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Abstract. Neuroblastoma (NB) is a common pediatric malig‑
nancy associated with poor outcomes. Recent studies have 
shown that murine double minute2 homolog (MDM2) protein 
inhibitors are promising anticancer agents. MI‑773 is a novel 
and specific antagonist of MDM2, however, the molecular 
mechanism of its anti‑NB activity remains unclear. NB cell 
viability was measured by Cell Counting Kit‑8 assay following 
MI‑773 treatment. Cell cycle progression was analyzed using 
PI staining and apoptosis was assessed using Annexin V/PI 
staining. The molecular mechanisms by which MI‑773 exerted 
its effects were investigated using a microarray. The results 
showed that disturbance of the MDM2/p53 axis by MI‑773 
resulted in potent suppression of proliferation, induction 
of apoptosis and cell cycle arrest in NB cells. In addition, 
microarray analysis showed that MI‑773 led to significant 
downregulation of genes involved in the G2/M phase check‑
point and upregulation of hallmark gene associated with the 
p53 pathway. Meanwhile, knockdown of insulinoma‑asso‑
ciated 1 decreased proliferation and increased apoptosis of 
NB cells. In conclusion, the present study demonstrated that 

MI‑773 exhibited high selectivity and blockade affinity for 
the interaction between MDM2 and TP53 and may serve as a 
novel strategy for the treatment of NB.

Introduction

Neuroblastoma (NB) is the most common extracranial malig‑
nancy in children but can also occur in the adult population, 
with 1 case per 10 million adults per year diagnosed in adult‑
hood (1). NB accounts for 8‑10% of all childhood tumors and 
~15% of all cancer‑associated mortality in children (2). Despite 
progress in treatment of NB in low and intermediate‑risk 
patients, particularly in patients <1 year old, the 5‑year overall 
survival rate for high‑risk patients remains poor (3).

With the development of radiation therapy, autologous 
stem cell transplants and immunotherapy, among other 
treatment modalities, the 5‑year survival rate of high‑risk 
patients with NB is now approaching 50% (4); however, treat‑
ments frequently fail due to recurrence and development of 
chemoresistance. Hence, there is an urgent need for novel 
targeted therapies to improve the outcomes of such patients.

TP53 is a well‑known tumor suppressor that serves as 
‘the guardian of the genome’. TP53 is activated in response 
to DNA damage and other cellular stresses, subsequently 
inducing cell cycle arrest, apoptosis and senescence  (5‑7). 
Additionally, it is a key regulator of numerous signaling 
pathways, including the regulation of insulin‑like growth 
factor I‑AKT‑mTOR signal transduction pathway (8) and the 
regulation of exosome secretion (9). Inactivation of TP53 is 
a common event in tumorigenesis. However, only ~50% of 
tumors harbor TP53 mutations and the remaining 50% tumor 
cells with wild‑type (wt) TP53 are suggested to harbor muta‑
tions that lie either up‑ or downstream of p53 and may also 
lead to inactivation of the p53 pathway, which suggests that 
alternative mechanisms are used by tumor cells to impair 
TP53 function (10,11).

Murine double minute2 homolog (MDM2), a well‑known 
negative regulator of TP53, is amplified in several types of 
human malignancy, including NB (12‑17). As an E3 ubiquitin 
ligase, MDM2 exerts its inhibitory effect by directly binding 
to the p53 transactivation domain (TAD), shuttling p53 to the 
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cytoplasm and mediating its poly‑ubiquitination and degrada‑
tion (18), thus impeding the activity of TP53. De novo somatic 
mutations of TP53 or MDM2 are rarely detected in NB (19), 
occurring in <2% of primary cases of NB and 14% of relapsed 
cases (18,20). Thus, the intact MDM2/p53 axis provides an 
opportunity for targeted therapy in NB treatment.

Numerous studies have shown that targeting the MDM2/p53 
negative feedback loop using small molecule inhibitors allows 
for restoration of the tumor suppressive function of p53 (21‑25). 
At present, several MDM2 antagonists have been designed 
to target the MDM2/p53 interaction and to restore the tumor 
suppressive function of p53, such as SAR405838 (MI‑773), 
RITA (26), MI‑219 (21), Nutlin‑3 (27), MI‑63 (12), RG7388 (28), 
ALRN‑6924 (29) and APG‑115 (30); some of these have shown 
promising antitumor efficacy in vitro. For example, MI‑63 
inhibits the proliferation of cancer cell lines with wt p53 expres‑
sion by binding to MDM2 and decreasing ubiquitin degradation 
of p53 (31‑33). MI‑219 and Nutlin‑3 dose‑dependently induce 
p53 accumulation and upregulation of p53‑target gene products 
(MDM2, p21 and Bcl2 binding component 3) in wt p53 NB 
cell lines, leading to apoptosis of tumor cells (16). Based on 
promising antitumor effects via modulation of the MDM2/p53 
axis, novel MDM2 antagonists with high specificity and effi‑
cacy should be further investigated.

MI‑773 is a highly potent and selective inhibitor that 
binds to MDM2 (23,24). The antitumor effects of MI‑773 in 
wt p53 NB have been reported in previous studies (24,34). 
Meanwhile, its ability to augment the cytotoxic effects of 
doxorubicin highlight its potential as an effective adjuvant 
to current chemotherapeutic regimens for NB treatment (34). 
In our previous study, the antitumor effects of MI‑773 were 
evaluated using high‑throughput screening of small molecule 
inhibitors in NB cells (35). In the present study, the molecular 
mechanisms modulated by MI‑773 in different NB cell lines 
were further evaluated by in vitro functional experiments 
and RNA microarray assay, which may provide evidence that 
MI‑773 could serve as a novel strategy for NB treatment.

Materials and methods

Cell culture. The NB cell lines with wt  p53 (IMR‑32 
and SK‑N‑SH) were cultured in MEM (Thermo  Fisher 
Scientific, Inc.) supplemented with 15% heat‑inactivated FBS 
(Biological Industries; Sartorius AG), while NGP, LAN‑1 
and SH‑SY5Y were cultured in DMEM/High glucose with 
10% FBS (Biological Industries), 1% penicillin‑streptomycin 
(MilliporeSigma) and 0.1% Ciprofloxacin (Heowns Biochem 
Technologies LLC) in a humidified incubator with 5% CO2 
at 37˚C and routinely assessed for mycoplasma contamina‑
tion. The p53 mutant NB cell line (KELLY) was cultured 
in RPMI  medium (Biological Industries; Sartorius  AG) 
supplemented with 10%  heat‑inactivated FBS and 
1% penicillin‑streptomycin. All cell lines were purchased from 
The Cell Bank of Type Culture Collection of The Chinese 
Academy of Sciences within the past 5 years and verified by 
short tandem repeat analysis between 2018 and 2019.

Cell proliferation and viability assays. A total of 2x104 NB 
cells (IMR‑32, SH‑SY5Y, SK‑N‑SH, LAN‑1 and NGP) were 
seeded into 96‑well plates and allowed to adhere overnight 

at 37˚C. Subsequently, cells were treated with different concen‑
trations (0.05‑20.00 µM) MI‑773 (Selleck Chemicals) for 24 h 
at 37˚C. The control group was treated with an equivalent 
volume of DMSO [final DMSO volume, <0.1% of the cell 
culture fluid (v/v) and toxicity <0.1%]. Cell Counting Kit‑8 
(CCK‑8) assay (Dojindo Molecular Technologies, Inc.) was used 
to assess cell viability and the absorbance at 450 nm after 2‑h 
incubation at 37˚C was measured using a scanning multi‑well 
spectrophotometer (Bio‑Rad Model 550; Bio‑Rad Laboratories, 
Inc.). The half‑maximal inhibitory concentration (IC50) values 
and relative survival rates of NB cells treated with MI‑773 were 
calculated using GraphPad Prism 8.4.3 (GraphPad Software, 
Inc.). Treatment with each drug concentration was replicated 
three times and the background reading of the medium from 
each well was subtracted to standardize the results.

Colony formation assay. A total of 2x103  NB  cells/well 
(SH‑SY5Y, SK‑N‑SH and KELLY) was seeded into a 6‑well plate 
and cultured at 37˚C for 24 h. Treated with serial concentra‑
tions (0 µM, the same volume of DMSO, 0.5, 1, 5 or 10 µM) 
of MI‑773, NB cells were incubated at 37˚C for 2 weeks. 
Subsequently, the adherent cells in the 6‑well plate were fixed 
with 100% methanol for 15 min and stained with 1X Giemsa 
staining solution (Beijing Solarbio Science & Technology Co., 
Ltd.; 1 ml 10X Giemsa stock solution diluted in 9 ml 0.01 M 
PBS at PH 6.8) at room temperature for 1 h. The plates were 
scanned and the number of colonies (diameter ≥1 mm) was 
counted manually.

Cell cycle analysis. Cell cycle analysis by propidium iodide (PI) 
staining was performed as previously described (24). NB cells 
(IMR‑32 and SH‑SY5Y) were washed with cold PBS and then 
fixed with 70% ethanol at 4˚C overnight. The following day, 
fixed cells were permeabilized with 0.5% Triton X‑100 and 
stained with PI (1.5 µmol/l; cat. no. P4170; Sigma‑Aldrich; 
Merck KGaA) and 25 µg/ml RNase A at 37˚C in the dark for 
1 h. Cell cycle distribution was assessed using a Beckman 
Gallios™ Flow Cytometer (Immunotech; Beckman Coulter, 
Inc.). The proportion of cells in different phases of the cell 
cycle was analyzed using MultiCycle  AV  DNA analysis 
software (version 328; Verity Software House, Inc.).

Cell apoptosis analysis. Cell apoptosis analysis was performed 
as previously described (35). Briefly, ~1x105 NB cells/well 
(IMR‑32 and SH‑SY5Y) were treated with MI‑773 at the 
predetermined concentrations of 0.0, 0.5, 1.0, 5.0 and 10.0 µM 
in a 6‑well plate at 37˚C. Following 48‑h incubation, cells were 
collected and washed with cold PBS. Apoptosis analysis was 
performed using a FITC Annexin V apoptosis detection kit 
(cat. no. 556420; BD Biosciences, Inc.). Cell apoptosis was 
analyzed using a flow cytometry as aforementioned.

Western blotting. Western blotting was performed as described 
previously  (35). Cells (IMR‑32 and SH‑SY5Y) were lysed 
using RIPA lysis buffer (Beyotime Institute of Biotechnology) 
containing protease and phosphatase inhibitors (Roche 
Diagnostics) and ultrasonication on ice for 10 min. The superna‑
tant protein collected by centrifugation at 14,000 x g for 15 min 
at 4˚C was quantified using a BCA assay kit (Thermo Fisher 
Scientific, Inc.). A total of 25‑50 µg denatured protein was 
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resolved using 4‑20% gradient SDS‑PAGE (Genscript) and 
then transferred onto a PVDF membrane (MilliporeSigma). 
Membranes were blocked in 5%  skimmed milk in 
0.1% TBS‑Tween‑20 (TBST) for 1 h at room temperature, then 
incubated with primary antibodies at 4˚C overnight. Primary 
antibodies were as follows: Cleaved caspase‑3 (cat. no. 9661S), 
poly(ADP‑ribose) polymerase  1 (PARP; cat.  no.  9542S), 
p53 (cat. no. 2524), CDKN1A (p21; cat. no. 2947), MDM2 
(all 1:1,000; cat. no. 86934; all Cell Signaling Technology, 
Inc.), GAPDH (cat. no. AP0063; 1:5,000; Bioworld Technology 
Inc.) and insulinoma‑associated 1 (INSM1; cat. no. ab170876; 
1:1,000; Abcam). The following day, membranes were 
washed with TBST three times, then incubated with goat 
anti‑rabbit (cat. no. 111‑035‑003) or anti‑mouse IgG (H+L; 
cat. no. 115035‑003) HRP‑conjugated secondary antibodies 
(both 1:3,000; both Jackson ImmunoResearch Laboratories, 
Inc.) at room temperature for 1 h. Finally, the protein bands 
were visualized with an ECL ultra‑sensitive luminescent fluid 
(Thermo Fisher Scientific, Inc.) using LAS 4010 (Cytiva) 
imaging system and ImageQuant TL 8.1 software (Cytiva).

RNA microarray and data analysis. Arraystar Human LncRNA 
Microarray version 4.0 (Arraystar, Inc.) allows global profiling 
of human long non‑coding  (lnc)RNAs and protein‑coding 
transcripts and is capable of detecting ~40,173 lncRNAs and 
20,730 coding transcripts. RNA isolation, purification, micro‑
array hybridization, array scan and normalization of gene 
expression were performed by Kangchen BioTech Co., Ltd. 
The Arraystar Human LncRNA 8x60 k version 3.01 micro‑
array was used to identify mRNA and lncRNA expression 
profiles in 5 µm MI‑773‑treated at 37˚C for 48 h SH‑SY5Y cells 
compared with an untreated control group. Microarray analysis 
and original data have been submitted to the Gene Expression 
Omnibus (GEO) database (accession no. GSE174450). The 
Bioconductor Limma package 3.46 (34) was used to identify 
differentially expressed genes. Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway analysis (35) and gene set 
enrichment analysis (GSEA) were performed using the 
clusterProfiler package 3.18.1 (36) in R 4.0.5.

Reverse transcription‑quantitative PCR (RT‑qPCR). 
RT‑qPCR was performed as described previously (37). Total 
RNA from SH‑SY5Y was isolated using a RNeasy Mini kit 
(cat. no. 74104; Qiagen GmbH). A total of 2 µg total RNA was 
reversed transcribed into cDNA with 200 U M‑MLV reverse 
transcriptase (Promega Corporation), 20 U RNase inhibitor 
(Thermo Fisher Scientific, Inc.) and 500 ng random primers 
(Promega Corporation), which were mixed into a total volume 
of 25 µl and underwent RT on an ABI PCR platform (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). The reaction 
conditions were as follows: Initial denaturation at 70˚C for 
5 min, denaturation for 60 min at 37˚C and annealing/exten‑
sion for 10 min at 85˚C. LightCycler® 480 SYBR Green I 
MasterMix (cat. no. 04707516001; Roche Diagnostics GmbH) 
was used for qPCR analysis on a LightCycler 480 Real‑Time 
system (Roche Diagnostics GmbH). The qPCR amplification 
was performed in a LightCycler® 480 (Roche) using universal 
thermal cycling parameters (initial denaturation at  95˚C 
for 10 min and 45 cycles of 15 sec at 95˚C, 15 sec at 60˚C, 
60 sec at 72˚C, melting curve for 10 sec at 95˚C, 60 sec at 65˚C 

and 30 min at  40˚C). Gene expression quantification was 
determined using the 2‑∆∆Cq method (38), using GAPDH as the 
housekeeping gene. The sequences of the primers are listed in 
Table SI.

Preparation of short hairpin (sh)RNA INSM1. The shRNA 
sequence targeting INSM1 in the PLKO.1 lentiviral vector 
was designed and constructed by IGE Biotechnology, Ltd. 
The inserted INSM1 shRNA sequence and locus were 
confirmed by sequencing (Table SII). For lentivirus prepara‑
tion, envelop plasmid and packaging plasmid was purchased 
from Addgene, Inc. (pMD2.G, cat.  no.  12259; psPAX2, 
cat.  no.  12260). Lentiviral packaging was performed as 
previously described (39). 293FT cells were allowed to grow 
to ~70%  confluence before transfection. The packaging 
plasmid and expression plasmid were mixed at the ratio of 1:1. 
Then, 15 µl of 1 mg/ml PEI (Polysciences) was mixed with 
the plasmid and incubated at room temperature for 20 min. 
Subsequently, the transfection complex was added dropwise 
to the cell culture dish and incubated at 37˚C. The medium 
containing the transfection complex was replaced with 
fresh culture medium 6 h post‑transfection. Lentivirus were 
harvested 48 h after changing the medium and filtered with 
0.45 µm, syringe filter (Millipore). NB cells were transfected 
with prepared lentivirus at the multiplicity of infection of 10. 
Stably transfected NB cells were established by selection with 
10 µg/ml puromycin (Invitrogen; Thermo Fisher Scientific, 
Inc.) for one week. The lentivirus operation was performed in 
a biological safety cabinet, and all operations complied with 
the operating safety standards for use of lentiviruses.

Public database. The expression level of INSM1 mRNA in 
different types of tumor cell lines was obtained from the Cancer 
Cell Line Encyclopedia (http://www.broadinstitute.org/ccle). 
Kaplan Meier analysis of the prognostic relevance of MDM2 
and INSM1 expression in NB patients was generated from R2: 
Genomics Analysis and Visualization Platform (r2platform.
com), and P‑values were calculated using the log rank test. Scan 
or Median cut‑off mode provided on the R2 platform was used 
to stratify the NB patients into high‑ and low‑expression groups.

Statistical analysis. Statistical analysis was performed using 
GrapdPad Prism 8.4.3 (GraphPad Software, Inc.). Data are 
presented as the mean ± SD. All experiments were performed 
independently at least  three  times. Differences between 
multiple groups were compared using one‑way ANOVA. 
Fisher's Least Significant Difference post hoc test was used 
following ANOVA to determine the significance for pairwise 
comparison. All tests were two‑tailed and P<0.05 was 
considered to indicate a statistically significant difference.

Results

MI‑773 exhibits potent anticancer effects on NB cells. In 
our previous study, the anticancer effect of 33  inhibitors 
(Table  SIII) in eight NB cell lines was screened by high 
throughput screening (35). These inhibitors were developed 
against multiple targets, including histone deacetylase  1, 
polo‑like kinase 1 (PLK1), CDK4/6 and enhancer of zeste 2 
polycomb repressive complex 2 subunit (Fig. 1A). Amongst 
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Figure 1. MI‑773 shows potent anticancer effect in NB cells. (A) High‑throughput drug screening of 33 small molecule inhibitors was performed on NB cells. 
Data are presented as the mean ± standard deviation of three independent experiments (n=3‑6/group). (B) Western blot analysis of MDM2 and p53 expres‑
sion in NB cell lines. (C) Overall survival curve using public cohorts from R2 Genomics Analysis and Visualization Platform (r2.amc.nl). NB patients were 
categorized into high or low MDM2 expression groups using median value of MDM2 expression as a cutoff point. Kaplan‑Meier survival analysis revealed 
shorter survival time in the patients with high MDM2 expression levels in tumors. (D) Viability of NB cells treated with serial concentrations of MI‑773 for 
72 h. The cell viability rate was calculated as a percentage of DMSO‑treated control. ****P<0.0001. (E) IC50 values of MI‑773 in each cell line were calculated 
based on cell viability assay. TP53 status in NB cell lines was also shown. NB, neuroblastoma; MDM2, murine double minute 2 homolog; IC50, half‑maximal 
inhibitory concentration; wt, wild‑type.
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these, inhibitors targeting PLK1 and p21 (RAC1) activated 
kinase 4 showed potent favorable anticancer effects on NB cells 
as reported in our previous study (35,40). In the present study, 
MI‑773, a novel inhibitor of MDM2, was assessed in more 
detail as seven of the NB cell lines were sensitive to this agent.

The expression levels of p53 and MDM2 in NB cells were 
assessed. Western blotting showed that TP53 was expressed 
at low levels in NB cell lines (Fig. 1B). MDM2 was highly 
expressed in IMR‑32, SH‑SY5Y, but was low in LAN‑1, NGP, 
SK‑N‑SH and KP‑N‑NS.

The prognostic significance of MDM2 in patients with 
NB was investigated using R2: Genomics Analysis and 
Visualization Platform (r2platform.com). Kaplan‑Meier curves 
were generated from three public NB expression datasets 
derived from GEO (accession nos. GSE16476, GSE45547 and 
GSE49710). The median value of MDM2 expression was used 
as a cutoff value to stratify the data into high‑ and low‑expres‑
sion groups. High MDM2 expression was associated with 
unfavorable outcomes in patients with NB (Fig. 1C), indicating 
that MDM2 may serve as a promising therapeutic target for 
NB. Thus, the findings provided strong support for the use of 
MDM2 inhibitor MI‑773 as a potential drug candidate for the 
treatment of NB.

CCK‑8 assay was used to identify the short‑term cyto‑
toxicity of MI‑773 on NB cells. Following treatment with 
increasing concentrations of MI‑773 treated for 72 h, a notable 
dose‑dependent inhibitory effect of MI‑773 on the viability 
of NB cells was observed (Fig.  1D). The IC50 of MI‑773 
was analyzed in five NB cell lines (IMR‑32 IC50, 9.33 µM; 
SH‑SY5Y IC50, 2.45 µM; SK‑N‑SH IC50, 19.84 µM; LAN‑1 
IC50, 5.31 µM and NGP IC50, >20.00 µM). Of these, three 
wt p53 NB cell lines (IMR‑32, SH‑SY5Y and LAN‑1) that 
exhibited high expression of MDM2 were sensitive to MI‑773 
and the cell viability decreased in a dose‑ and time‑dependent 
manner.

Inhibitory effect of MI‑773 on proliferation of NB cells. After 
treating cells with increasing concentrations of MI‑773 for 
72 h, cells exhibited abnormal morphological features, with 
cell clustering, weakened adhesion and an increase in the 
number of floating cells (Fig. 2A). This effect was attenu‑
ated in SK‑N‑SH and NGP cells, which expressed low levels 
of MDM2. Colony formation assay was used to evaluate the 
long‑term effect of MI‑773 on proliferation in wt p53 NB cells. 
The results showed a significant decrease in colony formation 
ability in wt p53 cell lines (SK‑N‑SH and SH‑SY5Y) following 
MI‑773 treatment (Fig. 2B). Colony numbers were counted 
in each group (Fig. 2C and D), showing that MI‑773 attenu‑
ated the proliferation of the wt p53 NB cells in a time‑ and 
dose‑dependent manner. By contrast, this was not observed 
in the p53 mutant KELLY cell line. Collectively, these data 
showed that MI‑773 exhibited a potent antiproliferative effect 
on wt p53 NB cell lines.

MI‑773 induces apoptosis and cell cycle arrest in NB cells. 
The results of flow cytometry analysis showed that NB cells 
treated with different concentrations of MI‑773 for 72  h 
exhibited increased apoptosis compared with the control. The 
proportion of apoptotic cells increased ~3‑fold in the MI‑773 
treated group compared with the control, suggesting that 

MI‑773 treatment significantly induced apoptosis in the cell 
lines (Fig. 3A).

The effect of MI‑773 on cell cycle progression was analyzed 
in two NB cell lines (SH‑SY5Y and IMR‑32) treated with 
increasing concentrations of MI‑773 for 72 h (Fig. 3B). The 
results showed that the population of G1 phase cells increased 
in both NB cell lines treated with 1 µM MI‑773, while a higher 
dose of MI‑773 (5 µM) induced a notable increase in the 
proportion of cells in the G1 phase. These findings suggested 
that MI‑773 induced G2/M phase cell cycle arrest.

Next, the levels of p53 downstream effectors CDKN1A 
(p21), MDM2 and the apoptosis‑associated proteins PARP 
and caspase‑3 were assessed using western blotting (Fig. 3C). 
The results showed that expression of p53 increased when NB 
cells were treated with MI‑773, suggesting a p53 stabilization 
resulting from inhibition of MDM2‑p53 interaction by 
MI‑773. By contrast with the control group (0 µM), a notable 
increase in the cleavage of PARP and caspase‑3 were observed 
in NB cell lines in a dose‑dependent manner, confirming the 
pro‑apoptosis effect of MI‑773. Increased expression of MDM2 
and CDKN1A (p21) protein, which were p53 targets, was 
shown in cells treated with MI‑773. These findings indicated 
that MI‑773 effectively induced apoptosis in NB cells and p53 
stabilization.

Transcriptome analysis of MI‑773 in NB cells. To determine 
the molecular pathways regulated by MI‑773 and downstream 
target genes, RNA microarray analysis of MI‑773‑treated NB 
cells and the corresponding control was performed. Following 
data analysis, mRNA expression was clustered and plotted 
(Fig. 4A).

To identify the differentially expressed genes following 
MI‑773 treatment, a volcano plot of all expressed genes was 
plotted with absolute (log2FoldChange)>1.0 and adjusted 
P‑value <0.05 (Fig. 4B). A total of 1,563 up‑ and 3,197 down‑
regulated genes were identified between the MI‑773‑treated 
and control group.

To investigate the role of MI‑773 in gene regulation, the 
function of differentially expressed genes was annotated and 
enriched using KEGG pathway enrichment analysis (Fig. 4C). 
The results indicated that MI‑773 was associated with regula‑
tion of ‘cell cycle’, ‘DNA replication’, ‘p53 signaling pathway’, 
‘apoptosis’ and several other tumor‑associated processes and 
activities. Moreover, GSEA revealed significant downregula‑
tion of genes belonging to the G2/M checkpoint pathway and 
upregulation of hallmark genes associated with the p53 
pathway (Fig. 4D).

The top differentially expressed genes are displayed in 
Fig. 4E. One candidate gene was INSM1. The INSM1 gene 
was significantly downregulated by 3‑fold following MI‑773 
treatment in SH‑SY5Y cells based on data from RNA micro‑
array analysis. Although the function of INSM1 in NB cells 
remains unclear, the role of INSM1 in NB cells was further 
investigated based on its reported function in neuronal differ‑
entiation (41).

INSM1 is a novel target of MI‑773 in NB cells. First, INSM1 
mRNA expression levels in different types of tumor were 
analyzed using the Cancer Cell Line Encyclopedia (Fig. 5A). 
The results showed that INSM1 had notable cancer type 
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Figure 2. MI‑773 suppresses proliferation in NB cells. (A) Morphology of IMR‑32 and SH‑SY5Y cells incubated with MI‑773 at indicated concentrations for 
72 h.  (B) Clone formation assay showed increasing doses of MI‑773 inhibited clonal formation ability in SH‑SY5Y, SK‑N‑SH and KELLY cells. (C) Colony 
formation analysis of three NB cell lines treated with increasing concentrations of MI‑773. ****P<0.0001; *P<0.05. (D) Cell viability analysis of SH‑SY5Y, 
SK‑N‑SH and KELLY cells treated with 10 µm MI‑773 at various times. *P<0.05, **P<0.01 and ****P<0.0001. One‑way ANOVA was performed. Data are shown 
as the mean ± SD and of three independent experiments. NB, neuroblastoma.
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Figure 3. MI‑773 inhibits NB cells via induction of apoptosis and cell cycle arrest. (A) Annexin V/PI staining analysis showed increased proportion of apoptotic cells in 
NB cells treated with MI‑773. **P<0.01, ***P<0.001. (B) Cell cycle analysis showed MI‑773 altered G1 and G2/M phase ratio in NB cells. (C) Western blot analysis showed 
that MI‑773 increased levels of p53, Caspase‑3, MDM2 and p21 and decreased PARP expression in NB cells. One‑way ANOVA was performed. Data are shown as the 
mean ± SD and of three independent experiments. NB, neuroblastoma; MDM2, murine double minute 2 homolog; PARP, poly(ADP‑ribose) polymerase 1.
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specificity and was highly expressed in NB and small cell 
lung cancer, both of which are hypothesized to originate from 
sympathetic nerve cells (39). The prognostic association of 

INSM1 in NB was analyzed using 476 samples in the GSE45547 
and 102 samples in the GSE3446 dataset from GEO (42) and 
249 samples from the TARGET website (Fig. 5B). The results 

Figure 4. Molecular mechanism analysis of MI‑773 in NB cells. (A) SH‑SY5Y cells were treated with MI‑773 for 48 h. A total of three independent samples 
were used in the microarray analysis. mRNA expression data were clustered and plotted using the heatmap package in R. Red, upregulation; blue, downregula‑
tion. (B) Volcano plot to identify the differentially expressed genes with absolute (log2FoldChange)>1.0 and adjusted P‑value <0.05. (C) Kyoto Encyclopedia 
of Genes and Genomes and (D) gene set enrichment analysis of differentially expressed genes was performed to investigate the function of MI‑773 in gene 
regulation. (E) Top differentially expressed genes in SH‑SY5Y following MI‑773 treatment.
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Figure 5. INSM1 is a novel target of MI‑773 in neuroblastoma cells. (A) INSM1 mRNA expression level in a range of tumors (generated from Broad Cancer Cell Line 
Encyclopedia: portals.broadinstitute.org/ccle). (B) Overall survival curve using public cohorts generated from R2 Genomics Analysis and Visualization Platform (r2.
amc.nl). NB patients were categorized into high‑ or low‑expression by using the scan cut‑off mode. (C) Western blot analysis showed that the expression of INSM1 in 
IMR‑32 cells treated with different concentrations of MI‑773. (D) Cell morphology of IMR‑32 cells following transfection with sh‑INSM1 knockdown plasmids for 
8 days. (E) Western blotting showed the effect knockdown of INSM1 expression by sh‑INSM1 lentivirus in IMR‑32 cells. (F) Reverse transcription‑quantitative PCR 
analysis showed that transfection with INSM1 knockdown plasmids suppressed INSM1 mRNA expression in IMR‑32 cells. *P<0.05 and ***P<0.001. (G) Proliferation 
rate of IMR‑32 cells transfected with sh‑INSM1 or sh‑NC. **P<0.01; ****P<0.0001. One‑way ANOVA was performed. Data are shown as the mean ± SD and of three 
independent experiments. INSM1, insulinoma‑associated 1; sh, short hairpin; NC, negative control; OD, optical density.
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showed that patients with NB with higher INSM1 expression 
were associated with a shorter overall survival time.

Western blotting was performed on IMR‑32 cells treated 
with increasing concentrations of MI‑773; the results showed 
that the protein expression levels of INSM1 decreased in a 
dose‑dependent manner, which was consistent with the results 
of RNA microarray (Fig. 5C). To investigate the role of INSM1 
in NB cells, an interfering vector plasmid containing shRNA 
targeting the INSM1 gene was produced and transfected into 
IMR‑32 cells. Knockdown of INSM1 was detected using 
western blotting (Fig. 5E) and RT‑qPCR (Fig. 5F). Compared 
with the sh‑negative control group, expression levels of INSM1 
(sh‑INSM1‑2 and sh‑INSM1‑3) were significantly decreased 
by ~40% at the mRNA and protein level. Cell proliferation 
rate was significantly decreased following INSM1 knock‑
down (Fig. 5F). The cell viability rate on day 3 and 7 of the 
sh‑INSM1‑2 group decreased to 18.0 and 44.6%, respectively, 
compared with the sh‑NC  group (Fig.  5G). These results 
suggested that INSM1 served a role in regulating proliferation 
and may be a novel target of MI‑773 in NB cells.

Discussion

The p53 pathway is key in maintaining genomic integrity 
in the face of cellular stress signals. It is hypothesized that 
nearly all cancers have a compromised p53 pathway  (43). 
Tumor cells inactivate the tumor suppressive function of 
TP53 via different mechanisms. The most common mecha‑
nism is the acquired somatic TP53 mutation, which occurs 
in ~50% of tumor cells (44). The remaining 50% tumor cells 
with wt TP53 are suggested to harbor mutations that lie either 
up‑ or downstream of p53 and may also lead to the inactiva‑
tion of the p53 pathway (43). p53 pathway regulators include 
MDM2 and 4 (10,11), p21 (45), ADP ribosylation factor (46) 
and tripartite motif‑containing (47). A common result of in 
non‑mutation‑dependent inactivation of p53 is the upregula‑
tion of MDM2. MDM2 functions as a E3 ubiquitin ligase of 
p53, promoting degradation of p53 and blocking the TAD and 
tumor suppressive function of p53. Mutations in p53 rarely 
occur in NB, with <2% of cases at diagnosis and ~15% of cases 
at relapse possessing p53 mutations. However, amplification 
of the MDM2 oncogene is prevalent in NB; interfering with 
the interaction of MDM2 and p53 and restoring the tumor 
suppressive function of p53 is a potential therapeutic strategy 
for NB treatment (48‑51).

A number of MDM2 antagonists have been developed and 
their antitumor efficacy has been investigated in a range of 
tumors. MI‑219, belonging to the spiro‑oxindole family, which 
has been shown to be well tolerated in extensive toxicity evalu‑
ations in animals, can disrupt the MDM2‑p53 interaction (52). 
Nutlin‑3 is a cis‑imidazoline analogue that binds MDM2 at 
the p53 binding site (27,32,33). MI‑63, a novel, non‑peptide 
small‑molecule inhibitor, is more effective and highly selec‑
tive in blocking p53/MDM2 interactions compared with the 
traditional MDM2 inhibitors  (12,22). However, although 
these inhibitors have been effective in in vitro experiments in 
early studies, the majority of do not exhibit favorable effects 
in in vivo studies or cannot be used in clinical applications 
due to high cytotoxicity, poor absorption and/or acquired 
chemoresistance (22,24,36,37,40,49,53).

MI‑773, an optimized and potent MDM2 antagonist, 
has high selectivity and affinity in binding to MDM2 and 
shows tumor suppressive activity in different types of 
tumor, including adenoid cystic carcinomas (54) and muco‑
epidermoid carcinoma  (55). The clinical safety of MI‑773 
was demonstrated in patients with solid tumors in a Phase I 
trial (trial  no.  NCT01636479)  (56). MI‑773 has also been 
demonstrated to augment the cytotoxic effects of doxorubicin 
in NB cell lines and may serve as an effective adjuvant (34).

In the present study, CCK‑8 and clonogenic assay demon‑
strated the impact of MI‑773 on short‑ and long‑term cell 
viability, respectively. The results showed potent antiprolifera‑
tive effects of MI‑773 on NB cells with wt p53, with IC50 values 
in the micromolar concentration range (IMR‑32 IC50, 9.33 µM; 
SH‑SY5Y IC50, 2.45 µM; SK‑N‑SH IC50, 19.84 µM; LAN‑1 
IC50, 5.31 µM and NGP IC50, >20.00 µM). However, these 
effects were not observed in the KELLY cells, which possess 
mutant p53.

MDM2 antagonists have been reported to exert their anti‑
tumor effects by inducing cell cycle arrest, apoptosis, senescence 
or differentiation of NB cells (12,57). Mechanistically, MDM2 
antagonists block the p53 binding site of MDM2 and prevent 
its interaction with p53, allowing the reactivation of p53 func‑
tion in cells with intact p53 (58). The present study showed that 
MI‑773 treatment induced apoptosis and cell cycle arrest in a 
dose‑dependent manner. Additionally, the results confirmed 
that MI‑773 blocked ubiquitination‑mediated degradation of 
p53 as p53 protein accumulated following MI‑773 treatment. 
The upregulation of downstream effector genes MDM2 and 
p21 in the wt p53 NB cells suggests the reactivation of p53. 
The discrepancy of basal MDM2 protein expression levels in 
Figs. 1B and 3C is likely due to the differences in auto‑expo‑
sure time from each blot, although the loaded protein amount 
was the same (20 µg/lane). Since the expression of MDM2 
protein significantly increased in MI‑773‑treated IMR‑32 and 
SH‑SY5Y cells, the imaging system automatically adjusts 
exposure time to avoid overexposure based on the high expres‑
sion level in the experimental group, which makes the basal 
MDM2 expression appear undetectable. Therefore, the band 
only reflects the relative expression, not the quantitative level, 
of protein of interest.

The underlying molecular mechanisms and pathways 
involved in MI‑773‑induced proliferation arrest in wt p53 
NB cells were investigated. The significantly enriched path‑
ways were involved in ‘cell cycle regulation’, ‘neutrophil 
extracellular trap formation’, ‘glioma’ and ‘chromic myeloid 
leukemia’. Differentially expressed genes were clustered in the 
G2/M phase checkpoint and p53 pathway genes, which was 
consistent with the antitumor effects of MI‑773 in NB.

In particular, the INSM1 gene was identified, shown to be 
significantly downregulated following MI‑773 treatment and 
served a role in NB cell proliferation. The INSM1 gene, an 
established cytoplasmic marker of neuroendocrine tumors (57), 
also serves as a transcription factor via an autoregulatory 
mechanism (59). In NB, INSM1 forms a positive‑feedback 
loop with N‑Myc and stimulates NB cell proliferation, which 
highlights INSM1 signaling as a potential target for future 
drug development (43,60). The present study demonstrated 
that knockdown of the INSM1 gene exhibited an inhibitory 
effect on proliferation and induced apoptosis in NB cells. The 
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available data above suggest that INSM1 is a downstream 
effector of the MDM2/p53 pathway in NB cells and may serve 
as a novel therapeutic target for the treatment of NB.

In conclusion, the antitumor effect of the MDM2 inhibitor 
MI‑773 was assessed, including the molecular mechanisms 
underlying NB cell regulation. The results showed that MI‑773 
potently inhibited proliferation and induced apoptosis and cell 
cycle arrest in NB cells. Mechanistically, MI‑773 effectively 
rescued TP53 expression and regulated p53 pathways. 
Additionally, the INSM1 gene was identified as a downstream 
member of the MDM2/p53 pathway and was suggested to be 
involved in NB cell proliferation.
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