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Introduction
Neuroblastoma (NB) is the third leading malignant disease  
in children ages 0 to 14 years, after leukemia and brain cancer. 
It accounts for 7% of pediatric malignant tumors.1 NB 
develops from neural crest precursor cells of the sympathetic 
nervous system. In children younger than 15 years of age,  
the incidence of NB is 10.54 cases per million per year.2,3 NB 
is a highly malignant, rapidly progressing tumor that causes 
>20% of tumor-related deaths in childhood4; children 
between the ages of 18 months and 5 years are the most com-
monly affected. Because of the highly aggressive nature and 
poor prognosis associated with NB tumors, nearly half of NB 
cases are classified as high risk. MYCN gene amplification is 
the most relevant genetic alteration in patients with NB, as it 
is associated with a higher disease stage, high-risk category, 
tumor aggressiveness, and poor prognosis.5 Unfortunately, 
approximately one quarter of patients with NB have MYCN 
gene amplification, and some scholars have proposed that 
MYCN gene amplification is a biomarker of poor prognosis in 
these patients and is an attractive therapeutic target for the 
treatment of NB.5,6

Autophagy is a process in which cells use autophagosomes 
to degrade their macromolecular substances or damaged orga-
nelles under the regulation of various external stimuli and 
autophagy-related genes (ARGs).7 The autophagy process can 

degrade nonfunctional organelles and recycle their compo-
nents, which may contribute to supplying the demands of 
tumor invasion and development.8,9

Belounis et al10 reported that chemotherapy induces autophagy 
associated with survival in NB cells, contributing to apoptosis 
suppression and chemoresistance. Tanimoto et al11 demonstrated 
that the telomerase-targeted oncolytic adenoviruses OBP-301 
and OBP-702 exhibited strong antitumor effects in association 
with autophagy in MYCN-amplified NB cells via MYCN sup-
pression. Dong et al12 investigated a combination of rapamycin 
and MK-2206 for the treatment of high-risk patients with NB 
and MYCN amplification and indicated that autophagy and 
necroptosis that mediated cell death induced by the combination 
of rapamycin and MK-2206 were MYCN dependent.

Many scholars have discussed the correlation between 
ARGs and the occurrence, development, or spontaneous 
regression of NB.12-15 However, studies using large-scale ARG 
expression profiles to investigate the relationship between the 
prognosis of patients with NB, MYCN gene amplification, and 
ARGs are lacking.

In this study, ARG expression profiles and clinical prognos-
tic data from patients with NB and MYCN gene amplification 
were analyzed by data mining and bioinformatics analysis of 
gene expression profiles to establish a risk score model for the 
prediction of clinical outcomes.
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Methods
Data collection

All 232 human ARGs were selected from the Human Autophagy 
Database (HADb, http://www.autophagy.lu/index.html). Data 
from 68 MYCN-amplified and 175 MYCN-nonamplified NB 
samples, including mRNA sequencing and clinical information, 
were extracted from the Therapeutically Applicable Research to 
Generate Effective Treatments (TARGET) database (https://
ocg.cancer.gov/). Moreover, the GSE49710 dataset was down-
loaded, which included 92 MYCN-amplified and 401 MYCN-
nonamplified NB samples from the Gene Expression Omnibus 
(GEO) database. In summary, 243 samples downloaded from 
the TARGET database served as the training cohort, and 493 
samples from the GSE49710 dataset were used as the validation 
cohort. Because all data were collected from publicly available 
datasets in the HADb, TARGET, and GEO databases, approval 
from an ethics committee was not required.

Screening and functional enrichment analysis of 
differentially expressed ARGs

Expression data from 232 ARGs in 243 NB samples were 
obtained, and log2 mean values were calculated, to generate 
standardized expression values. The Wilcoxon signed-rank test 
in R (version 3.6.1, https://www.r-project.org/) was used to 
identify 18 ARGs that were differentially expressed between 
MYCN gene-amplified and MYCN gene-nonamplified samples. 
The threshold was set as | log (fold change) | >1 and a false 
discovery rate <0.05. Continuous data were compared using 
Student’s t-test or Wilcoxon’s signed-rank test using R software 
(version 3.5.0, R Foundation for Statistical Computing).

The biological functions of differentially expressed ARGs 
were analyzed using Gene Ontology (GO) and the “cluster-
Profiler” package in R/Bioconductor.16 The Kyoto Encyclopedia 
of Genes and Genomes (KEGG) was used to analyze path-
ways enriched for differentially expressed ARGs. Gene set 
enrichment analysis (GSEA) was used to analyze the pathways 
enriched for differentially expressed DEGs. The threshold for 
enrichment analysis was P < .05.

Establishment and validation of an ARG 
prognostic model

The least absolute shrinkage and selection operator (LASSO) 
analyses were used to identify the ARGs associated with event-
free survival (EFS) in patients with NB. The expression values 
of each gene were combined, regression coefficients were 
obtained by LASSO weighted analysis, and a risk score formula 
was constructed for patients with NB.

The ARG-based prognostic risk score model17 was calcu-
lated as follows:

Risk score vi ci
i

n
=

1
×

=∑
where vi represents the expression value of differentially 
expressed ARGs, ci is the regression coefficient of gene i 

obtained by Lasso analysis, and n is the quantum of independ-
ent indicators obtained by Lasso analysis.

The total risk score for each sample was obtained according 
to this formula, and all NB samples were assigned to low- and 
high-risk groups according to the median risk score. Kaplan-
Meier analysis was used to evaluate differences in survival 
between the 2 groups, and the log-rank method was applied to 
assess the significant differences in survival between the 2 
groups. Receiver operating characteristic (ROC) curves were 
used to assess the predictive value of the prognostic risk 
model.18 The GSE49710 dataset served as a validation cohort 
and was analyzed using the same method as the training cohort 
to obtain a total risk score for each sample. The predictive abil-
ity of the ARG-based prognostic risk score model was assessed 
using the Kaplan-Meier survival curve analysis.

Clinical application

Univariate and multivariate Cox analyses were conducted to 
determine the clinical performance of the prognostic score 
model, whether the model was independent of other clinico-
pathological parameters (including sex, age, MYCN amplifica-
tion status, DNA ploidy status, mitosis-karyorrhexis index 
(MKI), pathological histology results, Children’s Oncology 
Group [COG] risk group, and International Neuroblastoma 
Staging System [INSS] stage), and whether the model could 
be used to assess the prognosis of patients with NB. According 
to the results of the multivariate Cox analysis, a nomogram was 
established to predict the 3- and 5-year survival probabilities of 
patients with NB. C-index values and calibration plots were 
used to assess the discriminative performance and discrimina-
tive ability of the nomogram.19 Statistical analysis was per-
formed using SPSS 22.0 (Chicago, IL, USA), and continuous 
data were compared using Student’s t-test or Wilcoxon’s rank 
test. Categorical data were expressed as a number and com-
pared using the chi-square or Fisher’s exact tests. Kaplan-Meier 
analysis and log-rank method were also applied.

Statistical analyses

Comparisons of quantitative variables were performed using 
Student’s t-test (normally distributed data) or Wilcoxon’s rank 
test (non-normally distributed data), and analysis of categorical 
variables was conducted using the chi-square or Fisher’s exact 
test. The Kaplan-Meier survival curves of patients in the low- 
and high-risk groups were plotted, and log-rank tests were used 
to evaluate differences between the 2 groups. A risk score for-
mula was established based on the Lasso regression coefficient 
and the gene expression values. According to the results of the 
multivariate analysis using the “rms” package in R, a nomogram 
was established, and area under the ROC curve (AUC) values 
were calculated using the “survivalROC” package in R to evalu-
ate the predictive value of the nomogram. Calibration plots 
were drawn to compare the predicted and observed survival 
rates. All data were analyzed using SPSS 22.0 (Chicago, IL, 
USA) and R software (version 3.6.1). P-values of ⩽.05 were 
considered statistically significant.

http://www.autophagy.lu/index.html
https://ocg.cancer.gov/
https://ocg.cancer.gov/
https://www.r-project.org/
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Results
Determination of ARGs differentially expressed 
between MYCN-amplif ied and MYCN-
Nonamplif ied NB

Data from 243 patients with NB were included in our study. 
All patient data had complete RNA sequencing and clinical 
follow-up information. Using a threshold of | log2 fold 
change | >1, 18 DEGs were screened from 232 ARGs, 
including 15 that were upregulated (CALCOCO2, CAPN1, 
CASP1, CCL2, CFLAR, DIRAS3, DLC1, GABARAPL1, 
HSPB8, ITGA3, MYC, NBR1, NRG1, PINK1, and TNFSF10) 

and 3 downregulated genes (ATIC, BIRC5, and TP53) 
(Figure 1A). Volcano and box plots were used to illustrate the 
differences in ARG expression between the MYCN gene-
amplified and MYCN-nonamplified groups (Figure 1B and 
C). The clinicopathological characteristics of all patients 
with NB are presented in Supplemental Material 1.

Enrichment analysis of differentially expressed 
ARGs

To understand the biological functions of the 18 differentially 
expressed ARGs, functional enrichment analysis was conducted. 

Figure 1.  Comparison of autophagy-related genes (ARGs) differentially expressed between MYCN-amplified and MYCN-nonamplified neuroblastoma (NB) 

groups: (A) heat map for 18 differentially expressed ARGs between the MYCN-amplified and MYCN-nonamplified groups, (B) volcano plot of 232 ARGs in 

NB cases from the TARGET database, and (C) box plots for 18 ARGs differentially expressed in the MYCN-amplified and MYCN-nonamplified groups.
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The results demonstrated that the biological processes involv-
ing DEGs were primarily macroautophagy, regulation of 
peptidase activity, positive regulation of peptidase activity, 
and selective autophagy. The main pathways identified by 
KEGG enrichment analysis were mitophagy-animal, apoptosis, 
shigellosis, and necroptosis. The results of the GO analysis for 
differentially expressed ARGs are illustrated as circles and heat 
maps (Figure 2A and B), as are the results of the KEGG enrich-
ment analysis for differentially expressed ARGs (Figure 3A and 
B). The main pathways identified by GSEA for DEGs were 

apoptosis, shigellosis, influenza A, thyroid cancer, and NOD-
like receptor signaling pathway; the results of GSEA are illus-
trated in Figure 3C.

Identif ication of prognosis-related ARGs and 
construction of a prognostic risk model

Lasso analysis identified 3 genes, GABARAPL1, NBR1, and 
PINK1, and a prognostic risk score model was constructed 
based on the expression levels and regression coefficients of 

Figure 2.  Gene ontology functional enrichment analysis for autophagy-related genes (ARGs) differentially expressed in neuroblastoma tissues: (A) circle 

plot showing differentially expressed ARGs and biological processes and (B) heat map showing differentially expressed ARGs and biological processes.
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each gene (Figure 4A and B). The prognostic risk score model 
was as follows:

Risk score = (−0.0078 × expression value of GABARAPL1) +  
(−0.3386 × expression value of NBR1) + (−0.1703 × expression 
value of PINK)

The total risk scores were calculated for each patient, and all 
patients with NB in the training cohort were divided into the 
low- and high-risk groups according to the median risk score 
value (Figure 5A).

The Kaplan-Meier survival analysis demonstrated that the 
EFS of patients with low-risk scores was significantly better 
than that those with high-risk scores in the training cohort 
(P = 9.776 × 10−5) (Figure 6A). The 3-year EFS probabilities 
of patients in the low- and high-risk groups were 59.6% (95% 
CI: 0.514-0.691) and 33.1% (95% CI: 0.255-0.430), respec-
tively, whereas the corresponding 5-year EFS probabilities 
were 55.0% (95% CI: 0.467-0.648) and 30.8% (95% CI: 

0.233-0.407), respectively. The C-index for the prognostic risk 
model to predict EFS in patients with NB was 0.666 (95% CI: 
0.698-0.736) (Figure 6B); the AUC values for 3- and 5-year 
survival were 0.681 and 0.689, respectively (Figure 6C).

Using the median expression level of each gene in patients 
with NB as cutoff points, high expression levels of GABARAPL1 
(hazard ratio [HR] = 0.706; 95% CI, 0.560-0.888; P = .015), 
NBR1 (HR = 0.504; 95% CI, 0.350-0.725; P = 2.469 × 10−4), 
and PINK1 (HR = 0.533; 95% CI, 0.362-0.786; P = 2.897 × 10−4) 
were associated with better EFS (Figure 7A–C).

Evaluation of the prognostic risk model in an 
external cohort

The prognostic value of the ARG-based risk score model built 
using TARGET cohort data was validated using an approach 
similar to that of the GSE49710 dataset. All 493 patients with 

Figure 3.  Functional enrichment analysis of autophagy-related genes (ARGs) differentially expressed in neuroblastoma tissues: (A) circle plot showing 

differentially expressed ARGs and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, (B) heat map showing differentially expressed ARGs 

and KEGG pathways, and (C) main pathways identified by gene set enrichment analysis (GSEA) for differentially expressed genes.



6	 Evolutionary Bioinformatics ﻿

NB in the GSE49710 dataset were divided into the low-risk 
(n = 247) and high-risk (n = 246) groups according to the 
median risk score generated using our model.

As shown in Figure 5B, the EFS of patients with low-risk 
scores was significantly better than those with high-risk scores 
in the validation cohort (P = 1.799 × 10−14) (Figure 6D). The 

3-year EFS probability of patients in the low-risk group was 
92.0% (95% CI: 0.885-0.956), whereas those in the high-risk 
group was 60.9% (95% CI: 0.546-0.679). The 5-year EFS 
probability of patients in the low-risk group was 90.8% (95% 
CI: 0.870-0.947); however, the 5-year EFS probability of those 
in the high-risk group was low, possibly because the 5-year 

Figure 4.  Eighteen genes selected using LASSO binary logistic regression analysis: (A) tuning parameter (λ) selection using tenfold cross-validation via 

minimum criteria to select the best penalty parameter lambda and (B) LASSO coefficient profiles of 18 genes.

Figure 5.  Risk score plots of patients with high- and low-risk neuroblastoma (NB). Risk score plots of patients with NB in the high- and low-risk groups in 

the (A) training and (B) validation cohorts.
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EFS time in the high-risk group in this cohort was <5 years. 
The C-index of the prognostic risk score model for the predic-
tion of EFS in patients with NB was 0.790 (95% CI: 0.814-
0.846) (Figure 6E). Furthermore, the AUC values for the 
3- and 5-year survival were 0.812 and 0.807, respectively 
(Figure 6F).

Using the median expression level for each gene in the 
GSE49710 dataset as a cutoff point, high expressions of 
GABARAPL1 (HR = 0.608; 95% CI, 0.549-0.672; 
P = 1.535 × 10−13), NBR1 (HR = 0.401; 95% CI, 0.301-0.533; 
P = 5.525 × 10−9), and PINK1 (HR = 0.457; 95% CI, 0.387-
0.541; P = 1.477 × 10−13) were associated with better EFS 
(Figure 7D–F).

Relationships between clinicopathological 
parameters and ARG prognostic risk score model

The demographic and clinicopathological features of all 
patients with NB are presented in Supplemental Material 1. 
The relationships between the ARG-based prognostic risk 
scores and clinicopathological characteristics were analyzed.

EFS-related prognostic risk score values were higher in 
patients aged ⩾18 versus <18 months (P = 8.560 × 10−13); in 
patients with undifferentiated versus differentiated tumors 
(P = 2.032 × 10−4); in the high-risk versus low-risk group (as 

grouped by the COG risk group) (P = 1.455 × 10−16); in the 
high- and intermediate-risk groups versus the low-risk group 
(as grouped by MKI) (P = 1.310 × 10−8); in patients with stage 4 
versus stages 1, 2, and 3 disease (P = 8.172 × 10−12); in patients 
with diploid (DNA index [DI] = 1) versus hyperdiploid (DI > 1) 
status (P = .003); in patients with MYCN-amplified versus 
MYCN-nonamplified status (P = 3.157 × 10−18); and in the 
unfavorable versus favorable group (P = 7.166 × 10−16) in the 
training cohort (Figure 8A–H). EFS-related prognostic risk 
score values were also higher in patients aged ⩾18 versus 
<18 months (P = 5.355 × 10−10); in MYCN-amplified versus 
MYCN-nonamplified disease (P = 1.106 × 10−16); in high-risk 
versus low-risk patients (P = 4.33 × 10−19); and in patients with 
stage 4 versus stages 1, 2, and 3 disease (P = 1.693 × 10−11) in the 
validation cohort (Figure 8I–L). Among the 493 patients with 
NB in the validation cohort, data on tumor grade, MKI, and 
histology were lacking; therefore, the relationship between these 
factors and the prognostic risk score could not be analyzed.

Univariate Cox analyses showed that age (P < .001), MYCN 
status (P < .001), ploidy (P < .001), MKI (P < .05), COG risk 
group (P < .05), and prognostic risk score (P < .001) were sig-
nificantly correlated with EFS (Figure 9A). Furthermore, mul-
tivariate Cox analyses showed that age (P < .001), INSS stage 
(P = .02), and prognostic risk score (P = .02) were significantly 
associated with EFS (Figure 9B).

Figure 6.  Kaplan-Meier survival curves of patients with NB in the high- and low-risk groups in the (A) training and (D) validation cohorts. Receiver 

operating characteristic (ROC) curves for the overall survival related prognostic risk score model of patients with NB in the (B) training and (E) validation 

cohorts. ROC curves for the 3- and 5-year survival rates in the (C) training and (F) validation cohorts.
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Establishment and internal validation of a 
prognosis nomogram

To establish a clinical method that could simply and rap-
idly predict the prognosis of patients with NB, we estab-
lished a prognostic nomogram to predict the 3- and 5-year 
survival probabilities of patients with NB using training 
cohort data and conducted an internal validation of the 
nomogram. The prognostic risk score, age, and INSS stage 
were the 3 independent prognostic parameters used to 
construct the nomogram to predict the prognosis of 
patients with NB (Figure 10A). The C-index of the nomo-
gram in predicting EFS in patients with NB was 0.745 
(95% CI, 0.716-0.770; P = 1.91 × 10−7) (Figure 10B), and 
the AUC values for the 3- and 5-year survival were 0.787 
and 0.787, respectively (Figure 10C). The nomogram could 
accurately predict the 3- and 5-year survival probabilities 
of patients with NB, and calibration plots showed that the 
predicted survival rates were very close to the observed 
rates (Figure 10D and E).

Discussion
NB remains a large social and economic burden for many indi-
viduals and countries because of its high recurrence rate, cost, 
and mortality rate. In the past 10 years, high-throughput bio-
technology has been widely used to diagnose various tumors 
and, in particular, to identify gene markers for NB. The MYCN 
was one of the gene markers, that show patients with MYCN 

amplification are associated with a high risk and worse prog-
nostic outcome.20 Autophagy plays a critical role in the occur-
rence and development of NB.21,22 However, to our knowledge, 
the association between ARGs and MYCN gene amplification 
in NB has not been fully explored. Therefore, we established an 
association between ARGs and MYCN gene amplification in 
the current study.

First, we identified 18 differentially expressed ARGs using 
data from 243 NB samples. Next, we used GO, KEGG, and 
GSEA pathway analyses to assess the biological functions of 
differentially expressed ARGs. In addition, using valid gene 
data from patients with NB in the TARGET database, we 
screened and identified 3 ARGs that could serve as key prog-
nostic genes and used them to construct an ARG-based prog-
nostic risk score model. Validation of the performance of the 
prognostic risk score model using the GSE49710 dataset dem-
onstrated that the model had a very good ability to predict the 
prognosis of patients with NB. Finally, we successfully con-
structed a prognostic nomogram based on the clinical risk 
score and clinicopathological factors. The discrimination and 
accuracy of the nomogram in predicting the prognosis of 
patients with NB were validated using discriminant and cali-
bration plots.

All patients with NB were divided into low- and high-risk 
groups, using the median risk score from the 3-ARG prognos-
tic risk model as a cutoff value. Compared with patients with 
high-risk scores, those with low-risk scores had significantly 

Figure 7.  Survival analysis according to GABARAPL1, NBR1, and PINK1 expression levels in the (A–C) training and (D–F) validation cohorts. Kaplan-

Meier event-free survival (EFS) curves based on the expression levels of (A) GABARAPL1, (B) NBR1, and (C) PINK1 in patients with neuroblastoma (NB) 

in the training cohort. Kaplan-Meier EFS curves based on expression levels of (D) GABARAPL1, (E) NBR1, and (F) PINK1 in patients with NB in the 

validation cohort.
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longer 3- and 5-year EFS. Hence, more accurate personalized 
treatment strategies should be established for patients with 
high-risk scores according to their characteristics. All patients 
with high-risk scores should receive more aggressive treatment 
and closer follow-up to ensure the timely detection of tumor 
recurrence.

Our ARG-based prognostic risk score model could predict 
the prognosis of patients with NB. GABARAPL1 has a tumor-
suppressive function. Loss of GABARAPL1 expression has 
been correlated with poor survival and advanced stages of 
neuroblastoma,23 which is consistent with our findings. Meng 
et  al15 built an ARG-based prognostic risk signature using  
9 ARGs in patients with NB with stages 4 and 4 seconds. 
GABARAPL1 was highly expressed in the low-risk group and 
was associated with good overall survival, which is consistent 
with the results of our study, although Meng et al15 focused on 
the role of autophagy in the specific phenomenon of spontane-
ous regression of neuroblastoma.

However, little is known about the role of NBR1 in cancer 
prognosis. Xiao et  al24 reported that low mRNA levels of 
NBR1 were associated with poor clinical outcomes in patients 
with clear cell renal carcinoma. Recent studies have shown that 
autophagic degradation of NBR1 inhibits metastatic growth 
by limiting an aggressive basal subset of tumor cells, and that 
NBR1 is a key determinant in the regulation of tumor cell het-
erogeneity and metastatic disease, suggesting that induction of 
autophagic degradation of NBR1 is a therapeutic approach to 
prevent the recurrence of life-threatening metastases.25,26

PINK1, known as a sensor of mitochondrial dysfunction, 
has been purported to have a dual role in cancer biology, with 
context-dependent pro- and antitumorigenic properties.27 Li 
et al28 demonstrated that PINK1 and PARK2 suppressed pan-
creatic tumorigenesis through the control of mitochondrial 
iron-dependent immunometabolism. In colorectal cancer, it 
has been shown that mitophagy protein PINK1 suppresses 
colon tumor growth by metabolic reprograming and reduces 

Figure 9.  Risk forest plots for the autophagy-related gene–based risk score model and clinicopathological factors by (A) univariate and (B) multivariate 

Cox regression analyses.
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Figure 10.  (A) Nomogram to predict the 3- and 5-year survival probabilities of patients with NB. (B) Receiver operating characteristic (ROC) curves for 

the event-free survival (EFS)–related prognostic risk score model of patients with NB in the training cohorts. (C) ROC curves for the nomogram to predict 

the 3- and 5-year survival probabilities of patients with NB in the training cohort. Calibration curves for the nomogram to predict (D) 3- and (E) 5-year 

survival probabilities of patients with NB in the training cohort.
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acetyl-CoA production.29 Similarly, low expression of PINK1 
was significantly related to higher tumor stage, and positive 
nodal status was an independent prognostic factor for overall 
survival in papillary renal cell carcinoma.30 Conversely, PINK1 
expression is reportedly upregulated in lung cancer, which 
promotes cell migration and proliferation and predicts a poor 
prognosis.31 Unlike GABARAPL1, NBR1, and PINK1 are 
rarely studied in NB, and additional studies are needed.

Nomograms are increasingly used by clinicians because of 
their simplicity, convenience, and directness. In this study, we 
constructed a nomogram incorporating prognostic risk score, 
age, and INSS stage. Calibration plots based on TARGET 
cohort data showed that 3- and 5-year EFS predicted by the 
nomogram were closely related to the observed EFS, indicating 
that the nomogram will have excellent performance in predict-
ing 3- and 5-year EFS in patients with NB. This convenient 
and intuitive nomogram can help both clinicians and patients 
to make personalized survival predictions, which will help in 
the selection of appropriate and personalized treatment options. 
Because some clinical information from the GSE49710 data-
base was incomplete, we only internally validated the nomo-
gram accuracy.

This study has some limitations. First, the nomogram we 
constructed lacked external validation; therefore, to ensure 
its robustness, the nomogram should be validated externally. 
Second, all data included in this study were downloaded 
from databases, and all analyses were theoretical; hence, 
some functional experiments should be conducted to explore 
the molecular mechanisms underlying the relationships 
between these 3 ARGs and NB occurrence, metastasis, and 
prognosis. For this prognostic prediction model to be more 
widely applicable to patients with NB, its accuracy requires 
additional validation in prospective, multicenter, and large-
scale clinical trials.

Conclusion
In summary, we successfully constructed a reliable nomogram 
that could accurately predict the 3- and 5-year survival proba-
bilities of patients with NB and MYCN gene amplification. 
This model facilitates the implementation of more accurate 
and personalized treatment strategies for patients with this 
disease.
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