L))

Check for
u

Original Article

Tumor dormancy is closely related to prognosis prediction and
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Background: Neuroblastoma (NB), which is the most frequent and fatal solid tumor in early childhood,
lacks an accurate approach to prevent or forecast its recurrence. Dormant NB cells are responsible for
metastasis, drug resistance, and suppressive activity in the immune system. However, there is a lack of
systematic research on the interaction between dormancy and NB prognosis and its potential associations
with tumor immunity.

Methods: We downloaded NB gene expression data and clinical information from the Gene Expression
Omnibus and ArrayExpres databases. Based on consensus clustering of the expression of dormancy-
associated genes, the NB samples were classified into different groups, and differentially expressed genes
(DEGs) were explored in each group. Functional analyses of DEGs were performed, followed by the
establishment of a predictive dormancy signature and the assessment of tumor immunity. Finally, sex, age,
International Neuroblastoma Staging System (INSS) stage, and MYCN status were identified as independent
overall survival-related variables, which were incorporated into the nomogram.

Results: A dormancy-associated gene signature, including CDKN2A4, BHLHB3, CDKN2B, MAPKI14,
CDKNIB, and BMP7, was established. The gene signature showed a strong correlation with NB immune
infiltration and capacity to predict NB patient prognosis. A nomogram including MYCN status, INSS stage,
age and gene signature risk score was established which further divided NB into high, medium and low-risk
groups. This nomogram had certain guiding significance in decision-making for clinical treatment.
Conclusions: Our results suggested that the 6-gene genetic signature for NB based on dormancy could

predict NB survival and response to immunotherapy.
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Introduction

Neuroblastoma (NB), which is the most frequent and
fatal solid tumor in early childhood, is characterized by
heterogeneous behavior from spontaneous regression to
relentless progression (1). Despite early diagnosis and new
approaches to treatment, NB relapse remains one of the
biggest clinical challenges in the field and adversely affects
survival (2). In a significant proportion of children with
NB, distant metastases emerge after years or even decades
of latency. Among individuals with high-risk NB, relapse
occurs in over 50% of cases, and the 5-year survival rate is
less than 40% (3). A number of biomarkers have provided
guidance to physicians regarding treatment and prognosis
of NB, including International Neuroblastoma Staging
System (INSS) stage, MYCN (N-myc, myelocytomatosis
oncogene) status, age at diagnosis, histologic category,
grade of differentiation, mitosis-karyorrhexis index (MKI),
and DNA ploidy. However, none of these biomarkers can
accurately predict recurrence (4,5).

Despite progress in intensive multimodal treatment, most
high-risk NBs present with widespread metastatic disease
at diagnosis and either do not respond to conventional
therapies initially or ultimately relapse after treatment, with
long-term survival less than 50% (3). Immunotherapy can
greatly improve the survival rate of cancer patients while
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® Most high-risk neuroblastomas present with widespread metastatic
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associated signature for predicting NB survival and the response
to immunotherapy. The nomogram would have certain guiding
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CDKN2A, BHLHB3, CDKN2B, MAPK14, CDKN1B, and BMP?,
was established. The gene signature showed a strong capacity to
predict NB patient prognosis and had certain guiding significance
in decision-making for clinical treatment.
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reducing acute or chronic toxicities, and it is emerging as a
viable alternative or adjuvant to current treatments for high-
risk NB. Immunotherapy has successfully changed high-risk
NB from a uniformly fatal disease to a potentially curable
one in more than half of patients (6). However, challenges
remain in optimizing and expanding immunotherapeutic
targets, and a better understanding of the opportunities and
response to immunotherapy is critical in shaping new NB
treatment perspectives.

Although relapse and metastasis are the leading causes
of NB-related mortality, the underlying mechanisms
remain poorly understood. Dormant disseminated tumor
cells (D'TCs) have been reported in NB (7). DTCs are
a subpopulation of circulating tumor cells (CTC) and
a portion of disseminated tumor cells that engaged in
metastatic niches (8). Generally, the ability to maintain
viability over long periods in an equilibrium between
proliferation and death is referred to as a state of tumor
dormancy. There are three hypothesized models of
dormancy: (I) cellular dormancy, the most accepted model,
in which cells are characterized as GO/G1 cell cycle
arrest achieved by activation of quiescence programs; (II)
angiogenic dormancy, in which cells remain separated
in surroundings with a low concentration of oxygen and
nutrients; and (III) immunosurveillance dormancy, in which
the immune system prevents tumoral re-growth (9). p38
MAPK"$"/ERK" phenotype is now generally labelled as a
marker of dormant cells, furthermore, some proliferation
marker and the cyclin-dependent kinase (CDK) inhibitor
are often used to identify dormant tumor cells (7). After the
activation of dormant tumor cells, metastatic recurrences
occurred months, years, or even decades after the initial
radical treatment. Dormant NB cells are responsible for
tumor-promoting activity, including tumor cell growth,
migration, metastasis, and drug resistance as well as
suppressive activity in the immune system. Nonetheless, a
comprehensive investigation of the relationship between
dormancy and NB prognosis and its potential association
with tumor immunity has yet to be conducted.

Nomogram prognostic models that predict NB
prognosis in children may facilitate better treatment
decisions and assessments. Our present study showed that a
6-gene genetic signature for NB-based on dormancy could
predict prognosis of neuroblastoma patients and response
to immunotherapy. We present the following article in
accordance with the TRIPOD reporting checklist (available
at https://tp.amegroups.com/article/view/10.21037/tp-23-
119/rc).
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Methods
Obtaining of expression and clinical data

Clinical data and gene expression datasets for NB were
retrieved from the Gene Expression Omnibus (GEO) under
the accession number GSE49710 (Zhang ez al., n=498) (10)
and the ArrayExpress database under the accession number
E-MTAB-8248 (Roderwieser et al., n=223) (11). The
GSE49710 dataset was used to construct the prognostic
model, which was then validated using the E-MTAB-8248

dataset.

Consensus clustering

Dormancy-associated genes were obtained from the
existing literature. Expression data of dormancy-associated
genes, normalized by the median value before clustering,
were extracted from the GSE49710 dataset. The
“ConsensusClusterPlus” package was used to cluster NB
samples (12).

Differentially expressed gene (DEG) identification

The NB samples were divided into different groups
through clustering. We used the documentation provided
by the manufacturer to annotate the probe matching
genetic symbols. When a single gene matched more than
1 probe, the highest expression value was recommended to
represent the gene expression level. We utilized the “limma”
package (13) to identify DEGs between groups (13). The
DEG cutoffs were set as |log, [fold-change ([FC)]| > 1 and
adjusted P value <0.01.

Functional enrichment analysis of DEGs

Functional analyses of DEGs, consisting of Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGQG) analyses, were performed using the
“ClusterProfiler” package (14). P<0.05 was considered
statistically significant.

Assessment of tumor immunity

The ESTIMATE method (Estimation of Stromal
and Immunological cells in Malignant Tumor tissues
utilizing Expression data) was used to determine the
stromal, immune, and ESTIMATE scores (15). The
microenvironment cell populations-counter (MCP-Count)
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method was used to rate eight immune cells (16).

Establishment of predictive dormancy signature

The identification of dormancy genes associated with
overall survival was performed using Cox proportional
hazards regression analysis. Genes with P<0.01 were
considered statistically significant in the univariate Cox
regression analysis and included in consecutive analysis.
The identified genes were further optimized using the
multivariate Cox regression analysis through the minimum
Akaike information criterion (AIC) value. A linear
combination of the multivariate Cox regression model’s
coefficients and its mRNA expression level was employed
to create. According to the median risk score, a 6-gene
signature was developed and used to divide the NB patients
into a high- or low-risk group, which was evaluated using
Kaplan-Meier analysis, the area under the curve (AUC)
of the receiver operating characteristic (ROC) curve, and
Harrell’s concordance index (C-index). Validation of the
signature was conducted using the E-MTAB-8248 dataset,
and the risk score was calculated using the same formula as
that for the GSE49710 dataset. A threshold value calculated
from the GSE49710 dataset was used to divide patients into
low-risk and high-risk groups, and the 2 groups were then
compared to evaluate the prognostic model.

The identification of NB independent prognostic
characteristics

On the basis of the predictive signature and known
clinicopathological risk factors such as gender, age, INSS
stage, and MYCN status, a univariate Cox regression
analysis was performed. The significance level was set at
P<0.05.

Construction of predictive nomogram

Following collinearity testing, all independent prognostic
characteristics were considered. After testing the
proportional hazards assumption through the Schoenfeld
residuals in the “survminer” package, the characteristics
were included in the construction of a prognostic
nomogram to predict 1-, 3-, and S-year overall survival of
NB. In addition to a calibration plot, the performance of
the nomogram was assessed using the AUC of the ROC
curve and Harrell’s C-index. On the basis of nomogram
points, we divided the patients into 3 groups and analyzed
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their survival curves using Kaplan-Meier analysis.

Ethics

This study was approved by the Ethics Committee of
Tianjin Medical University Cancer Institute and Hospital
(No. E20210027) and it was conducted in accordance with
the Declaration of Helsinki (as revised in 2013). Written
informed consent was obtained from the parents or legal
guardians of each patient.

Patients and tissue specimens

Tissue samples from primary peripheral NB tumors were
tested and verified by two independent pathologists.
Collection and manipulation of human samples from 24
patients hospitalized from November, 2015 to October,
2020.

Western blotting and antibodies

The tissues were put into centrifuge tube to grind into tissue
homogenate lysed with RIPA lysis buffer supplemented
with 1 mM Na3VO4, 1 mM NaF and phosphatase inhibitor
cocktail (Hoffman-la Roche Ltd, Basel, Switzerland). The
protein was denatured in a 95 °C water bath and centrifuged
at 12,000 rpm at 4 °C for 10 min, respectively. Then the
upper clear protein lysates were collected. The steps for
WB were based on previously described methods. The
following antibodies were used: anti-CDKN2A (1:1,000)
and anti-GAPDH (1:1,000) from Bioss (Beijing, China).

Reverse transcription-polymerase chain reaction (RT-PCR)

Primary tumors were lysed with TRIzol reagent
(Ambion, TX, USA) for total ribonucleic acid (RNA)
purification. SuperScript II Reverse Transcriptase was
utilised for reverse transcription (Invitrogen). Primer
sequences are listed below: CDKN2A: F-primer:
GCTGCTCACCTCTGGTGCCAAA, R-primer:
ACCTGCGCACCATGTTCTCG; BMP7: F-primer:
ACGAGGTGCACTCGAGCTT, R-primer:
GAAGCGTTCCCGGATGTAGT. The amplification
reaction was carried out using primers designed in accordance
with the manufacturer’s instructions (Takara, Kusatsu, Japan).

© Translational Pediatrics. All rights reserved.

Statistical analysis

RStudio (version 1.1.463) was used to conduct the statistical
analysis. Kaplan-Meier analysis was carried out to compare
subgroups of patients. We conducted univariate Cox and
multivariate Cox regression analyses to evaluate overall
survival-related characteristics. Immune cells among
subgroups were compared with the Mann-Whitney test.
Statistical significance was defined as P<0.05, unless
otherwise specified.

Results
NB classification based on dormancy-related genes

The flow chart of the research design is shown in
Figure 1. A total of 20 dormancy-associated genes were
extracted from the existing literature, 19 of which were
expressed in the GSE49710 dataset. We conducted
consensus clustering analysis using dormancy gene
expression in the “ConsensusClusterPlus” package to
further explore the internal relationship between dormancy
and NB. By applying the clustering variable (k) from 2 to
8, we observed that k=2 showed outstanding performance,
with low intergroup correlations and high intragroup
correlations. Based on the clustering results, the 498 NB
samples in the GSE49710 dataset constituted 2 clusters,
1 containing 256 samples and the other 242 samples
(Figure 2A). The 2 clusters showed considerable separation
in t-distributed stochastic neighbor embedding (t-SNE)
analysis (Figure 2B). Box plots of the dormancy signature
score distribution calculated by 3 different methods [single-
sample Gene Set Enrichment Analysis (ssGSEA), principal
component analysis (PCA), and the z-score algorithm]
implied that cluster 2 had a higher dormancy score
(Figure 2C-2E). Kaplan-Meier survival analysis showed that
samples in cluster 2 exhibited significantly worse prognosis
(P<0.0001, Figure 2F). To further explore the correlation
between clusters and dormancy-related phenotypes,
dormancy-associated markers which had previously been
reported for their association with tumor dormancy,
including DNA replication, cell cycle transition and phases,
mitotic spindle formation, and glucose metabolism, were
scored using the PCA algorithm, with the results exhibiting
statistically significant differences (P<0.05, Figure 2G-2L).
However, apoptosis showed no significant difference
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Figure 1 Flowchart showing the research design. KM, Kaplan-Meier; DEG, differentially expressed gene; ROC, receiver operating
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Figure 2 Neuroblastoma classification based on dormancy-associated genes. (A) Consensus clustering of 498 neuroblastoma samples in the
GSE49710 dataset at k=2. (B) Visualization of t-SNE for the 2 clusters. Box plots of the dormancy signature score distribution calculated
by ssGSEA (C), PCA (D), and z-score (E) algorithms in the 2 clusters. (F) Kaplan-Meier overall survival curves of the 2 clusters. The log-
rank test was used to calculate the P value. Box plots of the DNA replication (G), cell cycle (H), G2/M checkpoint (I), mitotic spindle (J),
glycogen synthesis (K), glycolysis (L), and apoptosis (M) score distributions in the 2 clusters. Scores were calculated by the PCA algorithm.
*, P<0.05; **, P<0.01; ****, P<0.0001; ns, not significant, two-sided unpaired Wilcoxon test. t-SNE, t-distributed stochastic neighbor

embedding; ssGSEA, single-sample gene set enrichment analysis; PCA, principal component analysis.
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between 2 clusters (P>0.05, Figure 2M).

Exploration of cluster character

Stromal and immune cell infiltration was evaluated using
the ESTIMATE algorithm to investigate differences in
tumor immunity between clusters. In comparison with
cluster 2, cluster 1 was found to have a significantly higher
immune score, stromal score, and ESTIMATE score,
suggesting a greater infiltration of immune cell and stromal
cell in cluster 1 (Figure 34-3C). To further elucidate the
tumor-infiltrating immune cells, MCP-Count was utilized,
with the results showing that CD8" T cells and dendritic
cells were more highly infiltrated in cluster 1 (Figure 3D),
implying that there may be an increased immune cell
infiltration and activate the immune response in the tumor
microenvironment if the dormancy signature is higher.
Further exploration of the interleukin-related signatures was
made in the 2 clusters, and cluster 1 showed significantly
higher levels (Figure 3E,3F).

To determine the pathway differences between clusters,
we analyzed the DEGs between clusters with the following
criteria: 1logFCl>1 and adjusted P<0.01. A total of 31
upregulated and 37 downregulated genes were identified
between the 2 clusters (Figure S1A). Interestingly, the well-
known CHDS tumor suppressor gene in NB was included
in the downregulated genes, which was consistent with a
previous study (17). The biological function of DEGs was
explored through GO enrichment analysis, which showed
synapse organization was an area of significant enrichment
for the DEGs (Figure S1B). Furthermore, GSEA revealed
cytokine-related signaling pathways involved in the
dormancy process (Figure S1C).

Identification of survival-related dormancy signature
genes and establishment of dormancy 6-gene prognostic
signature

The 498 samples in the GSE49710 dataset containing
sufficient overall survival information were included in
the subsequent Cox regression analysis. The clinical
information of these patients is presented in Table S1. Based
on univariate Cox regression analysis, 7 dormancy-related
genes were significantly associated with overall survival
(P<0.01). BMP7 and CDKN2A manifested a hazard ratio
(HR) >1 and may have contributed to tumor promotion,
while other genes evidenced by HR <1 may have served
as tumor protective factors in NB (Figure 4A4). The results
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of Kaplan-Meier survival analysis showed all 7 dormancy-
associated genes had significantly different survival rates
(Table S2, log-rank P<0.01). A dormancy-related prognostic
signature comprising 6 genes, including CDKN24,
BHLHB3, CDKN2B, MAPK14, CDKN1B, and BMP7, was
developed through multivariate Cox regression analysis
(Figure 4B). The following equation was used to calculate
the risk score:

Risk score =| (0. 39072)>< expression value of CDKN2A]

(
[( —0. 27577 >< expression value of BHLHB3]
[( —0.51224) x expression value of CDKNZBJ
+[(0.88487) x expression value of MAPK 14| [1]
[( —0. 58383 xexpresswn value of CDKNIB]
+[ (0.20724) x expression value of BMP7]

The threshold was established as the median risk score
(3.33). The patients in the GSE49710 dataset could be
divided into 2 distinct groups, and patients with low-
risk scores showed a significantly more favorable overall
survival in the Kaplan-Meier survival curves (P<0.0001,
Figure 4C,4D). Time-dependent ROC and C-index were
then used to evaluate the 6-gene model. The model
achieved AUCs of 0.836, 0.814, and 0.807 for predicting
overall survival at 1 year, 3 years, and 5 years, respectively
(Figure 4E). The C-index of the 6-gene model was 0.773
(95% CI: 0.730-0.816), indicating that the 6-gene signature
performed well in predicting NB outcome.

External validation of prognostic performance of the 6-gene
signature

The performance of the 6-gene signature was validated
using the E-MTAB-8248 dataset. The risk score was
calculated following the same equation. Patients were
divided into high-risk and low-risk groups based on the
median risk score calculated from the GSE49710 dataset.
The t-SNE plot showed a considerable separation for the 2
risk groups (Figure 5A). Moreover, there was a substantial
difference in overall survival, as seen by the Kaplan-Meier
survival curve. Compared with the low-risk group, patients
in the high-risk group had poorer outcomes (P<0.0001,
Figure 5B,5C). Time-dependent ROC and C-index analyses
were then used to assess the model’s prediction performance.
In the E-MTAB-8248 dataset, the AUCs for 1-, 3-, and
5-year overall survival predictions for the risk scores were
0.711, 0.815, and 0.812, respectively (Figure 5D). External
validation provided further confirmation of the predictive
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Figure 3 Immunity analysis in 2 clusters. Distributions of the immune score (A), stromal score (B), and estimate score (C) in the two

clusters are shown in box plots. Scores were calculated by the ESTIMATE algorithm. (D) Box plots of immune cell score distribution in
the 2 clusters. Scores were calculated by the MCP-Count algorithm. Box plots of the interleukin (E) and interleukin receptor (F) signature
score distribution in the 2 clusters. Significantly different immune cells are highlighted in pink. *, P<0.05; **, P<0.01; ***, P<0.001; ns, not

significant, two-sided unpaired Wilcoxon test. MCP-Count, microenvironment cell populations-counter.

ability of the 6-gene signature.

Clinical-pathology and tumor immunity of the 6-gene
signature

Associations between the 6-gene signature and the clinical
characteristics of NB, including INSS stage, MYCN status,
tumor progression, and lactate dehydrogenase (LDH)
and neurotrophic tyrosine receptor kinase (NTRK)
expression, were analyzed in the GSE49710 dataset. In
terms of the INSS stage, patients with stages 1 and 2 had
lower risk scores than those with stages 3 and 4. From
stage 1 to 4, the risk score increased gradually (Figure 64).
MYCN amplification and progression were more likely

© Translational Pediatrics. All rights reserved.

to occur in patients with high-risk scores (Figure 6B,6C).
Furthermore, patients with high-risk scores tended to
have high expression of LDH and low expression of
NTRK, which correlated with a poor prognosis of NB
(Figure 6D-6F). Based on the ESTIMATE algorithm,
we analyzed stromal and immune cell infiltration for
differences in tumor immunity. The low-risk group showed
significantly higher immune scores, stromal scores, and
ESTIMATE scores compared with the high-risk group,
indicating increased immune-cell and stromal infiltration
(Figure 6G-61). The MCP-Count algorithm was used to
quantify tumor-infiltrating immune cells, and in the low-
risk group, antitumor immune cells, including cytotoxic
lymphocytes and natural killer cells, were more highly
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infiltrated (Figure 67).

Evaluation of prognostic factors in NB and nomogram
construction

Univariate and multivariate Cox regression analyses were
performed to identify independent prognostic factors
in a cohort of 493 patients from the GSE49710 dataset

© Translational Pediatrics. All rights reserved.

with complete clinical information, including age, sex,
MYCN status, and INSS stage. Univariate Cox analysis
showed that risk score (P=6.7e-12), age (P=6.7¢-13), INSS
stage (P=2.8e-13), and MYCN status (P=2.2e-16) were
significantly correlated with overall survival (Figure 7A4).
After testing the proportional hazards assumption, the risk
score and INSS stage were included in the construction
of a nomogram to predict outcomes for 1 year, 3 years,
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and 5 years (Figure 7B). Patients were classified into 3
groups based on the points of the nomogram. A Kaplan-
Meier plot effectively distinguished samples of different
risk groups, with the low-risk group having a significantly
better outcome (P<0.0001, Figure 7C,7D). The AUCs of
the 1-, 3-, and 5-year overall survival predictions for the
nomogram model were 0.866, 0.849, and 0.840, respectively

(Figure 7E). Similar conclusions were obtained from analysis
of the external dataset (E-MTAB-8248) (Figure S2A,S2B).
The C-index of the nomogram model was 0.859 (95% CI:
0.832-0.886). Additionally, the 1-, 3-, and 5-year calibration
plots demonstrated that the nomogram could accurately
predict the outcome of NB (Figure 7F).

To further clarify the role of CDKN24 and BMP7, 24
samples of NB tissues were gathered from patients who had
received curative surgery between 2015 and 2020 at Tianjin
Medical University Cancer Institute and Hospital. This
cohort of NB patients was enrolled and divided into early
(<2 years) and late (>2 years) recurrence groups. We first
analyzed the mRNA expression of CDKN2A4 and BMP7 in
human NB samples, with the results showing conspicuously
higher CDKN2A and BMP7 expression in tumor tissues
of the late recurrence group (Figure S3A). The CDKN2A
protein level was also remarkably upregulated in NB tissues
of the late recurrence group (Figure S3B). Although not
all of the molecules in the 6-gene signature and nomogram
model have been confirmed, we will further optimize this
model in future clinical work in order to improve the
prognosis of patients to the greatest extent.

Discussion

NB causes significant tumor-associated mortality worldwide.
Due to its heterogeneity, not all patients respond to
targeted therapies, and subtherapeutic immunotherapy
and drug resistance are common. Although there are
methods now available to predict NB prognosis such as
INSS, histologic category, and DNA ploidy, there is still
a lack of effectively accurate method to prevent or predict
recurrence. Therefore, the development of a more precise
and satisfactorily predictive model for treatment evaluation
as well as overall survival of NB is urgently needed.

Tumor dormancy is a reversible state of cellular
quiescence with a duration ranging from months
to prolonged periods of time when tumors remain
undetectable before becoming an overtly progressive
disease. Tumor dormancy has been found to be implicated

© Translational Pediatrics. All rights reserved.

457

in therapy resistance, relapse, and metastasis in multiple
tumors and is one of the deadliest features of cancer (9).
In a study of NB, researchers have verified that dormancy
is responsible for therapeutic resistance to most current
antitumor agents and is associated with metastasis,
recurrence, and increased morbidity (18). Thus, it is of great
significance to specifically analyze and determine which
dormancy genes play an important role in the development
and prognosis of NB. Since no single marker can represent
the effect of dormancy, and a single gene can be modulated
by various factors that cause an inaccurate predictive effect,
a gene signature comprising various genes is recommended.
Based on dormancy-associated gene signatures, the
combination of multiple genes could increase the safety
of posttreatment active surveillance and more accurately
reflect the prognosis of NB. Nomograms integrate multiple
key factors to evaluate prognosis, including molecular
biology and clinicopathological parameters. They have
considerable clinical significance in research and are widely
used in oncology.

In this study, we downloaded NB gene expression
data and clinical information from the Gene Expression
Omnibus and ArrayExpress databases. Based on consensus
clustering of the expression data of dormancy-associated
genes, the NB samples were divided into different groups,
and DEGs were explored between groups. Functional
analyses of DEGs were performed, followed by the
assessment of tumor immunity and the establishment of
a predictive dormancy signature for NB patients. Cox
regression analysis was then performed to identify and
optimize the combination of 6 dormancy-associated
genes (CDKN2A4, also known as pl6; BHLHB3, known as
DEC2; CDKN2B, known as pl5; MAPKI4, known as p3§;
CDKNIB, known as p27; and BMP7) with prognostic value
for NB rather than a single gene. Finally, gender, age, INSS
stage, and MYCN status were identified as independent
overall survival-related variables and incorporated into
the nomogram. According to our findings, the nomogram
is a reliable tool for NB clinical diagnosis and therapy
evaluation. These results indicated that the 6-gene signature
had a powerful capacity to predict NB prognosis, which had
certain guiding significance in decision-making for clinical
treatment.

Among the 6 genes, BMP7 has been found to influence
many human solid carcinomas, including colorectal,
ovarian, breast, prostate, and cervical cancers, and can
predict disease aggression and poor prognosis. Bone
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morphogenetic proteins (BMPs) are reported to be essential
for development and differentiation of the nervous system
and regulating cytoskeletal remodeling during neuronal
morphogenesis (19). Despite the limited report, BMP7 may
indirectly promote the cell proliferation and viability (20).
Particularly for prostate cancer, higher expression level
of BMP7 is significantly correlated with chemotherapy-
resistance, recurrent metastatic disease, and stemness, which
are hallmarks of dormant cancer cells (21). Kobayashi et a/.
systematically showed that BMP7 could induce dormancy
in prostate cancer stem-like cells by activating MAPKI4
and increasing expression levels of the cell cycle inhibitor
p21 and the metastasis suppressor gene NDRGI (N-myc
downstream-regulated gene 1), indicating the influence
of the BMP7-MAPKI4-NDRGI axis on dormancy and
recurrence in prostate cancer (22).

BHLHBS3, transcriptional repressor of E-box activity,
is expressed in various embryonic and adult tissues and
functions as a tumor suppressor, however, the role of
BHLHB3 in NB progression remain unclear. Mechanistically,
a potential role of BHLHB3 in regulating cell proliferation
and apoptosis has been proposed. Recent evidence has shown
that in breast cancer and salivary adenoid cystic carcinoma,
BHLHBS3 participated in limiting tumor growth, maintaining
cell population arrested in G0/G1 phase, and induced
tumor dormancy, which promotes tumor development and
relapse (23,24).

As a potential regulatory target, activation of MAPK14
has many important physiological functions, for instance, it
may provide a dual regulation of cell survival maintenance
and apoptosis promotion in NB (25,26). Published evidence
has shown that depending on the stimulating signal,
increased MAPKI4 activity could block cell proliferation
by inhibiting activation of ERK in culture, which induces
GO0/G1 arrest or triggers senescence or apoptosis (27,28).
Additional studies have demonstrated that a decreased ratio
of ERK/p38 may induce disseminated tumor cells to enter a
state of prolonged dormancy and that the ERK/p38 activity
balance serves as a valid general predictor of dormancy
in vivo (27,29). Simply put, ERK activity is negatively
regulated by p38, and a high ERK/p38 ratio favors tumor
cell proliferation, while a lower p38/ERK ratio prompts
tumor dormancy. Moreover, the p38/ERK ratio can also
be regulated by urokinase plasminogen activator receptor
(uPAR) or fibronectin, which in turn influences tumor cell
proliferation or dormancy in head and neck carcinoma (30).

Cell cycle regulators play critical roles in the equilibrium
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between cell dormancy and proliferation. The levels of
cell cycle progression genes in quiescent cells are often
discussed. Oncogene inactivation can prevent self-renewal
of cancer cells and cause a conversion of tumor cell
proliferation to reversible dormancy through induction of
the expression of cell cycle arrest proteins (31). The INK4
family (e.g, p15, p16) and the Cip/Kip family (e.g, p27) of
CDK inhibitors have been reported to be critical for cell
proliferation and quiescence maintenance. The role of
them in NB development functions differently. In some
studies, upregulation of proliferative activity in NB cells
was found to be accompanied by a decrease of cell cycle
inhibitors (p15 and p27) while elevated levels of p27 may
play a key role in RA induced growth arrest and neuronal
differentiation of NB cells. Furthermore, abnormal
expression of the pI16 was associated with a poor prognosis
in NB (32,33). As described previously, the CDK inhibitor
CDKNIB is often highly expressed in quiescent cells,
while the expression of proliferation marker MKI67 is low.
Moreover, CDKN1B and Mki67 expression levels change
inversely and progressively as cells exit and re-enter the
cell cycle. Therefore, the combination of high CDKNI1B
and low MKI67 could serve as a marker of quiescent cancer
cells (34). Zou et al. reported that CDKNIB had broad
antiproliferative effects on a variety of tumor cell types,
and that CDKNIB was a key intracellular mechanism in
controlling hematopoietic stem cell dormancy (35). Van
Delft found that in B-cell precursor childhood acute
lymphoblastic leukemia, deletions of CDKN2A/B increased
from 38% at presentation to 76% in relapse, further
suggesting that cell-cycle deregulation contributed to
extended periods of dormancy and emergence of relapse.
Due to tumor dormancy, most high-risk NBs present
with widespread metastatic disease at diagnosis and
either do not respond to conventional therapies initially
or ultimately relapse after treatment. But each of these
individual gene mentioned above can be modulated by
various factors, a gene signature comprising various genes
is recommended. In this study, a dormancy-associated
gene signature, including CDKN2A4, BHLHB3, CDKN2B,
MAPKI14, CDKN1B, and BMP7, was established. The gene
signature showed a strong capacity to predict NB patient
prognosis and had certain guiding significance in decision-
making for clinical treatment. Through the nomogram,
physicians might predict the overall survival more accurately
and offer a reasonable personalized therapy for improving
the survival of NB patients. Upon further clinical validation,
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patients classified as high-risk could receive more attention
and intensive treatment, whereas excessive treatment should
be avoided for those classified as low-risk.

Although the present study is the first to incorporate a
dormancy-associated signature for predicting NB survival,
it had some limitations. First, detailed clinicopathological
information downloaded from the GSE database, such
as operation extent and chemoradiation, were limited
and incomplete and not included in the nomogram.
Second, some of the molecules in the 6-gene signature
and nomogram model have been confirmed. For example,
higher expression of CDKN2A and BMP7 was found in
tumor tissues of the late recurrence group in line with
previous studies (22,32,33). However, more confirmatory
and prospective studies are necessary for further validation
of the prediction nomogram.

Conclusions

Nomogram prognostic models that predict NB prognosis
in children may facilitate better treatment decisions and
assessments. The results of our present study suggested a
6-gene genetic signature based on dormancy could predict
the prognosis of neuroblastoma patients and their response
to immunotherapy.
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Figure 1 Enrichment analysis of DEGs between clusters. (A) Volcano plot of the DEGs between 2 clusters (cluster 1 versus cluster 2). The
CHDS gene is labeled. GO enrichment (B) and GSEA enrichment (C) results of the DEGs.
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Table S1 Clinical information of samples in the GSE49710 dataset A

Characteristic Overall = high-score = low-score - medium-score
N 498 1.00 e Mmoo +
Age (days), mean + SD 758+1,031 §>
2 075
Age group, n (%) 9
= 050
<18 months 300 (60.2) g '
>
=3
>18 months 198 (39.8) @ 0.25 b < 0.0001
Status, n (%)
0.00
Live 393 (78.9) 0 1800 3600 5400 7200
Death 105 (21.1) Number at risk
high-score{ 7 3 5 3
Overall survival (days), mean + SD 2,185.42+1,370.89 medungggg;gi ?% 33 1 3 §
0 1800 3600 5400 7200
INSS stage, n (%) Time(day)
1 121 (24.3) B
2 78 (15.7) Time dependent ROC
o
3 63 (12.7) 24 —
4 183 (36.7) % i
43 53 (10.6) 2 o |
s
MYCN status, n (%) 8
(] -
Non-amplification 401 (80.5) =
o | - AUC of 1-Year = 0.805
Amplification 92 (18.5) e - AUC of 3-Year = 0.857
o - AUC of 5-Year = 0.858
No data 5(1.0) S 1 : : : : :
s % 0.0 0.2 0.4 0.6 0.8 1.0
ex, n (%) False positive rate
Female 211 (42.4)
Male 287 (57.6) Figure S2 (A) Kaplan-Meier overall survival curves of the

nomogram. Patients from the E-MTAB-8248 dataset were
stratified into 3 groups according to the nomogram score. The P
value was calculated by the log-rank test. (B) ROC curves for 1-, 3-,

Table S2 D - iated ith significantly different . . .
e ormancy-associated genes with sigmiicantly diieren and S-year overall survival predictions for the nomogram model in

survival the E-MTAB-8248 dataset.
Gene Log-rank P value

BHLHB3 1.78E-10

CDKN1B 3.84E-06

BMP7 5.05E-06

CDKN2A 0.000566

DYRK1B 0.000715

MAPK14 0.000737

CDKN2B 0.00207
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Figure S3 Verification of mRNA and protein expression of CDKN2A and/or BMP7 in human NB samples through RT-PCR and Western
blotting. *, P<0.05; **, P<0.01; ns, not significant. One case of early recurrence and one case of late recurrence were randomly assigned in

each group.
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