., 1992. The mdm-2
oncogene product forms a complex with the p53 protein and inhibits p53-
mediated transactivation. Cell 69, 1237–1245.

Montesinos, P., Beckermann, B.M., Catalani, O., Esteve, J., Gamel, K., Konopleva, M.Y.,
Martinelli, G., Monnet, A., Papayannidis, C., Park, A., RÕcher, C., RodrÚguez-
Veiga, R., R—llig, C., Vey, N., Wei, A.H., Yoon, S.-S., Fenaux, P., 2020. MIRROS: a
randomized, placebo-controlled, Phase III trial of cytarabine˘ idasanutlin in
relapsed or refractory acute myeloid leukemia. Future Oncol. 16, 807–815.
https://doi.org/10.2217/fon-2020-0044.

Moore, E.C., Sun, L., Clavijo, P.E., Friedman, J., Harford, J.B., Saleh, A.D., Van Waes, C.,
Chang, E.H., Allen, C.T., 2018. Nanocomplex-based TP53 gene therapy promotes
anti-tumor immunity through TP53- and STING-dependent mechanisms.
Oncoimmunology 7, e1404216.

Moschos, S.J., Sandhu, S., Lewis, K.D., Sullivan, R.J., Puzanov, I., Johnson, D.B., Henary,
H.A., Wong, H., Upreti, V.V., Long, G.V., Flaherty, K.T., 2022. Targeting wild-type
TP53 using AMG 232 in combination with MAPK inhibition in Metastatic
Melanoma; a phase 1 study. Invest. New Drugs 40, 1051–1065. https://doi.org/
10.1007/s10637-022-01253-3.

Muþoz-Fontela, C., Mandinova, A., Aaronson, S.A., Lee, S.W., 2016. Emerging roles of
p53 and other tumour-suppressor genes in immune regulation. Nat. Rev.
Immunol. 16, 741–750. https://doi.org/10.1038/nri.2016.99.
13
Oliner, J.D., Pietenpol, J.A., Thiagalingam, S., Gyuris, J., Kinzler, K.W., Vogelstein, B.,
1993. Oncoprotein MDM2 conceals the activation domain of tumour suppressor
p53. Nature 362, 857–860. https://doi.org/10.1038/362857a0.

Pan, R., Ruvolo, V., Mu, H., Leverson, J.D., Nichols, G., Reed, J.C., Konopleva, M.,
Andreeff, M., 2017. Synthetic lethality of combined Bcl-2 inhibition and p53
activation in AML: mechanisms and superior antileukemic efficacy. Cancer Cell
32, 748–760.e6. https://doi.org/10.1016/j.ccell.2017.11.003.

Pant, V., QuintÃs-Cardama, A., Lozano, G., 2012. The p53 pathway in hematopoiesis:
lessons from mouse models, implications for humans. Blood 120, 5118–5127.
https://doi.org/10.1182/blood-2012-05-356014.

Peirce, S.K., Findley, H.W., 2009. The MDM2 antagonist nutlin-3 sensitizes p53-null
neuroblastoma cells to doxorubicin via E2F1 and TAp73. Int. J. Oncol. 34, 1395–
1402.

Phelps, D., Bondra, K., Seum, S., Chronowski, C., Leasure, J., Kurmasheva, R.T.,
Middleton, S., Wang, D., Mo, X., Houghton, P.J., 2015. Inhibition of MDM2 by
RG7388 confers hypersensitivity to X-radiation in xenograft models of
childhood sarcoma. Pediatr. Blood Cancer 62, 1345–1352. https://doi.org/
10.1002/pbc.25465.

Plana, D., Palmer, A.C., Sorger, P.K., 2022. Independent drug action in combination
therapy: implications for precision oncology. Cancer Discov. 12, 606–624.
https://doi.org/10.1158/2159-8290.CD-21-0212.

Polsky, D., Bastian, B.C., Hazan, C., Melzer, K., Pack, J., Houghton, A., Busam, K.,
Cordon-Cardo, C., Osman, I., 2001. HDM2 protein overexpression, but not gene
amplification, is related to tumorigenesis of cutaneous melanoma. Cancer Res.
61, 7642–7646.

Portman, N., Milioli, H.H., Alexandrou, S., Coulson, R., Yong, A., Fernandez, K.J., Chia,
K.M., Halilovic, E., Segara, D., Parker, A., Haupt, S., Haupt, Y., Tilley, W.D.,
Swarbrick, A., Caldon, C.E., Lim, E., 2020. MDM2 inhibition in combination with
endocrine therapy and CDK4/6 inhibition for the treatment of ER-positive
breast cancer. Breast Cancer Res. 22, 87. https://doi.org/10.1186/s13058-020-
01318-2.

Rahmani, M., Aust, M.M., Attkisson, E., Williams, D.C., Ferreira-Gonzalez, A., Grant,
S., 2012. Inhibition of Bcl-2 antiapoptotic members by obatoclax potently
enhances sorafenib-induced apoptosis in human myeloid leukemia cells
through a Bim-dependent process. Blood 119, 6089–6098. https://doi.org/
10.1182/blood-2011-09-378141.

Ray-Coquard, I., Blay, J.-Y., Italiano, A., Le Cesne, A., Penel, N., Zhi, J., Heil, F., Rueger,
R., Graves, B., Ding, M., Geho, D., Middleton, S.A., Vassilev, L.T., Nichols, G.L., Bui,
B.N., 2012. Effect of the MDM2 antagonist RG7112 on the P53 pathway in
patients with MDM2-amplified, well-differentiated or dedifferentiated
liposarcoma: an exploratory proof-of-mechanism study. Lancet. Oncol. 13,
1133–1140. https://doi.org/10.1016/S1470-2045(12)70474-6.

Rusiecki, R., Witkowski, J., Jaszczewska-Adamczak, J., 2019. MDM2-p53 interaction
inhibitors: the current state-of-art and updated patent review (2010-present).
Recent Pat. Anticancer. Drug Discov. 14, 324–369. https://doi.org/10.2174/
1574892814666191022163540.

Saiki, A.Y., Caenepeel, S., Yu, D., Lofgren, J.A., Osgood, T., Robertson, R., Canon, J., Su,
C., Jones, A., Zhao, X., Deshpande, C., Payton, M., Ledell, J., Hughes, P.E., Oliner, J.
D., 2014. MDM2 antagonists synergize broadly and robustly with compounds
targeting fundamental oncogenic signaling pathways. Oncotarget 5, 2030–2043
10.18632/oncotarget.1918.

Scarpa, M., Marchiori, C., Scarpa, M., Castagliuolo, I., 2021. CD80 expression is
upregulated by TP53 activation in human cancer epithelial cells.
Oncoimmunology 10, 1907912. https://doi.org/10.1080/
2162402X.2021.1907912.

Secchiero, P., Zerbinati, C., Grazia di Iasio, M., Melloni, E., Tiribelli, M., Grill, V., Zauli,
G., 2007. Synergistic cytotoxic activity of recombinant TRAIL plus the non-
genotoxic activator of the p53 pathway Nutlin-3 in acute myeloid leukemia
cells. Curr. Drug Metab. 8, 395–403. https://doi.org/10.2174/
138920007780655432.

Serrels, A., Lund, T., Serrels, B., Byron, A., McPherson, R.C., von Kriegsheim, A.,
Gœmez-Cuadrado, L., Canel, M., Muir, M., Ring, J.E., Maniati, E., Sims, A.H.,
Pachter, J.A., Brunton, V.G., Gilbert, N., Anderton, S.M., Nibbs, R.J.B., Frame, M.C.,
2015. Nuclear FAK controls chemokine transcription, Tregs, and evasion of anti-
tumor immunity. Cell 163, 160–173. https://doi.org/10.1016/j.cell.2015.09.001.

Sharp, D.A., Kratowicz, S.A., Sank, M.J., George, D.L., 1999. Stabilization of the MDM2
oncoprotein by interaction with the structurally related MDMX protein. J. Biol.
Chem. 274, 38189–38196. https://doi.org/10.1074/jbc.274.53.38189.

Shattuck-Brandt, R.L., Chen, S.-C., Murray, E., Johnson, C.A., Crandall, H., ONeal, J.F.,
Al-Rohil, R.N., Nebhan, C.A., Bharti, V., Dahlman, K.B., Ayers, G.D., Yan, C., Kelley,
M.C., Kauffmann, R.M., Hooks, M., Grau, A., Johnson, D.B., Vilgelm, A.E.,
Richmond, A., 2020. Metastatic melanoma patient-derived xenografts respond
to MDM2 inhibition as a single agent or in combination with BRAF/MEK
inhibition. Clin. Cancer Res. 26, 3803–3818. https://doi.org/10.1158/1078-0432.
CCR-19-1895.

Shvarts, A., Steegenga, W.T., Riteco, N., van Laar, T., Dekker, P., Bazuine, M., van Ham,
R.C., van der Houven van Oordt, W., Hateboer, G., van der Eb, A.J., Jochemsen, A.
G., 1996. MDMX: a novel p53-binding protein with some functional properties
of MDM2. EMBO J. 15, 5349–5357.

Strebhardt, K., Ullrich, A., 2008. Paul Ehrlichs magic bullet concept: 100 years of
progress. Nat. Rev. Cancer 8, 473–480. https://doi.org/10.1038/nrc2394.

Takahashi, S., Fujiwara, Y., Nakano, K., Shimizu, T., Tomomatsu, J., Koyama, T., Ogura,
M., Tachibana, M., Kakurai, Y., Yamashita, T., Sakajiri, S., Yamamoto, N., 2021.
Safety and pharmacokinetics of milademetan, a MDM2 inhibitor, in Japanese
patients with solid tumors: A phase I study. Cancer Sci. 112, 2361–2370.
https://doi.org/10.1111/cas.14875.

https://doi.org/10.1186/s13045-017-0482-3
https://doi.org/10.1186/s13045-017-0482-3
https://doi.org/10.1186/s13045-016-0280-3
https://doi.org/10.1074/jbc.M115.644435
https://doi.org/10.1074/jbc.M115.644435
https://doi.org/10.1038/nrc2723
https://doi.org/10.1158/1078-0432.CCR-12-0053
https://doi.org/10.1158/1078-0432.CCR-12-0053
https://doi.org/10.1186/s12943-021-01434-3
https://doi.org/10.1186/s12943-021-01434-3
https://doi.org/10.1021/acs.jmedchem.8b00909
https://doi.org/10.1016/j.molcel.2007.11.031
https://doi.org/10.1038/s41388-018-0605-5
https://doi.org/10.1038/s41388-018-0605-5
https://doi.org/10.1182/blood-2010-01-261628
http://10.18632/oncotarget.12634
https://doi.org/10.1038/s41375-022-01735-6
https://doi.org/10.1038/s41375-022-01735-6
https://doi.org/10.1016/j.cell.2006.12.007
https://doi.org/10.1016/j.cell.2006.12.007
https://doi.org/10.1016/j.cell.2020.07.017
https://doi.org/10.1016/j.cell.2020.07.017
https://doi.org/10.1158/0008-5472.CAN-08-1856
https://doi.org/10.1258/000456307782268174
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0440
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0440
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0440
https://doi.org/10.2217/fon-2020-0044
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0450
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0450
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0450
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0450
https://doi.org/10.1007/s10637-022-01253-3
https://doi.org/10.1007/s10637-022-01253-3
https://doi.org/10.1038/nri.2016.99
https://doi.org/10.1038/362857a0
https://doi.org/10.1016/j.ccell.2017.11.003
https://doi.org/10.1182/blood-2012-05-356014
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0480
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0480
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0480
https://doi.org/10.1002/pbc.25465
https://doi.org/10.1002/pbc.25465
https://doi.org/10.1158/2159-8290.CD-21-0212
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0495
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0495
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0495
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0495
https://doi.org/10.1186/s13058-020-01318-2
https://doi.org/10.1186/s13058-020-01318-2
https://doi.org/10.1182/blood-2011-09-378141
https://doi.org/10.1182/blood-2011-09-378141
https://doi.org/10.1016/S1470-2045(12)70474-6
https://doi.org/10.2174/1574892814666191022163540
https://doi.org/10.2174/1574892814666191022163540
http://10.18632/oncotarget.1918
https://doi.org/10.1080/2162402X.2021.1907912
https://doi.org/10.1080/2162402X.2021.1907912
https://doi.org/10.2174/138920007780655432
https://doi.org/10.2174/138920007780655432
https://doi.org/10.1016/j.cell.2015.09.001
https://doi.org/10.1074/jbc.274.53.38189
https://doi.org/10.1158/1078-0432.CCR-19-1895
https://doi.org/10.1158/1078-0432.CCR-19-1895
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0550
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0550
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0550
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0550
https://doi.org/10.1038/nrc2394
https://doi.org/10.1111/cas.14875


A.M. Alaseem Saudi Pharmaceutical Journal 31 (2023) 101790
Tanimura, S., Ohtsuka, S., Mitsui, K., Shirouzu, K., Yoshimura, A., Ohtsubo, M., 1999.
MDM2 interacts with MDMX through their RING finger domains. FEBS Lett. 447,
5–9. https://doi.org/10.1016/s0014-5793(99)00254-9.

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

Tortora, G., Caputo, R., Damiano, V., Bianco, R., Chen, J., Agrawal, S., Bianco, A.R.,
Ciardiello, F., 2000. A novel MDM2 anti-sense oligonucleotide has anti-tumor
activity and potentiates cytotoxic drugs acting by different mechanisms in
human colon cancer. Int. J. cancer 88, 804–809. https://doi.org/10.1002/1097-
0215(20001201)88:5<804::aid-ijc19>3.0.co;2-z.

Traweek, R.S., Cope, B.M., Roland, C.L., Keung, E.Z., Nassif, E.F., Erstad, D.J., 2022.
Targeting the MDM2-p53 pathway in dedifferentiated liposarcoma. Front.
Oncol. 12, 1006959. https://doi.org/10.3389/fonc.2022.1006959.

Van Maerken, T., Vandesompele, J., Rihani, A., De Paepe, A., Speleman, F., 2009.
Escape from p53-mediated tumor surveillance in neuroblastoma: switching off
the p14(ARF)-MDM2-p53 axis. Cell Death Differ. 16, 1563–1572. https://doi.
org/10.1038/cdd.2009.138.

Vassilev, L.T., 2004. Small-molecule antagonists of p53-MDM2 binding: research
tools and potential therapeutics. Cell Cycle 3, 419–421.

Vassilev, L.T., 2007. MDM2 inhibitors for cancer therapy. Trends Mol. Med. 13, 23–
31. https://doi.org/10.1016/j.molmed.2006.11.002.

Vassilev, L.T., Vu, B.T., Graves, B., Carvajal, D., Podlaski, F., Filipovic, Z., Kong, N.,
Kammlott, U., Lukacs, C., Klein, C., Fotouhi, N., Liu, E.A., 2004. In vivo activation
of the p53 pathway by small-molecule antagonists of MDM2. Science 303, 844–
848. https://doi.org/10.1126/science.1092472.

Wade, M., Li, Y.-C., Wahl, G.M., 2013. MDM2, MDMX and p53 in oncogenesis and
cancer therapy. Nat. Rev. Cancer 13, 83–96. https://doi.org/10.1038/nrc3430.

Wang, Y., Jiang, X., Feng, F., Liu, W., Sun, H., 2020. Degradation of proteins by
PROTACs and other strategies. Acta Pharm. Sin. B 10, 207–238. https://doi.org/
10.1016/j.apsb.2019.08.001.

Wang, H.Q., Mulford, I.J., Sharp, F., Liang, J., Kurtulus, S., Trabucco, G., Quinn, D.S.,
Longmire, T.A., Patel, N., Patil, R., Shirley, M.D., Chen, Y., Wang, H., Ruddy, D.A.,
Fabre, C., Williams, J.A., Hammerman, P.S., Mataraza, J., Platzer, B., Halilovic, E.,
2021. Inhibition of MDM2 promotes antitumor responses in p53 wild-type
cancer cells through their interaction with the immune and stromal
microenvironment. Cancer Res. 81, 3079–3091. https://doi.org/10.1158/0008-
5472.CAN-20-0189.

Wang, S., Zhao, Y., Aguilar, A., Bernard, D., Yang, C.-Y., 2017. Targeting the MDM2-
p53 protein-protein interaction for new cancer therapy: progress and
14
challenges. Cold Spring Harb. Perspect. Med. 7. https://doi.org/10.1101/
cshperspect.a026245.

Werner, L.R., Huang, S., Francis, D.M., Armstrong, E.A., Ma, F., Li, C., Iyer, G., Canon, J.,
Harari, P.M., 2015. Small molecule inhibition of MDM2-p53 interaction
augments radiation response in human tumors. Mol. Cancer Ther. 14, 1994–
2003. https://doi.org/10.1158/1535-7163.MCT-14-1056-T.

Wu, L., Levine, A.J., 1997. Differential regulation of the p21/WAF-1 and mdm2 genes
after high-dose UV irradiation: p53-dependent and p53-independent regulation
of the mdm2 gene. Mol. Med. 3, 441–451.

Wurz, R.P., Cee, V.J., 2019. Targeted degradation of MDM2 as a new approach to
improve the efficacy of MDM2-p53 inhibitors. J. Med. Chem. 62, 445–447.
https://doi.org/10.1021/acs.jmedchem.8b01945.

Xiang, Z., Luo, H., Payton, J.E., Cain, J., Ley, T.J., Opferman, J.T., Tomasson, M.H., 2010.
Mcl1 haploinsufficiency protects mice from Myc-induced acute myeloid
leukemia. J. Clin. Invest. 120, 2109–2118. https://doi.org/10.1172/JCI39964.

Yee, K., Papayannidis, C., Vey, N., Dickinson, M.J., Kelly, K.R., Assouline, S., Kasner, M.,
Seiter, K., Drummond, M.W., Yoon, S.-S., Lee, J.-H., Blotner, S., Jukofsky, L.,
Pierceall, W.E., Zhi, J., Simon, S., Higgins, B., Nichols, G., Monnet, A., Muehlbauer,
S., Ott, M., Chen, L.-C., Martinelli, G., 2021. Murine double minute 2 inhibition
alone or with cytarabine in acute myeloid leukemia: Results from an
idasanutlin phase 1/1b study. Leuk. Res. 100,. https://doi.org/10.1016/j.
leukres.2020.106489 106489.

Zauli, G., Celeghini, C., Melloni, E., Voltan, R., Ongari, M., Tiribelli, M., di Iasio, M.G.,
Lanza, F., Secchiero, P., 2012. The sorafenib plus nutlin-3 combination promotes
synergistic cytotoxicity in acute myeloid leukemic cells irrespectively of FLT3
and p53 status. Haematologica 97, 1722–1730. https://doi.org/10.3324/
haematol.2012.062083.

Zhang, F., Throm, S.L., Murley, L.L., Miller, L.A., Steven Zatechka, D., Kiplin Guy, R.,
Kennedy, R., Stewart, C.F., 2011. MDM2 antagonist nutlin-3a reverses
mitoxantrone resistance by inhibiting breast cancer resistance protein
mediated drug transport. Biochem. Pharmacol. 82, 24–34. https://doi.org/
10.1016/j.bcp.2011.03.024.

Zhong, B., Shingyoji, M., Hanazono, M., Nguyn, T.T., Morinaga, T., Tada, Y., Shimada,
H., Hiroshima, K., Tagawa, M., 2020. Combination of a p53-activating CP-31398
and an MDM2 or a FAK inhibitor produces growth suppressive effects in
mesothelioma with wild-type p53 genotype. Apoptosis 25, 535–547. https://
doi.org/10.1007/s10495-020-01612-6.

Zitvogel, L., Galluzzi, L., Smyth, M.J., Kroemer, G., 2013. Mechanism of action of
conventional and targeted anticancer therapies: reinstating
immunosurveillance. Immunity 39, 74–88. https://doi.org/10.1016/j.
immuni.2013.06.014.

https://doi.org/10.1016/s0014-5793(99)00254-9
https://doi.org/10.1186/s13045-017-0500-5
https://doi.org/10.1186/s13045-017-0500-5
https://doi.org/10.1002/1097-0215(20001201)88:5&lt;804::aid-ijc19&gt;3.0.co;2-z
https://doi.org/10.1002/1097-0215(20001201)88:5&lt;804::aid-ijc19&gt;3.0.co;2-z
https://doi.org/10.3389/fonc.2022.1006959
https://doi.org/10.1038/cdd.2009.138
https://doi.org/10.1038/cdd.2009.138
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0590
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0590
https://doi.org/10.1016/j.molmed.2006.11.002
https://doi.org/10.1126/science.1092472
https://doi.org/10.1038/nrc3430
https://doi.org/10.1016/j.apsb.2019.08.001
https://doi.org/10.1016/j.apsb.2019.08.001
https://doi.org/10.1158/0008-5472.CAN-20-0189
https://doi.org/10.1158/0008-5472.CAN-20-0189
https://doi.org/10.1101/cshperspect.a026245
https://doi.org/10.1101/cshperspect.a026245
https://doi.org/10.1158/1535-7163.MCT-14-1056-T
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0630
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0630
http://refhub.elsevier.com/S1319-0164(23)00285-2/h0630
https://doi.org/10.1021/acs.jmedchem.8b01945
https://doi.org/10.1172/JCI39964
https://doi.org/10.1016/j.leukres.2020.106489
https://doi.org/10.1016/j.leukres.2020.106489
https://doi.org/10.3324/haematol.2012.062083
https://doi.org/10.3324/haematol.2012.062083
https://doi.org/10.1016/j.bcp.2011.03.024
https://doi.org/10.1016/j.bcp.2011.03.024
https://doi.org/10.1007/s10495-020-01612-6
https://doi.org/10.1007/s10495-020-01612-6
https://doi.org/10.1016/j.immuni.2013.06.014
https://doi.org/10.1016/j.immuni.2013.06.014

	Advancements in MDM2 inhibition: Clinical and pre-clinicalinvestigations of combination therapeutic regimens
	1. Introduction
	2. MDM2 and its detrimental role in cancer progression
	3. Discussion and conclusion: future direction
	Funding
	Declaration of Generative AI and AI-assisted technologies in thewriting process
	Declaration of Competing Interest
	References


