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Abstract

Despite being the subject of extensive research and clinical trials, neuroblastoma remains a major
therapeutic challenge in pediatric oncology. The p53 protein is a central safeguard that protects
cells against genome instability and malignant transformation. Mutated 7P53 (the gene encoding
p53) is implicated in many human cancers, but the majority of neuroblastomas have wild type p53
with intact transcriptional function. In fact, the 7P53 mutation rate does not exceed 1-2% in
neuroblastomas. However, overexpression of the murine double minute 2 (MDM2) gene in
neuroblastoma is relatively common, and leads to inhibition of p53. It is also associated with other
non-canonical p53-independent functions, including drug resistance and increased translation of
MYCN and VEGF mRNA. The p53-MDMZ2 pathway in neuroblastoma is also modulated at
several different molecular levels, including via interactions with other proteins (MYCN, p14ARF),
In addition, the overexpression of MDMZ2 in tumors is linked to a poorer prognosis for cancer
patients. Thus, restoring p53 function by inhibiting its interaction with MDMZ2 is a potential
therapeutic strategy for neuroblastoma. A number of p53-MDMZ2 antagonists have been designed
and studied for this purpose. This review summarizes the current understanding of p53 biology
and the p53-dependent and -independent oncogenic functions of MDM2 in neuroblastoma, and

"Corresponding author: Ruiwen Zhang, MD, PhD, DABT, FAAAS, FNAI, Department of Pharmacological and Pharmaceutical
Sciences, College of Pharmacy, University of Houston, 4849 Calhoun Road, Houston, Texas 77204, USA. rzhang27@central.uh.edu;
Tel: 713-743-6840; Fax: 713-743-9882.

These authors are co-first authors.
Author Contributions
Study concept and design: WW, JZ, FM, and RZ; drafting of the manuscript: AZ, WW, and RZ; revision of the manuscript: WW, GL,
XW, FM, JZ, and RZ; administrative, technical, or material support: WW, RZ; study supervision: WW, RZ. All authors have read and
agreed to the published version of the manuscript.

Conflict of interest
We wish to confirm that there are no known conflicts of interest associated with this publication and there has been no significant
financial support for this work that could have influenced its outcome.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zafar et al.

Page 2

also the regulation of the p53-MDM2 axis in neuroblastoma. This review also highlights the use of
MDM2 as a molecular target for the disease, and describes the MDM2 inhibitors currently being
investigated in preclinical and clinical studies. We also briefly explain the various strategies that
have been used and future directions to take in the development of effective MDM2 inhibitors for
neuroblastoma.
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1.

Introduction

Neuroblastoma (NB) is a tumor of the sympathetic nervous system and one of the most
common tumors found in children [1-3]. Statistically, the incidence rate of neuroblastoma is
1.2 cases per 100,000, and it is responsible for approximately 15% of all cancer deaths in
children [4-11]. The current survival rate for NB is less than 50%, as most patients develop
resistance to therapy and suffer relapse [4-11]. In addition, NB survivors are at risk of severe
illness due to therapy-related toxicities and the development of secondary tumors [12, 13].
Further, the heterogeneity of NB limits the development of a successful targeted therapy for
these tumors [14-16]. Hence, there is an urgent need to better understand the biology of NB
and to develop more effective and safer therapies for NB.

The etiology of neuroblastoma remains largely unknown, and it is only recently that the
tools have become available to investigate the cellular changes that occur at the genetic and
epigenetic levels during cancer development and progression. Whole genome sequencing
has identified several genetic aberrations, including mutations, deletions, amplifications, and
rearrangements of genes that lead to NB development [17, 18]. Oncogenes and tumor
suppressor genes are being extensively studied to tease apart their pivotal role in
neuroblastoma tumorigenesis [19].

The p53 tumor suppressor is a critical protein responsible for inducing apoptosis or cell
cycle arrest in response to DNA damage and cellular stress [20, 21]. More than 50% of
human cancers harbor 7P53 mutations, mostly within the p53 DNA binding domain, and
this impairs its transcriptional activity [22, 23]. Although there is evidence that p53 activity
is lacking in many neuroblastoma tumors, 7P53is rarely mutated in human neuroblastoma,
with the reported mutation rate not exceeding 2% [24]. In addition, studies have indicated
that p53 signal transduction is functional in neuroblastoma [25-27]. This suggests that p53
is being negatively impact via other mechanisms. The murine double minute 2 (MDM2)
oncogene is amplified in numerous human malignancies, including neuroblastoma [28].
MDM2 protein overexpression in neuroblastoma cells can also occur without MDMZ2 gene
amplification [29]. The overexpression of MDM2 in tumors is linked to a poorer prognosis
for cancer patients [30]. Although MDMZ2 was initially discovered as a negative regulator of
p53 [31, 32], it exerts a variety of oncogenic effects through diverse mechanisms. For
example, the N-terminus of MDMZ2 binds p53 and represses p53-mediated transcription
[31], while the C-terminus acts as an E3 ubiquitin ligase that mediates p53’s degradation
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[33]. Numerous studies have shown that inhibiting the p53-MDM2 interaction via MDM2
antagonists can activate p53-induced apoptotic signaling in neuroblastoma [34, 35]. The
pharmacologic inhibition of the p53-MDM?2 interaction appears to represent an effective
approach for the treatment of neuroblastoma. In addition to its effects on p53, there are
numerous p53-independent oncogenic functions of MDMZ2 in cancer cells. For instance,
MDM2’s C-terminal RING finger domain has been found to bind X-linked inhibitor of
apoptosis protein (X/AP) mRNA, which regulates the translation of XIAP, leading to the
development of resistance to anticancer treatments [36]. MDM2 has also been found to
interact with TAp73, and negatively controls its transcriptional activity [37]. A study by Shi
et al. showed that HDM2, the human homolog of MDMZ, inhibits p73 binding to the Noxa
promoter and represses Noxa transcription in neuroblastoma cells [38]. Thus, in the presence
of high levels of MDMZ2, the transcriptional activity of 7Ap73is inhibited, enhancing the
survival and chemoresistance of cancer cells [39]. These characteristics make MDM?2 a
promising therapeutic target for human cancers, regardless of the p53 status.

This review summarizes the current understanding of p53 biology, particularly non-
mutational p53 inactivation (cytoplasmic sequestration) and the functional status of p53 in
neuroblastoma. It also sheds light on the p53-dependent and —independent oncogenic
functions of MDMZ2 in neuroblastoma, and discusses the regulation of the p53-MDM2 axis
in such cells. Because MDM2 is also frequently amplified or overexpressed in
neuroblastomas with apparently normal p53, we also discuss the use of MDM2 itself as a
molecular target in neuroblastoma, and describe the MDM2 inhibitors currently in
development at the preclinical and clinical levels. A special emphasis has also been placed
on combination therapy using MDM2 antagonists with other molecules for the treatment of
neuroblastoma. We also explain various future strategies that might be used to augment the
efficacy of the current MDM2 inhibitors for neuroblastoma treatment.

2. Role of p53 pathway in neuroblastoma: basic biology and clinical
relevance

The tumor suppressor p53, the so-called the guardian of the genome, has been reported to be
mutated in more than 50% of human cancers [40]. However, mutations have only been found
in ~ 2% of cases of relapsed or refractory neuroblastoma [27]. Despite possessing the wild-
type gene, the accumulation of p53 with enhanced stability has been observed in
neuroblastoma [27]. One possible reason for this accumulation is the embryonic nature of
these tumors, as the precursor cells fail to mature [41]. Another reason for p53 accumulation
is the cytoplasmic sequestration of wild-type p53 in undifferentiated neuroblastomas [42].
This is one non-mutational mechanism that may lead to p53 inactivation in neuroblastoma
[43]. In fact, the cytoplasmically-sequestered p53 in neuroblastoma is associated with a
failure of cells to undergo G1 arrest following DNA damage [43].

Various mechanisms have been proposed to underlie the cytoplasmic sequestration of p53 in
neuroblastoma cells (Fig. 1). For instance, there may be hyperactive nuclear export of p53
[44]. Interestingly, a study by Zaika ef a/. showed that the p53 cytoplasmic sequestration
phenotype in neuroblastoma cells is due to a profound resistance toward MDM2-directed
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degradation [45]. The same study suggested that degradation-resistant p53 is associated with
altered p53 posttranslational modification, which is characterized by a loss of positively-
charged residues and/or gain of negatively-charged residues in the amino acid 372-382
region of p53 [45]. A study by Becker et al. described another mechanism of p53
cytoplasmic sequestration, which involves aberrant p53 hyperubiquitylation that makes p53
unable to shuttle to the nucleus [46]. The hyperubiquitylation of p53 in neuroblastoma
proposed in this model is not caused by MDM2 (E3 ligase) overexpression and/or
herpesvirus-associated ubiquitin-specific protease (HAUSP) (p53-deubiquitylating enzyme)
downregulation, but due to an impaired p53-HAUSP interaction [46]. As a result, the non-
ubiquitylated p53 pool is decreased compared to ubiquitylated p53 species. Moreover, only
the polyubiquitylated species are degraded, while the multi (and mono) ubiquitylated species
accumulate and remain stable in the cytoplasm [46]. A study by Sengupta ef a/. also
demonstrated that the glucocorticoid receptor (GR) forms a complex with p53 and leads to
wild-type p53 cytoplasmic retention and inactivation in neuroblastoma cells [47].

Research has been conducted to investigate the function and localization of p53 in
neuroblastoma in relation to the tumor cell differentiation status. Active p53 is present in
both differentiated and undifferentiated NB69 and NBLW neuroblastoma cell lines [25]. The
same study showed that p53-responsive genes, such as MDMZ2and p21WAFL are
upregulated after irradiation-induced DNA damage in both differentiated and
undifferentiated neuroblastoma cells, and the cleavage of Caspase 3 and poly ADP
(adenosine diphosphate)-ribose polymerase (PARP) was reduced in cells with retinoic acid-
induced differentiation [25]. This suggests that intact transcriptional function of p53 may
coexist with resistance to apoptosis in differentiated neuroblastoma cells [25]. Tweddle et al.
performed a cell cycle analysis of neuroblastoma cells lines after 4 Gy irradiation and found
that such cells fail to undergo G1 arrest after DNA damage, in spite of the presence of
functionally active p53 [48]. In neuroblastomas, the increased p53 activity due to this
cytoplasmic sequestration is more inclined towards apoptotic pathways than DNA repair
pathways, suggesting that it may be possible to increase p53 activity to induce apoptosis in
such tumors [49].

As noted above, while p53 mutations in neuroblastoma are rare, they may be found in
relapsed or progressive tumors [50]. Various cell lines such as LAN-1 (Codon 182, Cys to
Stop, [50]), NMB (Codon 245, Gly to Ser, [50]), SINB-4 (Codon 176, Cys to Phe, [50]),
CHLA-119 (Codon 342, Arg to Leu, [51]), CHLA-90 (Codon 286, Glu to Lys, [51]), NB-6
(Codon 282, Arg to Trp) [52], and IGR-N-91 ( 7P53 has duplication of exons 7-8-9,
resulting in duplication spanning amino acids 225-331 [53, 54]) have been derived from
tumors after treatment [27]. These cell lines are more chemoresistant than p53 wild-type
neuroblastoma cell lines [27]. Studies have shown a variety of other mutations in
neuroblastoma cell lines, which include substitutions of cysteine to phenylalanine at codon
135 (135Phe) and cysteine to tyrosine at codon 135 (135Tyr) from patients with relapsed
disease [50]. In addition, a 135Phe mutation has also been detected in heavy metal-selected
multidrug-resistant neuroblastoma IMR-32 cells [50]. The correlation of p53 mutations and
drug resistance in neuroblastoma cells has been confirmed by various transfection
experiments with mutant p53. For instance, SH-EP neuroblastoma cells were transfected
with the 135Phe mutant and treated with doxorubicin and teniposide, and showed 4.0-fold
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and 4.2-fold higher resistance to treatment in comparison to control cells transfected with
the empty vector [27]. In addition to p53 inactivation via mutation, there are other non-
mutational mechanisms which can inactivate p53 in neuroblastoma cells. For instance,
neuroblastoma cell lines derived from tumors at relapse may have MDM2 amplification, and
such cells are more chemoresistant and have reduced p53 function compared to normal cell
lines [27]. Thus, chemotherapeutic drugs that can exert their effects independent of
functional p53 should be used against neuroblastoma, especially in patients with relapsed or
progressive tumors.

3. The oncogenic role of MDM2 in neuroblastoma: Basics and clinical

relevance

As an E3 ubiquitin ligase, MDM2 targets p53 for proteasomal degradation, and generally
functions as a negative regulator of p53 [33, 55]. A study by Zaika et al. showed that steady
state levels of MDMZ2 are observed in neuroblastoma cell lines [45]. Even in the absence of
MDM2 amplification, high levels of MDM2 expression are observed in neuroblastomas
[29]. This is sometimes due to single nucleotide polymorphisms in the promoter of MDMZ2
[29]. Recent evidence has shown that a T to G single nucleotide polymorphism (SNP) may
be present in the promoter region of MDMZ2 (SNP309; rs2279744), and this SNP may
underlie the increase in MDM2 activity associated with the development of some
neuroblastomas, or with their malignant behavior [56]. Importantly, this SNP in the MDM?2
promotor region enhances the binding affinity of its transcriptional activator, spl [56]. As a
result, there is enhanced MDM2 transcription, resulting in MDMZ2 protein overexpression,
p53 pathway attenuation, and accelerated tumor formation (Fig. 2). Studies have also shown
that the transcriptional activation of MDM2 expression by MYCN contributes to the
decreased p53 activity in neuroblastoma [57].

More recently, there have been reports of various non-canonical p53-independent oncogenic
functions of MDM?2 in neuroblastoma (Fig. 2) [51, 58, 59]. For example, under hypoxic
conditions, MDM2 is translocated from the nucleus to the cytoplasm, where it binds directly
to the VEGF 3’ UTR and stabilizes vascular endothelial growth factor (VEGF) mRNA and
subsequently increases VEGF translation, leading to neuroblastoma tumor growth [58].
Further research has identified another p53-independent function of MDM2, wherein the
MDM2 RING domain binds to the MYCN mRNA adenylate/uridylate-rich elements (ARES)
within the 3° UTR, increasing the MYCN mRNA stability and translation in neuroblastoma
cells [59]. The same study also showed that specific sSiRNA-mediated MDM2 silencing
renders the MYCN mRNA unstable, which leads to a marked inhibition of neuroblastoma
cell growth [59]. A study by Keshelava et al. suggested that elevated MDM2 expression is
responsible for multidrug resistance in some neuroblastoma cells [51]. In addition, an
increased frequency of MDM2 amplification has been found in relapsed neuroblastoma [28].
Overall, the above studies provide evidence that MDM2 represents a target for anti-cancer
therapy in neuroblastoma.
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4. The p53-MDM2 pathway and its crosstalk with other proteins in
neuroblastoma: More complicated than previously thought

It is widely established that MDM?2 is an important negative regulator of p53.
Mechanistically, MDM2 binds to the transactivation domain of p53 and inactivates it, and
also ubiquitylates the protein, targeting it for degradation [40]. A study by Zaika et al.
showed that MDM2 interacts with p53 in neuroblastomas, ruling out the possibility that the
abnormal p53 stability in neuroblastoma cells is due to the absence of the p53-MDM2
interaction [45]. The /n vivo ubiquitylation of p53 in neuroblastoma cells is also functional
and still catalyzed by MDM2 in these cells [45].

The p53-MDMZ2 pathway in neuroblastoma is modulated at several different molecular
levels, including by direct interactions with other proteins (Fig. 3). In general, p14ARF
directly binds MDM2 and impairs MDM2’s regulation of p53 [60]. In neuroblastoma, ARF
may be inactivated due to deletions or promoter methylation, resulting in increased MDM2
[28, 61]. According to estimates, approximately half of all neuroblastoma cells lines
established from patient tumors after relapse have genetic or epigenetic lesions of the
p14ARF or MDM2 locus [62]. In addition, there is increased expression of homeobox protein
B cell-specific Moloney murine leukemia virus integration site 1 (BMI-1) and twist family
BHLH transcription factor 1 (TWIST-1) in neuroblastoma, both of which contribute to the
inhibition of ARF activity [63]. A study by Selmi ef a/. indicated that N-Myc binds to and
activates the 7WIST1 promoter, causing the upregulation of TWIST1 in neuroblastoma cells
[64]. Likewise, it has been demonstrated that BMI1 is a direct target gene of N-Myc in
neuroblastoma cells [65, 66]. Furthermore, the escape from p53-mediated tumor surveillance
in neuroblastoma cells has also been attributed to the loss of chromatin remodelling proteins
involved in the transcriptional regulation of the cyclin-dependent kinase inhibitor 2A
(CDKNZ2A) (p16'NK43/n14ARF) |ocus [67]. An amplification or gain of genetic material on
the chromosome 17 long arm is the most frequently observed alteration in neuroblastoma
[67]. A gene at 17q23.2, encoding protein phosphatase, MgZ*/Mn2* dependent 1D (PPM1D)
(Wip1; a key negative regulator of p53) is overexpressed in neuroblastoma cell lines with a
17q gain/amplification [67]. Overexpression of PPM1D in neuroblastoma provides another
mechanism resulting in p14ARF-MDM2-p53 axis deregulation [67].

A study by Amente er a/. has indicated that p14ARF overexpression inhibits the
transcriptional activity of N-Myc in human Tet21N neuroblastoma cells [68]. The same
study has demonstrated that p14ARF co-immunoprecipitated with N-Myc, suggesting that
p14ARF interacts with N-Myc 7 vivo, and that there is co-localization of p14ARF and N-Myc
in neuroblastoma cells [68]. These findings suggest that there is an interaction between
p14ARF and N-Myc in neuroblastoma cells, and also that p14ARF inhibits the transcriptional
activity of N-Myc in neuroblastoma cells [68]. Future research is needed to experimentally
validate the endogenous interaction of p14ARF with N-Myc and to understand the exact
mechanism by which p14ARF inhibits the N-Myc function in neuroblastoma cells. However,
the research by Amente et al. described above has shown that the ARF protein inhibits
MYCN function [68], and a study by Kim and Shohet demonstrated that ARF is, in turn,
activated by the N-Myc protein [49, 68]. Thus, there is feedback regulation of the ARF-
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MDM2- TP53 axis that controls p53 expression in neuroblastoma cells. It is expected that
several other mechanisms exist for p53 suppression in chemoresistant neuroblastoma, and it
is prudent to investigate the detailed mechanisms of all of these to facilitate the development
of an effective therapy for neuroblastoma patients.

It has recently been reported that focal adhesion kinase (FAK) directly interacts with the p53
protein in neuroblastoma cells, and disruption of the FAK-p53 interaction via a specific
peptide (RP-TAT) results in inhibited neuroblastoma cell viability [69]. It was also found
that there is an inverse correlation between FAK and p53 in neuroblastoma cells [69]. A
study by Slack et al. demonstrated that MDM2 is a transcriptional target of MYCN in
MYCN-amplified IMR-32 neuroblastoma cells, and the MYCN inhibition results in reduced
MDMZ2 mRNA expression, increased p53 stability, and apoptosis induction [57]. As
mentioned above, MDM2 also binds A/YCN mRNA and increases its translation [59].
MYCN binds the promoter of FAK and induces FAK expression in neuroblastoma cells [70].
Although the detailed mechanisms are still being elucidated, these findings suggest that
there is a FAK-MYCN-MDM2-p53 axis that may be responsible for p53 stabilization and
apoptosis induction in neuroblastoma cells.

Extensive research has been conducted to demonstrate the crosstalk of the MDM2-p53
pathway with MYCN. One such study was conducted by He et a/., and showed that MDM2
overexpression inhibits p53 expression in non-MYCN-amplified neuroblastoma cells, while
MDM2 overexpression fails to affect the p53 expression in MYCN-amplified neuroblastoma
cells [71]. This provides clear evidence that the regulation of p53 by MDMZ2 is dependent on
the MYCN status in neuroblastoma cells. The same study also provided evidence that
MDM2 and MYCN reciprocally regulate p53, and the p53 function and expression remain
constant in response to MDM2 modification in AM/YCN-amplified neuroblastoma [71].

5. Targeting the p53-MDM2 pathway in neuroblastoma: A valid therapeutic

target?

As mentioned above, the p53-MDM2 pathway has recently emerged as a potential
therapeutic target for numerous cancers, including neuroblastoma. Since most
neuroblastomas have functional, wild-type p53, it is prudent to either develop a direct
MDM?2 inhibitor or target protein modulators to inhibit MDM2, thus increasing the
functional activity of p53. On the other hand, considering its p53-independent activity, an
ideal MDM2 inhibitor should also exert anticancer activity independent of wide-type p53.

Our group is among the first to propose targeting MDMZ2 for cancer therapy and prevention
[30, 40]. We and others have proposed several novel strategies to target MDM2 for cancer
therapy [40]. For instance, the discovery and development of oligonucleotide therapeutics
targeting MDM2 represented a novel approach to activating p53 [72-74]. The identification
of several p53-independent functions of MDM2 and the determination of novel cellular
molecules that interact with MDM2 and/or the MDM2-p53 pathways (p21 [75], E2F
transcription factor 1 (E2F1) [76], PA28gamma [77], RING1 and YY1 binding protein
(RYBP) [78], ribosomal protein S7 (RPS7) [79], RPS25 [80], and nuclear factor of activated
T cells 1 (NFAT1) [81]) has broadened the scope of potential MDM2 inhibitors. The
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identification of natural product-based MDM2 inhibitors (genistein [82], curcumin [83],
ginsenosides [84-91], artemisinin [92-94], and sesquiterpenoids [95-99]), and discovery of
synthetic small molecule MDM2 inhibitors (synthetic iminoquinones [100-105] and SP
series [106—111]) have shown that both p53-dependent and —independent activities can be
targeted by MDM2 inhibitors. It is estimated that, thus far, there have been over 200 MDM2
inhibitors reported of various chemical classes and that function by different mechanisms of
action [112-116]. In the upcoming section, we discuss the MDMZ2 inhibitors currently being
investigated in preclinical and clinical studies of neuroblastoma.

5.1 Preclinical studies of MDM2 inhibitors in neuroblastoma

Many MDM2 inhibitors have been reported to have /n vitro and in vivo anticancer activities
in preclinical studies [113, 115], and some of them have entered clinical trials [117, 118].
When developing an MDMZ2 inhibitor, it is important that the following desirable drug-like
properties be kept in mind when selecting a clinical candidate: (1) high binding affinity and
specificity towards MDMZ; (2) high cytotoxicity to neuroblastoma cells with both wild type
and dysfunctional p53; and (3) a desirable pharmacokinetic profile with low systemic
toxicity.

5.1.1 Nutlins (cis-imidazolines)—As shown in Figure 4, Nutlin-3, a p53/MDM2
antagonist, has been shown to be effective against the variety of cancers with wild-type p53
protein, including neuroblastoma [119]. An /n vitro study showed that nutlin-3 treatment
targets the MDMZ2 and p53 interaction and activates the p53 pathway in both chemosensitive
and chemoresistant wild-type p53 neuroblastoma cells [119]. The study also demonstrated
that oral administration of Nutlin-3 led to primary tumor growth inhibition, p53 activation,
and reduced metastasis in mice bearing chemoresistant/p53 wild type neuroblastoma
xenografts [119]. In addition, a study by Barbieri et a/. showed that Nutlin-3a increases the
anticancer effects of chemotherapeutic drugs (such as etoposide, cisplatin, and
camptothecin) and mediates apoptosis through rapid stabilization of p53 in neuroblastoma
cells [120]. Nutlin-3a interferes with p53 hyperubiquitylation and results in the
relocalization of p53 from the cytoplasm to the nucleus, and also reactivates p53’s
transcription function and induction of apoptosis in neuroblastoma cells [46]. Furthermore,
Nutlin-3 uncouples p53 from MDM2 and induces p53 and HIPK2 accumulation,
consequently triggering apoptosis in MYCN-amplified (MNA) neuroblastoma cells [63].
This suggests that Nutlin-3 not only uncouples p53 from MDM2 inhibition, but also causes
HIPK2 induction and apoptosis. In a subsequent study, Nutlin-3 was found to induce cell
death, and works in cooperation with clastogenic drugs (cisplatin, doxorubicin, and
bleomycin) by downregulating galectin-3 in MNA neuroblastoma cells [121]. Additionally,
another study showed that Nutlin-3a treatment induces p53 accumulation and apoptosis in
MYCN-amplified neuroblastoma cell lines, which are more sensitive to apoptosis compared
to non-MYCN-amplified neuroblastoma cell lines [122]. A recent study by Merugu et al.
provided the first evidence that ex vivo Nutlin-3 treatment of blood and bone marrow
increases p53 and p21 expression in circulating tumor cells (CTCs) and disseminated tumor
cells (DTCs) from neuroblastoma patients [123]. However, in spite of the potent efficacy
observed in /in vitro and in vivo studies, Nutlin-3 has poor bioavailability, making it sub-
optimal for clinical use. Thus, more research is needed to develop effective MDM2
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inhibitors with both high potency and acceptable bioavailability and pharmacological
properties.

Evidence has shown that Nutlin-3 activates TAp73 and E2F1 and potentiates the ability of
doxorubicin to inhibit cell proliferation and induce apoptosis in doxorubicin-resistant p53-
null neuroblastoma cells [124]. In addition, another study showed that Nutlin-3a disrupts the
MDM2-p73 interaction and then activates and stabilizes pro-apoptotic p73 in neuroblastoma
cells [125]. It has also been found that Nutlin-3a competitively inhibits P-glycoprotein (P-
gp) and multi-drug resistant protein 1 (MRP1) and sensitizes chemotherapy-resistant
neuroblastoma cells to treatment [126]. A study by Patterson et a/. demonstrated that MDM2
inhibition by Nutlin-3a inhibits hypoxia-inducible factor 1 alpha (HIF-1a) expression and
downstream VEGF expression in neuroblastoma, and decreases the metastatic burden in
mice bearing tumor xenografts [127].

In addition, various p53-dependent and -independent activities have been proposed for the
Nutlins, particularly effects on deregulated metabolism, genomic instability, inflammation,
and immune evasion [40, 57], and these warrant further investigation. In spite of the
extensive use of Nutlin-3 for the activation of p53 in cancer cells, the non-specific, off-target
activity of Nutlin-3 has been emerged as a challenge to its further use. A report by Michaelis
et al. indicated that continuous exposure of p53 wild-type neuroblastoma cells to Nutlin-3
leads to the establishment of p53-mutated, multidrug-resistant sublines [128]. Thus, cancer
patients with Nutlin-3 treatment should be carefully monitored for the emergence of p53
mutations and drug resistance. Interestingly, neuroblastoma cells that have adapted to
treatment with RITA (a small molecule that prevents MDM2 from binding to p53) remain
sensitive to Nutlin-3 treatment and also display a lower resistance phenotype and radiation
resistance compared to Nutlin-3-adapted neuroblastoma cells [129]. Thus, there may be
some rationale for combining different MDM2/p53 inhibitors. Nevertheless, new MDM2
inhibitors should be designed with higher binding affinity towards MDM2 in cancer cells,
while avoiding off-target effects in normal cells.

5.1.2 SAR405838 (MI-77301)—SAR405838 (MI-77301) is a potent and orally-active
spirooxindole MDM2 antagonist that inhibits the interaction between MDMZ2 and p53.
Recently, Lu et al. demonstrated that this molecule induces p53-mediated apoptosis in p53
wild-type neuroblastoma cells by stabilizing p53 both /n vitroand in vivo [130]. The same
study also showed that SAR405838 has similar activity to Nutlin-3 in p53 wild-type IMR-32
neuroblastoma cells [130]. Moreover, it has been found that the addition of SAR405838 to
doxorubicin in p53 wild-type chemo-sensitive neuroblastoma IMR-32 and SH-SY5Y cells
lines led to more potent effects compared to treatment with doxorubicin alone [130].
SAR405838 also augmented the doxorubicin-induced apoptosis in chemoresistant
neuroblastoma LA-N-6 cancer cells, suggesting that it overcomes the chemoresistance in
neuroblastoma cells [130].

5.1.3 MK-8242—MK-8242 is a potent small molecule inhibitor of MDMZ2 that stabilizes
p53 and induces apoptosis or cell growth arrest. In the Pediatric Preclinical Testing
Consortium (PPTC), in vitrotesting of the compound showed that it exerted anticancer
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effects against wild type 7P53neuroblastoma cells lines, with an ICsq value less than 0.2
UM, whereas the ICsq for a cell line with mutant 7253 was greater than 10 uM [131].

5.1.4 MI-63—MI-63 is a non-peptide spirooxindole that inhibits the p53-MDM2
interaction. A study by Gamble et a/. indicated that MI-63 results in more extensive
apoptosis in MY CN-amplified cells compared to non-MY CN-amplified neuroblastoma cell
lines [122]. Treatment of neuroblastoma cells with MI-63 leads to slight G1 arrest, but
knocking down MYCN does not affect the cell cycle response to MI-63 in these cells,
suggesting that the effects on apoptosis and cell cycle progression occur via different
pathways [122].

5.1.5 RG7388 (RO5503781 or idasanutlin)—RG7388 is a second-generation Nutlin
developed to improve the efficacy and toxicity profile of the Nutlins. RG7388 treatment
induced functional activation of the p53 pathway and apoptosis in p53 wild-type
neuroblastoma cell lines. However, it caused a decrease in p53 expression in all p53 mutant
neuroblastoma cell lines studied [132]. Chen et a/. also highlighted that when RG7388 is
used in combination with chemotherapeutic drugs, it leads to increased apoptosis in p53
wild-type neuroblastoma cells [133].

5.1.6. RG7112 (RO5045337)—RG7112 is derived from the structural modification of
Nutlin-3a. RG7112 has been found to inhibit the p53-MDM?2 interaction and restore the
physiological activity of p53 in different malignancies including ovarian cancer,
glioblastoma, leukemia, and soft tissue sarcoma. Recently, it has been observed that RG7112
reduces the viability and enhances the p52/p21 protein expression in wild-type p53
neuroblastoma cells [134]. Interestingly, the combination of RG7112 and navitoclax (a B-
cell lymphoma 2 (Bcl2)/B-cell lymphoma-extra large (Bcl-xL) inhibitor) may exert
synergistic activity in neuroblastoma cells [134].

5.1.7. RG7775 (RO6839921)—RG7775 inhibits the interaction between MDM2 and
p53, leading to stabilization of p53 and subsequent activation of the p53 pathway in a 7P53
wild-type orthotopic model of neuroblastoma [135]. Further, the combination of RG7775
with temozolomide induced significantly stronger growth inhibition in comparison to
treatment with either agent alone in mouse orthotopic models of SH-SY5Y-Luc and
NB1691-Luc tumors [135]. RG7775 also exhibits a favourable pharmacokinetic profile and
is well tolerated alone and in combination with various other agents [135].

There are several other small molecule MDM2 inhibitors currently being tested in
preclinical models of neuroblastoma. The structures and the known in vitroand in vivo
activities of these inhibitors are summarized in Table 1.

5.2 Combination therapy using MDM2 antagonists and other molecules in neuroblastoma

Monotherapy based on MDM2 antagonists has not been able to provide long-lasting
anticancer responses. For example, the acquisition of a de novo mutation in the 7253 DNA
binding domain leads to the development of resistance to Nutlin-3 in neuroblastoma cells
[128]. Thus, using MDM2 antagonists in combination with other drugs or experimental
molecules could lead to improved effects and may provide a better therapeutic strategy with
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lower relapse rates for neuroblastoma patients. Table 2 summarizes the outcomes of previous
studies of combination treatment using MDM2 antagonists and other agents in
neuroblastoma.

5.3 Clinical studies targeting the p53-MDM2 pathway in neuroblastoma

The preclinical studies above provide evidence that the p53-MDM2 pathway can serve as a
critical molecular target for neuroblastoma. Further, these studies have shown that MDM2
inhibitors, such as Nutlin-3, are often effective even in p53-null neuroblastoma cells,
highlighting the p53-independent actions of MDM2 inhibitors in neuroblastoma [124].
Despite these promising findings, inhibitors of the MDM2-p53 interaction have not been
extensively investigated in clinical trials of neuroblastoma. The details of the limited number
of active and terminated clinical trials of MDM2 inhibitors in neuroblastoma are
summarized in Table 3.

There is a current phase /11 clinical study of RG7388 (id: NCT04029688) designed to
evaluate the safety, efficacy, and pharmacokinetics of RG7388 (idasanutlin) alone or in
combination with either chemotherapy or venetoclax for relapsed/refractory acute leukemia
or solid tumors in pediatric and young adult patients. This study is divided into three parts:
the first part focuses on identifying the maximum tolerated dose (MTD) and characterizing
dose-limiting toxicities (DLTs) of RG7388 in pediatric patients; the second part mainly
focuses on evaluating the safety and efficacy of RG7388 in combination with chemotherapy
or venetoclax in acute myelocytic leukemia (AML), acute lymphoblastic leukemia (ALL),
and neuroblastoma patients; and the last part will be conducted as a further assessment of
RG7388 in combination with other agents in AML, ALL, and neuroblastoma patients.

Personalized medicine is considered to be an important strategy to streamline the drug
development process and identify molecules that could foster a change in the healthcare
system [151-153]. One trial attempting to provide personalized medicine is the Next
Generation Personalized Neuroblastoma Therapy (NEPENTHE) study, which involves
various treatments/interventions, including HDM201 (a MDM2 inhibitor), next generation
sequencing, bone marrow tests, and tumor scans. A clinical study (id: NCT02780128) of this
approach is attempting to match genomic aberrations in cells from relapsed tumors with
rationally-designed, molecular targeted drug combinations. In the first part of the study, the
patient tumors will be subjected to deep sequencing for protocol-specified biomarker
identification, and in the second part, participants will be assigned to the tailored therapies
based on the genetic changes found in the tumor biopsy.

Even though MDM?2 inhibitors are entering into clinical trials for neuroblastoma, major
concerns still exist, which include the suggestion that continuous exposure to MDM?2
inhibitors may lead to the development of resistance in cancer cells. For instance, continuous
exposure to Nutlin-3 can lead to the development of somatic mutations in p53 and the
emergence of multi-drug resistant neuroblastoma cells /n vitro [128]. Resistance to MDM2
inhibitors has also been reported in other malignancies. In particular, a study by Hoffman-
Luca et al. showed that prolonged SAR405838 treatment in a SJSA-1 osteosarcoma cell line
resulted in profound resistance due to the development of a mutation of p53 in the DNA
binding domain, which prevented it from being activated by SAR405838 [154]. The authors
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have also highlighted that while SAR405838 treatment led to rapid tumor regression in a
SJSA-1 xenograft tumor model, the tumors eventually regrew [154]. In addition,
SAR405838 is less effective against /n7 vivo-derived sublines harbouring a single
heterozygous C176F p53 mutation, suggesting that cells may be able to develop resistance
rapidly and via single mutations [154]. Pharmacological resistance to SAR405838 has also
been observed at the clinical level in liposarcoma patients (id: NCT01636479) [155].
Moreover, 7P53 mutations often appear in the circulating cell-free DNA of dedifferentiated
liposarcoma patients treated with SAR405838, and such mutations increase over time, with a
correlation with changes in tumor size, and these are likely to represent the selection of
TP53 mutant clones resistant to MDMZ inhibition [155]. Hence, it is important to have a
comprehensive understanding of MDM_Z2 amplification in neuroblastoma, as well as its
crosstalk with p53 and other proteins, and the impact of mutations of these different
molecules should be investigated to facilitate the development of effective MDMZ2 inhibitors.

Importantly, MDM2 inhibitors should be tested in experimental models which have more
relevance to human disease, because this will make it possible to better predict the effects in
clinical trials. Currently, the models which are used for drug safety and efficacy studies and
neuroblastoma research include zebrafish, mice, and the chick chorioallantoic membrane
(CAM) [156]. These /n vivo models include transgenic, xenograft, syngeneic, and
humanized animals [157]. Among these, the patient-derived xenograft (PDX) murine model
may have the highest relevance to human disease because it retains features of human
neuroblastoma, such as the inclusion of some of the human tumor microenvironment (/.e.,
stromal cells), genetic complexity, histopathology, and the mutational and proteomic profiles
[156]. Thus, PDX models can be used to screen and identify effective MDMZ2 inhibitors for
neuroblastoma treatment. One of the aims of the PPTC is to use genomically-characterized
patient-derived xenograft lines to test new drugs, providing reliable preclinical /n vivo data
and identifying agents that can move forward to pediatric clinical trials (NCI PPTC,
www.ncipptc.org) [158].

6. Discussion and future directions

Disruption of the p53-MDM?2 interaction using MDM?2 inhibitors is an appealing therapeutic
strategy for neuroblastoma patients that exhibit low numbers of p53 mutations. Many
different chemical classes of compounds have been found to inhibit the MDM2-p53
interaction in neuroblastoma cells, including cis-imidazolines (Nutlins), spirooxindoles (Ml
compounds) and imidazopyrrolidinone. In spite of the fact that MDM?2 inhibitors appear to
be active against neuroblastoma, treatment-related toxicity and the development of
resistance have been demonstrated, so better inhibitors should be designed that can
specifically target malignant cells, avoid systemic toxicity, and prevent the development of
resistance or mutations. Among the available MDMZ2 inhibitors, Nutlin-3 has been the
extensively used, and has been evaluated in different malignancies, including neuroblastoma
[119, 159-161]. Nutlin-3 exhibits both p53-dependent and -independent functions in
neuroblastoma cells, and hence can target both p53 wild-type and p53-null neuroblastoma
cells [119, 124]. However, Nutlin-3 treatment leads to the development of p53-mutated,
multidrug-resistant clones of neuroblastoma cells [128]. Thus, Nutlin-3 is currently being
used as a parent compound to synthesize new derivatives which can overcome the
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development of drug resistance. Such /n silico approaches may also help to identify new
structural modifications of Nutlin-3 with increased MDMZ2 binding affinity. The
chemoresistance to Nutlin-3 can also be overcome using other agents, such as RITA (another
MDM?2 antagonist), as it has been found that RITA-adapted neuroblastoma cells are less
resistant to chemotherapeutic drugs than Nutlin-3-adapted neuroblastoma cells [129]. In
addition, the potential of using a combination of (or sequential treatment with) different
MDM2 inhibitors and other small protein inhibitors (such as a Bcl-2 inhibitor, mammalian
target of rapamycin (mTOR) inhibitor, ALK inhibitor, survivin inhibitor, aurora inhibitor,
VEGF-A inhibitor, and/or cyclin-dependent kinases (CDK) inhibitor) should be
implemented to increase the efficacy of MDMZ2 inhibitors in neuroblastoma cells (see Table
2 for examples). There are several other aspects of development which still need to be
addressed to obtain a safe and effective MDM2 inhibitor for neuroblastoma treatment. These
include: (1) Is the identified MDMZ2 inhibitor specific, and does it only activate apoptosis or
cell cycle arrest in neuroblastoma cells, sparing the normal host cells? (2) What will be the
effect of the MDMZ2 inhibitor on the p53-MDM2 feedback loop in neuroblastoma cells? (3)
Is inhibition of MDM2 via MDM2 antagonists sufficient to cause p53 stabilization and
induce apoptosis in neuroblastoma cells?

Although MDM2 interacts with a large number of proteins in addition to p53, MDMX also
plays a pivotal role in neuroblastoma cells [162]. In fact, MDMX is required for the
inactivation of p53 in neuroblastoma cells [162]. MDMX inhibition by specific ShRNA
induces the expression of p21 (a target of p53) and reduces the cytoplasmic localization of
p53 [162]. The depletion of MDMX decreases the p53 levels in the cytoplasm, and increases
the p53 levels in the nuclei of neuroblastoma cells [162]. The research on neuroblastoma has
mainly focused on identifying and testing MDM2 inhibitors; very little effort has been made
to identify MDMX inhibitors for p53 reactivation in neuroblastoma. Since both MDM2 and
MDMX modulate the p53 activity in neuroblastoma cells, identifying dual inhibitors of both
MDM2 and MDMX should be implemented to induce additive or synergistic effects. As
described in Table 1, Compound 1 has been found to be a dual inhibitor of MDM2/MDM4
(MDMX) and was tested in human neuroblastoma SH-SY5Y cells [143]. Future research
should use the scaffold of compound 1 to develop more effective MDM2/MDM4 (MDMX)
dual inhibitors with increased activity and bioavailability.

The expression of MDMZ2 is regulated by several different proteins, including MYCN [57].
A study should therefore be implemented employing a combinatorial regimen of
pharmacological inhibition of MYCN along with MDM2 antagonists. In addition, research
should also be focused on deciphering other aspects of MDM2 regulation to permit the
development of more specific and potent MDMZ2 inhibitors. The utilization of high-
throughput virtual and cell-based screening techniques, natural and synthetic combinatorial
libraries, and the use of biochemical and molecular biology approaches, should also be
implemented for the development of new MDM2 inhibitors to treat neuroblastoma.
Additionally, the use of MDMZ2 inhibitors should be coupled with laboratory-based
monitoring of biomarkers that would help in selecting the patients most likely to benefit
from either monotherapy or combination treatment, and to assess the response to treatment.
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In summary, although there are many MDM2 inhibitors that have been reported to have
effects against various cancers, none of them has been approved for clinical use. There are
also some limitations to those currently under clinical investigation. It is hoped that more
clinical candidates with better efficacy and safety profiles will enter clinical trials in the near
future, and will ultimately affirm that MDM2 is a valid molecular target for the treatment of
neuroblastoma.
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Highlights
. Targeting p53-MDM2 Pathway is a validated approach for neuroblastoma
Therapy;
. MDM2 overexpression and constitutive activation are common in

neuroblastoma;

. MDM2 promotes chemical-induced carcinogenesis;

. MDM2 promotes cancer progression by regulating multiple cellular

functions; and

. MDM2 inhibitors have anticancer activity in neuroblastoma models.
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Figure 1. Molecular mechanisms responsible for the cytoplasmic sequestration of p53 in
neuroblastoma cells.

(1) hyperactive nuclear export; (2) resistance to p53 degradation; (3) p53
hyperubiquitylation; (4) binding of a glucocorticoid receptor complex with p53 protein.
Abbreviations: herpesvirus-associated ubiquitin-specific protease (HAUSP); ubiquitin (Ub),
and glucocorticoid receptor (GR).
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Figure 2. p53-dependent and —independent oncogenic roles of MDM2 in neuroblastoma.
(1) The MDM2 protein attenuates the transcriptional activity of p53 and contributes to tumor

formation. MDMZ2 also catalyzes the ubiquitylation of p53 in neuroblastoma cells. (2)
MDM?2 increases the translation of VEGF (thereby increasing angiogenesis) and MYCN,
leading to neuroblastoma growth. MDM2 expression leads to the development of multidrug
resistance and also inhibits the transcriptional activity of p73 in neuroblastoma cells.
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Figure 3. p53-MDM2 pathway regulation in neuroblastoma cells.
The p53-MDM2 pathway is regulated by several proteins including MYCN, focal adhesion

kinase (FAK), ARF, B cell-specific Moloney murine leukemia virus integration site 1
(BMI-1), twist family BHLH transcription factor 1 (TWIST-1), and wild-type p53-induced
phosphatase 1 (WIP-1).
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b. p53-independent activity of Nutlin 3
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Figure 4. Molecular mechanisms of action of Nutlins in neuroblastoma cells.

(a) The p53-dependent activity of Nutlins 3 and 3a. Nutlins bind to the p53 binding pocket
in MDM2 and inhibit the p53-MDMZ2 interaction. In addition, Nutlin-3a also inhibits p53
hyperubiquitylation, allowing the re-import of p53 into the nucleus to activate apoptosis. In
neuroblastoma cells, Nutlin-3 also activates HIPK2 to increase the phosphorylation of p53 at
serine 46, resulting in apoptosis. (b) The p53-independent activity of Nutlins. Nutlin-3
inhibits P-glycoprotein (P-gp) and multidrug resistance protein 1 (MRP1) and increases the
sensitivity of cancer cells to chemotherapeutic drugs. Nutlin treatment also decreases VEGF
production and angiogenesis in neuroblastoma cells, and blocks the interaction of MDM2
with p73, resulting in increased expression of p73 and PUMA/Noxa to induce apoptosis in

neuroblastoma cells.
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Table 1.

Overview of other MDM2 inhibitors and their effects in neuroblastoma

Compound Structure In vitro and in vivo activities
DS-3032 M=® o « Inhibits growth and migration in 7P53wild-type NB cells
(Milademetan) [136] | i ['“‘J“NHI « Induces arrest at the G1/S transition, senescence, and apoptosis in 7P53 wild-type NB
o L N ) cells
M « Increases 7P53expression in NB cell lines harbouring wild-type 7P53
]:] \j « Reduces xenograft neuroblastoma tumor growth by activating p53 signaling /n vivo
i vHsc CHa
Compound 12 [137]  w&f-_o 5 « Dual inhibitor of the MDM2/p53 complex and MDM4/p53 complex
Lo « Increases p53 protein levels in human NB SH-SY5Y cells

« Enhances p53 target gene expression (MDM2, p21, and PUMA)
« Inhibits the proliferation of SH-SY5Y cells

o

" chE i B -y « Inhibits the growth of cancer stem cells isolated from SH-SY5Y NB cells
« Induces apoptosis in SH-SY5Y cells
1-carbaldehyde-3,4- O CHO « Disrupts the interaction of TAp73 with both MDM2 and mutant p53 in NB cells

dimethoxyxanth one « Induces G2/M phase arrest
(LEM2) [138] @ O « Enhances TAp73transcriptional activity and apoptosis in p53-null and mutant NB cells
o oMe ° Active against patient-derived NB cells
« Synergistic effects with doxorubicin and cisplatin in patient-derived NB cells

RITA [139] /\F,ﬁ'—“}_ S « Inhibits growth and induces apoptosis in NB cell lines
Hot— @ L/ “on e Disrupts the interaction between p53 and MDM2/MDMX in NB cells
- « Induces the expression of p53 targets (PUMA, Noxa, BCL2 Associated X (Bax), and p21)
« Induces p53 reactivation and inhibits the expression of MYCN in neuroblastoma cells
« Inhibits tumor growth in SKNDZ xenograft in mice, and reduces the expression of N-Myc
in xenograft tumors

Roscovitine « Reduces the viability of NB cells
(Seliciclib or H No N « Induces G2/M cell cycle arrest at 1 pM concentration
CYC202) [140] /j’ \“’ = > « Activates p53 and dependent genes (Bax, p21)
= N/ « Inhibits MDM2, N-Myc, and Akt1 expression
« Increases the expression of miR-34a, b ¢, miR-200b, miR-107, miR-542-5p, and miR-605
HN that lead to activation of apoptosis in NB cells

Cc2
C3

SF1126 [141] « Inhibits proliferation and induces apoptosis in NB cells

« Increases sensitivity to doxorubicin /n vitro and exhibits synergistic activity in
combination with doxorubicin

« Reduces the levels pAkt and pMDM2 in a dose- and time course-dependent manner

« Inhibits survivin expression, MDM2 activation, and IGF-1-induced Akt phosphorylation
« Disrupts the actin cytoskeleton

« Inhibits tumor growth in mice bearing NB xenograft tumors
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Compound

Structure In vitro and in vivo activities

Berberine [142]

Compound 1 [143]

0“\0 « Downregulates death domainassociated protein (DAXX), leading to inhibition of MDM2
O « Activates p53 and leads to subsequent apoptosis in NB cells
=

=NT

Mely
OMe

« Induces S phase arrest and apoptosis in NB cells

i | e« lIncreases the protein expression levels of ATF2, p53, and p-p53

dem, L% elIncreases ATF3 gene expression, with no significant change in p53 gene expression
« Increases the stability of the p53 rotein, and downregulates MDM2 and Aurora A

HO
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Table 2.

Overview of combination therapy using MDM2 antagonists with other agents in neuroblastoma

MDM2 antagonist

Combination agent

In vitro and in vivo activities in neuroblastoma

RG7388 (Idasanutlin)o[144]

S

Sl e
II?--. NH
a—\.

{_

lﬁ\

&

A/

E

Nutlin-3a or RG738§ [145]

Nutlin-3a

CGMO097 [146]

ipecade

g

oy

Nutlin-3 [147]

(o]
O o] -'[_FJ(NH
\r\f\ll -N_J
Y s
(o]
)osDy
SO
cl

A
G~ o N NH
Sl ot
N — 7
4 (6]
N/
Q

cl )_

Venetoclax (ABT-199)

Tozasertib

* The combination of ABT-199 and RG7388 dramatically reduces cell viability
compared to treatment with either compound alone

« Increases caspase-3 and caspase-7 activity compared to single agent exposure

« The combination of idasanutlin and venetoclax inhibits NB tumor growth /in vivo
significantly more than either treatment alone

« MDM2 inhibition by these antagonists enhances temsirolimusmediated cell growth
arrest in all p53 wild-type cell lines

« This effect is not observed in p53-mutant or p53-knockdown NB cells

« Combination therapy leads to marked induction of apoptosis in p53 wild-type cells;
which is abrogated in p53 mutant cells

« The combination of temsirolimus and RG7388 strongly potentiates the antitumor
activity of both single monotherapies /in vivo

« Combination treatment profoundly represses survivin expression at both the mRNA
and protein levels in p53 wild-type cells, but not in p53 mutant cells

« Combination treatment leads to increased antitumor activity in 7253 wild-type NB
cell lines harboring ALK aberrations (ALK amplification or mutation)

« Combination treatment increases the levels of PARP cleavage (enhanced apoptosis)
in 7P53wild-type NB cells

« Combination treatment leads to increased antitumor activity in 7P53wild-type
neuroblastoma xenograft tumors

* CGMO097 restores ceritinib sensitivity in NB cells

« Combination treatment increases the anticancer effects of YM155, p53 signaling
(increased p53, p21 levels), and DNA damage (yH2AX) in NB cells

« Combination treatment enhances the anti-cancer effects of flubendazole in p53
wild-type NB cells as determined by cell viability assays

« Nutlin-3 increases the effects of tozasertib in p53 wild-type NB cells, as determined
by a cell viability assay
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MDM2 antagonist

Combination agent In vitro and in vivo activities in neuroblastoma

Nutlin-3a [127]

0
cl = fJ{uH
?’FN\,.J
N /
)—Qo
=~ N
\ o]
Cl 7 )_
Nutlin-3 [150]

Cl

Bevacizumab « Combination treatment leads to significant suppression of the growth of
neuroblastoma xenograft tumors compared to control or single agent treatment
« Combination treatment leads to significant decreases in the incidence of metastasis
in vivo

Roscovitine (Seliciclib) ¢ The combination of roscovitine with nutlin-3 synergistically induces apoptosis in
NB cells

« Combination treatment leads to increased expression of p53, HDM2, and p21,

/) similar to that observed with nutlin-3 alone
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Table 3.

Clinical trials for neuroblastoma using molecules targeting MDM2 (data obtained from ClinicalTrials.gov)

Compound Responsible company Phase Status Clinicaltrial Other condition(s) targeted in the trial
identifier
RG7388 Hoffmann-La Roche Phase I/l Recruiting NCT04029688  Acute myeloid leukemia (AML)

* Acute lymphoblastic leukemia (ALL)
* Solid tumors

HDM201 Yael P Mosse, Children’s Phase 1 Recruiting NCT02780128
Hospital of Philadelphia
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