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Neuroblastoma is an aggressive pediatric solid tumor with an overall survival rate of <50% for patients with high-risk

disease. There is a highly unmet medical need for identifying and developing more effective and safer therapy for high-risk

neuroblastoma. We and others have proposed that mouse double minute 2 (MDM2) represents novel molecular target for

the treatment of cancer, including neuroblastoma. In the present study, we found that SP141, a unique MDM2 inhibitor,

has significant in vitro activity, in vivo efficacy, and minimal host toxicity in neuroblastoma tumor models. These results

provide the proof-of-principle data for targeting MDM2 to treat high-risk neuroblastoma.
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1. Introduction

Neuroblastoma is a pediatric extracranial tumor of the sympathetic nervous system and contributes to about 15% of all

pediatric cancer deaths . A hallmark of neuroblastoma is high genetic, biological, clinical, and morphological

heterogeneity, which can lead to an uneven response to treatment . The International Neuroblastoma Risk Group (INRG)

has classified neuroblastoma into very low-risk, low-risk, intermediate-risk, and high-risk groups . Treatment for high-

risk neuroblastoma is intense and includes multimodal chemotherapy, autologous stem cell transplant, radiation, and

immunotherapy . However, the survival rate for children with high-risk neuroblastoma is less than 50%, and nearly half

of patients develop drug resistant tumors and suffer relapse . Thus, it is prudent to identify and develop

novel non-toxic treatment strategies for neuroblastoma.

In recent years, research has focused on investigating the genetic and epigenetic changes involved in the tumorigenesis

of neuroblastoma. High-throughput genome analyses have identified several genetic aberrations that contribute to

neuroblastoma development. Intrinsic alterations at the genetic and epigenetic levels both suggest strategies for

molecular targeted therapies, and also impose limitations to the use of such treatment for neuroblastoma . Among the

genetic aberrations, amplification of oncogenes and loss of tumor suppressor activity play a significant role in

tumorigenesis . One of these oncogenes is the human homolog of murine double minute 2 (MDM2, sometimes called

HDM2), a negative regulator of p53, which has been found to be amplified in several human malignancies, including

neuroblastoma . In addition, MDM2 protein overexpression is often present even in neuroblastomas without MDM2

gene amplification, and is linked to a poorer prognosis of patients . It has been suggested that the presence of T to

G single nucleotide polymorphism (SNP) (SNP309; rs2279744) in the promoter region of MDM2  may increase the

MDM2-associated malignant activity and contribute to the development of neuroblastoma . Enhanced MDM2 activity

leads to inhibition of the p53 pathway and contributes to tumor formation. Under normal conditions, MDM2 binds to p53

and ubiquitinates it. A study by Slack et al. showed that transcriptional activation of MDM2 via MYCN contributes to the

decreased p53 activity in neuroblastoma . However, abnormally post-translated p53 has been found to be resistant to

MDM2-mediated degradation in neuroblastoma cells, indicating the presence of impairment of p53 function regardless of

high levels in the cells . Therefore, MDM2 targeting rather than p53 would be an effective strategy in neuroblastoma

cells .

MDM2 has also been found to exhibit non-canonical p53-independent functions that contribute to neuroblastoma growth,

progression, and development. In particular, MDM2 stabilizes mRNA of vascular endothelial growth factor (VEGF) by

binding directly to 3’ UTR of the mRNA, thus in turn causes the increased translation of VEGF, contributing to the growth

of neuroblastoma under hypoxia condition . The ring domain of MDM2 binds to the MYCN mRNA adenylate/uridylate-

rich elements (AREs) within the 3’UTR, and thereby increases the MYCN mRNA stability and translation in neuroblastoma

cells . In addition, elevated MDM2 expression has also been found to promote multidrug resistance in neuroblastoma

cells . Overall, these studies suggest MDM2 is a potential target for anticancer therapy in neuroblastoma .
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Since the majority of neuroblastomas harbor high levels of MDM2, it is critical to develop MDM2 inhibitors for

neuroblastoma treatment. The ideal MDM2 inhibitor should exert anticancer activity in neuroblastoma cells, independent

of their p53 status (wild-type, null, or mutated). Other research groups have identified nutlin-3 , MI-77301 , MI-63 ,

RITA , and RG7112  as MDM2 inhibitors that exhibit anticancer activity in neuroblastoma cells. In addition, a study by

Giustiniano et al. has identified ‘compound 12’ as a dual inhibitor of MDM2/p53 and MDMX (MDM4)/p53 complexes,

which increases p53 gene expression and induces apoptosis in SH-SY5Y neuroblastoma cells . However, none of

these previously-identified agents has yet been accepted as a clinical treatment for neuroblastoma.

2.  SP141 is a Potent MDM2 Inhibitor

MDM2 is amplified in a variety of malignancies, including neuroblastoma . The overexpression of MDM2 is linked

to a poor prognosis for patients with cancer . Enhanced MDM2 expression leads to inhibition of the p53 pathway

and tumor growth acceleration. In addition, MDM2 has been found to exhibit p53-independent roles in the growth and

progression of neuroblastoma. Our lab has a long history of developing novel strategies to target MDM2 for cancer

therapy and prevention . In the past, we have identified natural product MDM2 inhibitors such as genistein ,

curcumin , and ginsenosides , and also discovered small-molecule synthetic MDM2 inhibitors

such as the SP series  and synthetic iminoquinones , which have proven effective

against several different malignancies. The present study is the first to report the in vitro and in vivo anti-neuroblastoma

effects of SP141, a potent and selective MDM2 inhibitor discovered in our lab. Our previous studies demonstrated that

SP141 inhibits cell growth, induces apoptosis and cell cycle arrest, inhibits cell migration and invasion, and induces tumor

regression without observable toxicity in models of breast cancer , pancreatic cancer , hepatocellular carcinoma ,

and glioblastoma . It is most likely SP141 is a target-specific anticancer agent that may have a broad-spectrum of

activity against MDM2-overexpressing cancers/tumors. Mechanistically, SP141 inhibits MDM2’s oncogenic functions via

both p53-dependent and -independent mechanisms. These effects are believed to be due to the fact that SP141 directly

binds to MDM2 with high affinity and induces its autoubiquitination and proteasomal degradation .

SP141 significantly reduced neuroblastoma cell viability, inhibited cancer colony formation, induced apoptosis, and

arrested the cancer cells in the G2/M phase, and all these effects were independent of p53 status. SP141 effectively

downregulated MDM2 expression, as well as MDMX expression, in neuroblastoma tumor cells, regardless of the p53

status of the cells. SP141 treatment also increased p21 expression in neuroblastoma cells, irrespective of their p53 status.

This was consistent with the findings of previous reports showing that MDM2 interacts with p21 and acts as a negative

regulator of p21 by reducing its protein stability, independent of p53 . It has been demonstrated that MDM2 plays a

p53-independent role in the regulation of MYCN mRNA stabilization and translation in neuroblastoma cells . Our results

showed that SP141 treatment decreased the MYCN expression in both p53 wild-type and p53 null neuroblastoma cells,

and this may explain how SP141 inhibits the MDM2 expression in neuroblastoma cells. Our in vitro studies also showed

that SP141 exhibits anti-metastatic effects, as evidenced by the results of the wound healing assay and decreases in the

expression of EMT-related proteins such as β-catenin, vimentin, and Twist.

In addition, SP141 effectively inhibited the growth of neuroblastoma xenograft tumors in vivo and inhibited MDM2

expression in the tumor tissues and increased the Caspase 3 expression in both NB-1643 and LA1-55n xenograft models,

independent of the p53 status. It is also important to note that SP141 exhibited no significant toxicity in mice at the

relatively high dose of 40 mg/kg, as indicated by the results of organ specific histopathological examination and tracking of

body weight. Overall, our results clearly suggest that SP141 exerts antitumor activity in models of neuroblastoma, and the

antitumor activity may mechanistically be due to its targeting MDM2 and inhibiting MDM2 expression, which occurs

regardless of the p53 status of the cancer cells.

Previous research has identified several dual inhibitors of the MDM2/p53 complex and MDM4/p53 complex in cancer

cells. For instance, RITA inhibited cells growth, induced apoptosis, and disrupted the interaction between p53 and

MDM2/MDMX in neuroblastoma cells, and also inhibited the growth of SK-N-DZ xenograft tumors in mice . Compound

12 is another molecule found to be a dual inhibitor of MDM2/p53 and MDM4/p53 complexes, which also increases p53

protein levels and enhances the levels of p53 target genes (MDM2, p21, PUMA), and inhibits the proliferation of SHSY-5Y

neuroblastoma cells . Likewise, SP141 has also been found to reduce the protein levels of both MDM2 and MDMX in

neuroblastoma cells. Thus, SP141 appears to act as a dual inhibitor of both MDM2 and MDMX in neuroblastoma cells,

irrespective of their p53 status.

SP141 warrants further investigation as an MDM2 antagonist, particularly in combination with other agents currently used

to treat neuroblastoma, such as mTOR or ALK inhibitors, to provide improved anticancer activity against neuroblastomas

with different genetic backgrounds. In addition, although the anti-neuroblastoma activities of SP141 have been
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demonstrated in this study, further studies are necessary to confirm the efficacy and safety of SP141 using other models

of neuroblastoma, including primary tumor-derived models with different genetic backgrounds.
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