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Abstract

Neuroblastoma is a predominantly pediatric cancer, arising from the primordial neural 
crest cells that form the sympathetic nervous system. The prognosis for patients with 
neuroblastoma can vary from uniform survival in low risk patients to fatality in patients 
with high risk disease. This chapter gives a brief overview of the epidemiology, genetics, 
clinical presentation, diagnosis, and discussion of the various staging systems and risk 
classifications of neuroblastoma. We also briefly describe our understanding of the con-
ventional and novel treatment modalities available and their effects on the current prog-
nosis of patients with neuroblastoma. The purpose of this chapter is to serve as a brief 
overview of the clinical aspects of neuroblastoma, to serve as a foundation of knowledge 
for scientists aspiring to develop new therapeutic modalities for this dreadful pediatric 
disease.

Keywords: neuroblastoma, epidemiology, clinical presentation, diagnosis, clinical 
staging and risk stratification, prognosis, current treatment modalities, novel and 
targeted therapy

1. Introduction

Neuroblastoma is a neoplasm arising from the primordial neural crest cells that form the sym-
pathetic nervous system. It is a cancer predominantly seen in pediatric patients. It is the most 
common extracranial malignancy of childhood and the most common solid tumor of infancy 
[1]. It is one of the most enigmatic tumors with extremely heterogeneous clinical behavior that 
ranges from spontaneous regression to metastatic disease refractory to therapy. It accounts for 
about 7% of all childhood malignancies; however 10% of childhood cancer related mortality. 
Treatment approaches have been based on presence or absence of specific clinical or biologic 
factors. Although substantial progress has been made in the treatment and outcomes for low 
and intermediate risk neuroblastoma, success in therapy of high risk neuroblastoma remains 



evasive and complicated. Patients with low and intermediate risk neuroblastoma have an 
overall survival rate exceeding 90% and are now moving toward minimization of therapy [2]. 
However in spite of standard therapy for high risk neuroblastoma patients involving multi-
agent chemotherapy induction, surgery and external beam radiotherapy, myeloablative che-
motherapy with autologous hematopoietic stem cell rescue and biologic agents, only 50% of 
patients with newly diagnosed high risk disease will survive [2].

1.1. Origin and embryology

The neural crest is an embryonic structure formed at the beginning of the 4th week of human 
development. These cells migrate to the trunk to form the sympathetic ganglia and adrenal 
medulla, however little is known about the molecular events governing the formation and 
migration of these cells.

However it is important to note that although Neuroblastoma tumors can have neural crest 
cell traits, they also share properties of extra-adrenal chromaffin cells as reviewed in [3].

1.2. Epidemiology

The incidence of neuroblastoma is 10.5 per million children between 0 and 14 years of age in 
North America and Europe. There is a slight male preponderance of 1.2:1.0 [1]. The median 
age of diagnosis for neuroblastoma in patients is 19 months (ranging from 0 to 4 years). In fact 
one study reported that 16% of infant neuroblastomas were diagnosed during the 1st month 
of life (i.e. neonatal) and 41% during the first 3 months [4]. Less than 5% of neuroblastomas 
are diagnosed at 10 years of age or older [5]. Although there are no significant geographic 
variations in the incidence, African American and Native American patients are more likely to 
have high risk disease features and poor outcomes due to genetic differences [6].

1.3. Genetics

Genetics form a major part of risk stratification, targeted treatment and prognosis markers 
for neuroblastoma. Although MYCN amplification was found as early as in 1983, the find-
ing of further genes involved in oncogenesis took much longer [7]. However, over the past 
decade this has changed significantly, due to the advances made in exome and whole-genome 
sequencing [7]. In addition to MYCN, two other oncogenes, ALK [8] and LIN28B [9] were also 
found to be amplified, although in much lower frequency.

1.4. Oncodriver genes in neuroblastoma

1.4.1. MYCN

Karyotyping on neuroblastoma was frequently found to reveal gene amplifications. The MYC 
related oncogene MYCN (2p24) was originally identified by Schwab and colleagues [10, 11] as 
a target of this amplification event. It was later found that amplification of MYCN is associated 
with advanced stages of disease, unfavorable biologic features and poor prognosis [12, 13].
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It was also found to be independently associated with poor outcome in otherwise favorable 
patient groups [14, 15]. At present, the MYCN gene status is determined routinely at diagnosis 
for therapy planning. Fluorescent in situ hybridization is the preferred technique for detec-
tion of MYCN amplification. Most groups define amplification as >4 times the number of 
MYCN copies as compared to a control probe. In most tumors with MYCN amplification, the 
copy number is often as high as 50–400 copies/cell. MYCN amplification has been found to be 
a mutation present at diagnosis and not one that is acquired with tumor progression. MYCN 
is a member of the proto-oncogene family and is responsible for expression of approximately 
15% of all human genes. Hence overexpression causes a significant impact on cell behaviors.

1.4.2. ALK

The developing nervous system has been found to express a cell surface receptor tyrosine 
kinase controlled by the ALK (Anaplastic Lymphoma Kinase) gene [16]. Germline ALK muta-
tions are the major cause of hereditary neuroblastoma as described below, however somati-
cally acquired ALK-activating mutations are also found as oncogenic drivers in 8–10% of 
sporadic neuroblastoma [16]. In combination with tumors that also exhibit MYCN amplifi-
cation, 10–14% of neuroblastoma tumors have an ALK alteration that may serve as a novel 
therapeutic target. Crizotinib (one of the first ALK inhibitors) is currently being tested in neu-
roblastoma [17].

1.5. Hereditary predisposition to neuroblastoma and associated syndromes

The incidence of familial neuroblastoma is estimated to be 1–2% [1]. It is very unusual for an 
individual neuroblastoma patient to have a family history positive for neuroblastoma [18]. 
Analysis of rare family pedigree charts, are strongly supportive of an autosomal dominant 
inheritance with incomplete penetrance [8, 19]. Familial disease has the same diverse clini-
cal behavior as sporadic neuroblastoma, ranging from aggressive progression to spontane-
ous regression. Genetic cases most often are seen to have multifocal and/or bilateral adrenal 
primary tumors. The median age of onset for familial neuroblastoma is at around 9 months 
of age. Familial neuroblastoma patients differ from their sporadic counterparts in that they 
are diagnosed at an earlier age and/or with multiple primary tumors and are associated with 
other cancer predisposition syndromes [20–22].

Missense, nonsense and polyalanine repeat expansion mutations in PHOX2B were collectively 
found to be responsible for approximately 5% of hereditary neuroblastomas [23]. PHOX2B is 
a homeobox gene and is a key regulator of normal autonomic nervous system development 
and inactivating mutations of this gene account for this rare field defect of sympathoadrenal 
tissues.

Detailed studies involving familial pedigrees identified germ line mutations in the tyrosine 
kinase domain of the Anaplastic Lymphoma Kinase (ALK) oncogene [24]. Sporadic neuro-
blastoma tumors also can harbor ALK abnormalities in about 8–12% cases. Hence, collec-
tively, gain of function mutations in ALK or inactivating mutations of PHOX2B account for 
80–85% of hereditary neuroblastomas. Therefore genetic testing for mutations in these two 
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genes should be strongly considered in a patient who has a family history of neuroblastoma 
or has evidence of multiple primary tumors like bilateral adrenal tumors. If these mutations 
are found, these patients should be followed by appropriate genetic counseling and should 
be closely monitored as per cancer surveillance protocols. However there are still 15–20% of 
hereditary neuroblastoma cases still unaccounted for by these mutations, making it likely that 
one or more additional predisposition genes perhaps remain to be discovered.

From literature and multiple case reviews and review of family pedigree charts, it is now 
known that neuroblastoma can occur in other neural crest disorders (like Hirschsprung dis-
ease, Central Hypoventilation Syndrome and Neurofibromatosis NF1) [20]. These conditions 
have been given the collective term Neurocristopathy syndromes and can have difference 
therapeutic implications.

In addition to the Neurocristopathy syndromes, NB cases are also seen in other familial cancer 
syndromes like Beckwith-Weidemann syndrome (art2ref38), Noonan syndrome, Li-Fraumeni 
syndrome [25, 26], Fanconi anemia and other chromosomal breakage syndromes [21, 27].

2. Clinical presentation

Clinical presentation in patients with neuroblastoma varies based on the primary tumor loca-
tions which may occur anywhere along the sympathetic chain and on the extent of disease. 
The clinical presentation can be varied and is a combination of symptoms from the primary 
tumor and metastatic disease.

2.1. Localized disease

Most of the primary tumors arise in the abdomen (75%) of which a vast majority of them 
involve the adrenal gland. Frequency of adrenal tumors in older children is higher (40%) com-
pared to infants (25%), infants tend to have more cervical and thoracic tumors [18].

Patients with primary adrenal tumors may have a varying range of symptoms from being 
asymptomatic or can be associated with hypertension, abdominal pain, distension and con-
stipation. Sudden hemorrhage into the tumor may cause sudden severe abdominal pain due 
to stretching of the tumor capsule. If primary tumors arise from the organ of Zuckerkandl, 
bladder and bowel symptoms may also be seen due to direct compression.

Primary thoracic tumors may be discovered as incidental findings or can be asymptomatic. 
Higher thoracic and cervical masses can also lead to Horner’s syndrome (associated with 
unilateral ptosis, miosis and anhidrosis), superior vena cava syndrome or respiratory distress 
due to pressure on surrounding structures.

Paraspinal tumors can also have epidural or intradural extension and can cause symptoms 
from compression of nerve roots and spinal cord. These symptoms can include paraplegia, 
bladder or bowel dysfunction or radicular nerve pain. Spinal cord compression can become a 
medical emergency in some patients with neuroblastoma (Table 1).
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2.2. Metastatic disease

Approximately half of the patients present with metastasis. Metastasis can be lymphatic or 
hematogenous. Distant metastatic sites include cortex of bones, bone marrow, liver and non-
contiguous lymph nodes. Neuroblastoma usually spreads to metaphyseal, skull and orbital 
bones. This can hence lead to symptoms of periorbital ecchymosis (raccoon eyes), proptosis 
and visual impairment. Children with metastatic tumors can be quite ill appearing at pre-
sentation as opposed to the relative benign nature of presentation of children with localized 
disease and can have fever, generalized body pain (due to bony metastases), weight loss and 
irritability. Other sites of distant metastasis can be in the lungs or intracranial. Clinical syn-
dromes or paraneoplastic syndromes known to be associated with the presentation of neuro-
blastoma are summarized in Table 2.

2.3. Stage 4S neuroblastoma

The strikingly different phenotype of neuroblastoma is called 4S (S: special). It is a unique 
presentation of neuroblastoma seen in infants. This is seen to occur in about 5% cases of neu-
roblastoma [18]. These infants usually have small localized primary tumors; however have 
diffuse metastatic involvement at presentation. Metastatic sites can include diffuse involve-
ment of liver, hepatomegaly, sometimes significant enough to cause respiratory compromise, 
diffuse subcutaneous nodules due to metastasis to skin, metastases to the bone marrow.

2.4. Paraneoplastic syndromes

There are two well described, but rare paraneoplastic syndromes associated with neuro-
blastoma, secretory diarrhea (due to production of vasoactive intestinal peptide from the 
tumor) and opsoclonus myoclonus ataxia syndrome (OMS). OMS consists of opsoclonus 

Location of tumor or area of metastatic 
involvement

Signs and symptoms

Abdomen/pelvis Distension, constipation, urinary retention, pain, hypertension (due to 
renal vein compression)

Thorax Respiratory distress, superior vena cava syndrome, Horner’s syndrome

Neck Swelling

Presacral/paraspinal tumors Urinary retention, paraplegia/paresis, clonus

Metastases Bone pain, irritability, cytopenias (anemia causing pallor, petechiae), 
periorbital ecchymoses, weight loss, fever

4S/4M metastases Hepatomegaly, hyperbilirubinemia, coagulopathy, bluish skin nodules, 
respiratory distress due to abdominal distension

Paraneoplastic syndromes VIP secreting tumors: intractable diarrhea  
OMS: myoclonic jerking and random eye movements

Table 1. Neuroblastoma symptomatology.
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(conjugate, multidirectional, chaotic eye movements), myoclonus (non-epileptic limb jerk-
ing) and ataxia (loss of balance). Between 1 and 3% of patients with neuroblastoma can 
have OMS [28, 29]. In most patients, the syndrome itself leads to the diagnosis of neuroblas-
toma; however it may rarely occur after tumor resection or even at relapse. In at least half of 
the children affected, OMS is associated with underlying occult or clinically apparent neur 
oblastoma. Hence, a thorough diagnostic evaluation for neuroblastoma at presentation is 
necessary in all patients with OMS, after exclusion of central nervous system pathology. A 
few previously reported series [28, 30, 31] show that 90% of patients presenting with OMS 
were without metastases at diagnosis, compared to 40–50% with metastases in non-OMS 
patients. OMS is thought to be due to an antineural antibody that cross-reacts with the anti-
gen on both neuroblastoma and the normal nervous system tissue. Tumor biology, includ-
ing MYCN copy number and Shimada histopathologic classification are usually favorable in 
OMS patients, which correlates with the excellent survival rate found in patients with OMS 
and neuroblastoma [28].

Treatment has been documented with various agents including glucocorticoids, adre-
nocorticotrophic hormone and intravenous immunoglobulin [29]. However almost 80% 
of patients will experience relapse of symptoms with weaning of treatment measures or 
with a viral syndrome. OMS can also be associated with long term chronic neurological 
complications.

Treatment resistant secretory diarrhea is seen in approximately 4% of patients with neuro-
blastoma and thought to be due to overproduction of vasoactive intestinal peptide (VIP) by 
maturing neuroblastoma cells [32, 33]. It is associated with chronic watery diarrhea and fail-
ure to thrive. It usually resolves after surgical removal of the primary tumor.

Eponym Features associated with syndrome

Pepper syndrome Involvement of the liver with metastatic disease with or without respiratory distress

Horner syndrome Unilateral ptosis, myosis, and anhydrosis associated with a thoracic or cervical 
primary tumor. Symptoms tend to persist following tumor resection

Hutchinson syndrome Limping and irritability in young child seen with bone and bone marrow metastases

Opsoclonus mycoclonus 
ataxia syndrome

Random eye movement and myoclonic jerking in the presence or absence of 
cerebellar ataxia. Usually associated with a biologically favorable and differentiated 
tumor. The condition is thought to be immune mediated. It may not resolve with 
tumor removal, and exhibits progressive neuropsychological sequelae

Kerner-Morrison syndrome Intractable secretory diarrhea due to tumor secretion of vasointestinal peptides

Neurocristopathy syndrome Neuroblastoma associated with other neural crest disorders, including congenital 
hypoventilation syndrome or Hirshprung disease. Germline mutations in the paired 
homeobox gene PHOX2B have been identified in a subset of such patients

Adapted from Ref. [57]. For references, please refer to text.

Table 2. Syndromes associated with neuroblastoma.
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3. Diagnosis

3.1. Diagnostic criteria

Diagnosis of neuroblastoma is most commonly established from histopathologic evaluation 
of the primary tumor tissue. Most cases can be differentiated based on hematoxylin and eosin 
staining especially if features of neuronal differentiation are present. In case of minimal differ-
entiation, immunohistochemical staining for neuron-specific enolase, chromogranin A and/or 
synaptophysin are used.

Diagnosis of neuroblastoma can also be established by a combination of tumor cells detected 
in the bone marrow and elevated catecholamines or their metabolites [vanillylmandelic 
acid (VMA), homovanillic acid (HVA) and dopamine]. Urinary VMA and HVA should both 
be measured for diagnostic purposes and for undifferentiated tumors dopamine may be 
measured.

3.2. Clinical disease assessment

Clinical evaluation of disease includes cross-sectional imaging of the primary tumor by mag-
netic resonance imaging (MRI) or computed tomography (CT). This imaging determines the 
size of the primary tumor, regional extent of the disease, distant metastatic spread to neck, 
chest, abdomen and pelvis. Bilateral bone marrow biopsies are required to assess for presence 
of tumor cells in the bone marrow. Radioiodine labeled metaiodobenzylguanidine (MIBG) 
is a nonrepinephrine analog that selectively concentrates in sympathetic nervous tissues. It 
can be used to detect primary tumor as well as detect occult soft tissue disease in addition to 
osteomedullary disease [34]. In the scenario that MIBG is unavailable, technetium bone scan 
can also be used to detect bony metastases (however is not as sensitive or specific as MIBG). 
Bone scan or FDG-PET scan are used to assess metastatic disease in patients whose tumors 
are not MIBG avid.

4. Staging and risk stratification

4.1. Staging

Until recently, the criteria for staging at diagnosis were based on the International 
Neuroblastoma Staging System (INSS) as shown in Table 3 [35]. INSS stages 1–3 have local-
ized tumors classified based on the amount of resection, invasion and nodal involvement. 
Stage 4 is defined as distant metastases; 4S is characterized by metastases to the liver, skin, 
and/or marrow in infants and is usually associated with favorable biological features and can 
undergo spontaneous regression.

In 2009, the International Neuroblastoma Risk Group’s (INRG) stratification system was 
developed by a major consortium of North America, Europe, Japan, and Australia. The INRG 
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staging system is based on imaging criteria and the extent of locoregional disease is deter-
mined by the presence or absence of image-defined risk factors. And the extent of locoregional 
disease is determined by the presence or absence of image-defined risk factors [36] as shown 
in Table 4.

4.2. Risk stratification

Neuroblastoma is classified into low risk, intermediate risk, and high risk based on multiple 
factors including clinical and biological factors that have been shown to predict prognosis and 
the risk of recurrence. These factors include age, stage, histology, DNA index, and MYCN 
amplification (MYCNA) and are used to assign treatment groups by the Children’s Oncology 
Group [1]. The INRG developed classification system defines similar cohorts using the INRG 
database of 8800 patients treated between 1990 and 2002. This now helps facilitate compari-
sons across international clinical trials (Table 5) [37].

4.2.1. Prognostic variables of neuroblastoma

Multiple variables are used for risk prediction and as prognostic markers of neuroblastoma. The 
most commonly used prognostic markers used in all cooperative groups are discussed here.

Stage: Stage of the disease using the INSS system has been correlated with patient outcome 
and used by all cooperative groups to risk stratify. Most patients with INSS stage 1 are cured by 
surgery alone, and most patients with stage 4 require highly intensive, multimodality therapy. 

Stage Description of disease and extension

1 Localized tumor with complete gross excision, with or without microscopic residual disease representative 
ipsilateral lymph nodes negative for tumor microscopically (nodes attached to and removed with the 
primary tumor may be positive)

2A Localized tumor with incomplete gross resection; representative ipsilateral nonadherent lymph nodes 
negative for tumor microscopically

2B Localized tumor with or without complete gross excision, with ipsilateral nonadherent lymph nodes 
positive for tumor; enlarged contralateral lymph nodes must be negative microscopically

3 Unresectable unilateral tumor infiltrating across the midline*, with or without regional lymph node 
involvement; or localized unilateral tumor with contralateral regional lymph node involvement; or midline 
tumor with bilateral extension by infiltration (unresectable) or by lymph node involvement

4 Any primary tumor with dissemination to distant lymph nodes, bone, bone marrow, liver, skin, and/or 
other organs (except as defined for stage 4S)

4S Localized primary tumor (as defined for stage 1, 2A or 2B) with dissemination limited to skin, liver, and/or 
bone marrow# (limited to infants <1 year of age)

*The midline is the vertebral column. Tumors originating on one side and crossing the midline must infiltrate to or 
beyond the opposite side of the vertebral column.
#Marrow involvement in 4S should be minimal (<10% of total nucleated cells identified as malignant on bone marrow 
aspirate or biopsy). More extensive marrow involvement is stage 4.
Data adapted from Ref. [58].

Table 3. International Neuroblastoma Risk Group Staging System (INSS).
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For the stages in between, therapy is based on other biologic factors. As the genetic and biologic 
characteristics of neuroblastoma are better defined, we will likely rely more on them and less 
on the disease stage or histology.

Stage Description

L1 Localized tumor not involving vital structures as defined by the list of image-defined risk factors and 
confined to one body compartment

L2 Locoregional tumor with presence of one or more IDRFs

M Distant metastatic disease (except stage MS)

MS Metastatic disease in children younger than 18 mo. with metastases confined to skin, liver, and/or bone 
marrow

Data adapted from Ref. [59].

Table 5. International risk group staging system (INRGSS).

Ipsilateral tumor extension within two body compartments

Neck-chest, chest-abdomen, abdomen-pelvis

Neck

Encases carotid and/or vertebral artery and/or internal jugular vein; extends to skull base; compresses trachea

Cervicothoracic junction

Encases brachial plexus roots or subclavian vessels and/or vertebral or carotid artery; compresses trachea

Thorax

Encases the aorta and/or major branches; compresses trachea and/or principal bronchi; lower mediastinal tumor 
infiltrating costovertebral junction between T9 and 12

Thoracoabdominal

Encases the aorta and/or vena cava

Abdomen/pelvis

Infiltrates the porta hepatis and/or the hepatoduodenal ligament; encases branches of the superior mesenteric artery 
at the mesenteric root or origin of celiac axis and/or superior mesenteric artery; invades one or both renal pedicles; 
encases aorta and/or vena cava or iliac vessels, crossing sciatic notch

Intraspinal tumor extension whatever the location provided that

More than one-third of the spinal canal in the axial plane invaded and/or the perimedullary leptomeningeal spaces 
not visible and/or the spinal cord signal abnormal

Infiltration of adjacent organs/structures

Pericardium, diaphragm, kidney, liver, duodeno-pancreatic block, and mesentery 
IDRFs are used to determine the ability to completely resect locoregional tumors at diagnosis based on surgical risk 
factors that can be defined by IDRFs detected on cross-sectional imaging with CT and/or MRI

Data adapted from Ref. [59].

Table 4. Image defined risk factors.
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Age: Age was one of the first and most important prognostic factors identified. Patients 
younger than 18 months of age have a much better prognosis compared to the older patients 
[38, 39], especially for patients between 12 and 18 months of age with biologically favorable 
disease. Older children, adolescents and young adults have a more indolent course and far 
worse outcomes [40].

Pathology: Shimada proposed a histology-based classification of tumors into “favorable” and 
“unfavorable” by combining age with extent of tumor differentiation, Schwannian compo-
nents in tumor and degree of mitosis [1].

Biologic factors: Current risk stratification for neuroblastoma includes MYCN copies by fluo-
rescent in situ hybridization, DNA ploidy by flow cytometry and tumor histology. MYCNA 
(MYCN amplification) is defined as greater than 10 copies and is detected in almost 20% of 
neuroblastoma tumors with a higher incidence in INSS stages 3 and 4, but only 5% of stages 

INRG 
stage

Age 
(months)

Histology Grade of tumor 
differentiation

MYCN 11q 
aberration

Ploidy Pretreatment risk 
group

L1/L2 GN maturing, 
GNB intermixed

Very low

L1 Any, except GN 
maturing or

GNB intermixed

Very low
High

L2 <18 M

>=18M

Any, except GN 
maturing or

GNB intermixed

GNB nodular 
neuroblastoma

Differentiating

Poorly differentiated 
or undifferentiated

NA

NA

NA
Amplified

No

Yes

No
Yes

Low

Intermediate

Low
Intermediate

Intermediate 
high

M <18

<12

12–<18

<18

>=18

NA

NA

NA
Amplified

HD

D

D

Low

Intermediate

Intermediate

High

High

MS <18 NA No

Yes

Very low

High

High

Classification schema is based on analysis of 8800 patients in the INRG database (1990–2002). Risk groups are very low 
risk (5-year event-free survival [EFS] >85%); low risk (5-year EFS >75–85%); IR (5-year EFS 50–75%); HR (5-year EFS 
<50%).
Abbreviations: GN: ganglioneuroma; GNB: ganglioneuroblastoma; INRG: International Neuroblastoma Risk Group; 
NA: not amplified; HD: hyperdiploid; D: diploid.
Adapted from Ref. [60].

Table 6. International Neuroblastoma Risk Group pretreatment classification scheme.
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1, 2 and 4S [36]. Multiple studies so far have demonstrated that patients with MYCNA have a 
significantly worse outcome [14, 15, 41].

A systematic review from a literature search of prognostic tumor markers in neuroblastoma 
was published, and reported 31 important prognostic factors each reported in five or more 
papers [42]. Meta-analysis of these markers showed that MYCN and DNA ploidy had the 
strongest prognostic impact. Most neuroblastomas have a nuclear DNA content in the diploid 
range. Tumors from patients who have lower stages of disease will often be hyperdiploid 
(DNA index > 1) or near triploid. DNA content is most significant as a prognostic marker in 
infants and patients with localized disease [1]. Other most commonly deleted chromosomal 
regions in neuroblastoma include 1p, 4p, 11q, 14q. Recurrent mutations are not frequent 
in neuroblastoma. Hence the identification of genes and signaling pathways with altered 
expression continue to be discovered and used to add additional value to prognostic factors 
and therapeutic targets involved in neuroblastoma apoptosis, drug resistance, angiogenesis, 
metastasis and inflammation [3, 43].

These factors were then combined to form a pre-treatment Risk Group Stratification as shown 
in Table 6.

5. Conventional treatment of neuroblastoma

The diagnosis and treatment of neuroblastoma is a multidisciplinary approach. Risk stratifi-
cation is the first and most important step of treatment planning. It includes surgical biopsy 
especially to assess tumor genetic and histologic features, most importantly in patients less 
than 18 months with metastatic disease.

5.1. Treatment of low and intermediate risk neuroblastoma

Patients with low- or intermediate-risk neuroblastoma have excellent outcomes, and a series 
of cooperative group trials evaluating reductions in therapy using risk-based treatment 
approaches for these children has led to decreased therapy-related toxicities and improved 
outcomes. Survival rates for patients with INSS stage 1 disease are excellent with surgery 
alone and rare recurrences can be cured easily with salvage chemotherapy [44]. Survival rate 
for these groups with surgery alone is as high as 95%. For patients with INSS stage 1, 2A, 
2B chemotherapy is reserved for patients with localized neuroblastoma with life threatening 
symptoms, or even for patients who experience recurrence or progressive disease.

Stage 4S neuroblastoma without MYCNA, undergo spontaneous regression. Chemotherapy 
or even low dose radiation can be used for large tumors causing symptoms or massive hepa-
tomegaly [45].

Patients with intermediate risk disease which includes patients with INSS stage 3 and infants 
with stage 4/M and favorable biologic features are treated with regimens using surgical resection 
and moderate dose chemotherapy as the backbone. Patients with favorable tumor characteristics 
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including infants with stage 4/M without MYCNA, the survival rates for surgery combined with 
moderate dose chemotherapy is greater than 90% [46].

5.2. Treatment of high risk neuroblastoma

Current treatment strategies for high risk neuroblastoma consist of three phases: induction 
phase, which consists of removal of gross tumor and achieving local control. The second 
phase of consolidation is to treat remaining chemotherapy-exposed cells to achieve lowest 
possible residual disease. Post-consolidation or maintenance phase is finally for treatment of 
the minimal residual disease. A general overview of the current day standard of care treat-
ment strategy is described in Figure 1.

5.2.1. Induction therapy

Standard Children’s Oncology Group (COG) induction regimens include various combina-
tions of alkylators, anthracyclines, topoisomerase I and II inhibitors, platinum compounds 
delivered in 21 day cycles for 5–6 cycles. A successful induction which leads to complete 
remission (CR) or very good partial remission (VGPR) has been shown to correlate with 
improved overall survival. Following five cycles of induction chemotherapy, local control 
of primary tumor site is achieved with a combination of aggressive surgical resection and 
radiation therapy to the surgical bed. Surgery is performed after four to six cycles of induc-
tion chemotherapy to improve resectability and minimize surgery related complications. 
Complete tumor resection appears to correlate with improved local control and also signifi-
cantly improved event-free survival (EFS) [47].

Figure 1. Treatment strategy currently used for patients with high risk neuroblastoma. ch14.18: chimeric 14.18, mAB: 
monoclonal antibody, GMCSF: granulocyte-macrophage colony stimulating factor, IL-2: interleukin-2.
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5.2.2. Consolidation therapy

Several clinical trials performed in North America, Germany and Europe over the past 20 
years has demonstrated improved outcomes following myeloablative therapy with autolo-
gous stem cell rescue. A Cochrane systems meta-analysis review by Yalçin et al. revealed 
that myeloablative chemotherapy has improved EFS [48]. The North American groups have 
traditionally used cyclophosphamide/etoposide/Melphalan for chemotherapy, whereas the 
European group (SIOPEN) data results suggest that patients randomized to the Busulfan/
Melphalan arm had superior outcomes [49]. Another Children’s Oncology Group Study 
ANBL0532 also studied differences in outcomes between patients receiving single vs tandem 
myeloablative transplants (Figure 2) and found that 3-year event-free survival was signifi-
cantly better in the tandem group than in the single group (61.4% vs 48.4%; P = 0.0081). There 
was a nonsignificant trend toward better 3-year overall survival in the tandem group than in 
the single group before immunotherapy (74.0% vs 69.1%; P = 0.1850).

Consolidation therapy also consists of radiation to the primary site, as neuroblastoma is one 
of the most radio-sensitive pediatric tumors. Doses of 2160 cGy (centiGray) in daily 180 cGy 
fractions to the primary sites decreases local recurrence rates [50]. Radiation is also deliv-
ered to MIBG-avid metastatic sites, with a recent report suggesting that non-irradiated lesions 
have a higher risk of involvement at the time of relapse [51].

5.2.3. Post-consolidation biologic and immunotherapies

Following surgery and high dose chemotherapy followed by autologous stem cell rescue, treat-
ment with synthetic retinoid isotretinoin (cis-retinoic acid) showed significantly promising 

Figure 2. Tandem autologous stem cell transplant regimen used for patients with high risk neuroblastoma. ASCT: 
autologous stem cell transplant, ch14.18: chimeric 14.18, mAB: monoclonal antibody, GMCSF: granulocyte-macrophage 
colony stimulating factor, IL-2: interleukin-2.
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results and is hence an established as standard of care [52]. Another randomized control trial 
also demonstrated that the addition of anti-GD2 chimeric monoclonal antibody (mAB) with 
cytokines (granulocyte-macrophage colony stimulating factor and interleukin 2) improved 
survival [53]. Additional studies have also shown the benefit of immunotherapy at diagnosis 
as well as first recurrence of disease. However this regimen has multiple side effects: fever, 
allergic reactions, hypotension, pain, capillary leak syndrome.

In spite of all the therapeutic modalities explained above directed at high risk neuroblastoma, 
even-free survival for these patients is only 40–50%. In the INRG data set, overall survival 
for patients who relapse after treatment for low/intermediate risk disease was 65%, 5 years 
after recurrence, but for patients with high risk/metastatic disease, the 5-year overall survival 
was only 8% after recurrence. There is hence a real need for potential new targeted therapy 
and also alternative therapies to improve chemo-sensitivity in these patients with high risk 
neuroblastoma.

6. Novel therapeutic interventions

Relapse strategies are divided into chemotherapy, immunotherapy, MIBG/radioisotopes and 
targeted therapies. These therapies are mostly being tested in Phase I and II trials in patients 
with recurrent or relapsed neuroblastoma.

6.1. Immunotherapeutic targets

Due to the initial success of passive immunotherapy with anti-GD2 antibody chimeric 14.18 in 
high risk neuroblastoma, there has been a surge in the development of additional immunothera-
peutic modalities. Clinical trials evaluating anti-GD2 therapeutics and chemotherapy (irinote-
can plus temozolomide; COG ANBL1221) or the immunostimulatory molecule lenalidomide 
are under way. Additional pilot studies evaluating monoclonal antibody 1A7 as a surrogate 
GD2 vaccine and active immunization against GD2 and GD3 combined with the immunostimu-
lant beta-glucan in patients with complete or very good partial remission have shown encourag-
ing results. There is also increasing interest in chimeric antigen receptor expressing autologous 
T cells for cellular-based therapy in neuroblastoma [54]. In addition to chimeric T cells, infusions 
of natural killer cells, dendritic cells are also under investigation, especially in patients with 
relapsed disease.

6.2. Targeted radiotherapy

131I-mIBG (131Iodized- metaiodobenzylguanidine) is a beta particle-emitting norepinephrine 
analog which is taken up by cells expressing the norepinephrine transporter. It has been one of 
the earliest and most successful therapies for relapsed neuroblastoma. 131I-mIBG has the prop-
erties of excellent tumor targeting, the potential of delivering high levels of absorbed radiation 
to tumors in soft tissue, bone and bone marrow. It is also rapidly cleared by the kidneys, hence 
making it an ideal therapeutic agent in mIBG-avid neuroblastoma and pheochromocytoma. 
Previously, studied as an agent in patients with relapsed or refractory disease, it is now being 
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incorporated as part of induction therapy in those with mIBG-avid neuroblastoma. After years 
of being studied to establish safety and efficacy, 131I-mIBG therapies is now being studied 
in combination with other chemotherapy agents, radio sensitizers, hyperbaric oxygen, gene 
therapy or ionizing radiation from external beam radiation. A brilliant review of this subject 
is presented in the article by Streby et al. [55]. A recent Children’s Oncology Group Study is 
investigating the effects of administering 131 I-mIBG in combination with induction chemo-
therapy (in patients with mIBG sensitive tumors at diagnosis).

6.3. Molecular guided targeted therapy

Several potential molecular targets and inhibitors are now being tested especially in preclini-
cal and Phase I trials. A small subset of ALK aberrant tumors can be targeted with ALK inhibi-
tors [16]. For patients harboring MYCNA, preclinical studies are suggestive of bromodomain 
and extraterminal domain inhibitors (BET inhibitors) inducing cell death by interfering with 
MYCN transcription [56].

Other agents that target cell cycle, angiogenesis and cell differentiation are also currently 
under investigation and awaiting further preclinical and preliminary clinical studies.

Due to the variety of therapy options that are under study, it appears that most future clinical 
trials will incorporate a salient novel agent in combination with common chemotherapy as 
backbone regimens.
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Abstract

It is widely accepted that neuroblastoma origin from Neural Crest Cells (NCC). NCC is a 
group of embryonic cells located in proximity to neural tube. During the embryonic devel-
opment they migrate to generate the ganglia of sympathetic nervous system and the adre-
nal medulla. More than 50% of neuroblastoma masses are detected in the abdomen but the 
phases of tumorigenesis during the embryonic life are still unknown. Neuroblastoma cells 
show numerous copy number aberrations (CNAs), both numerical and structural. Several 
non-random CNAs are detected in clinical stage 4 and associated with tumor aggres-
siveness. On the contrary, neuroblastoma cells of infants or young patients have several 
numerical CNAs that are associated with a favorable outcome. MYCN oncogene ampli-
fication was one of the first genetic abnormalities observed in neuroblastoma and was 
found correlated to tumor aggressiveness. About 1% of all neuroblastoma show a heredi-
table fashion. Nowadays, the ALK gene has been discovered as predisposition gene for 
neuroblastoma. Moreover, thank to the genome-wide association studies, BARD1, LMO1 
and LIN28 genes have been found linked to neuroblastoma predisposition. The two-step 
and multistep models are not satisfied the genesis of this tumor making the study of neu-
roblastoma tumorigenesis mandatory. Recently, the role of chromosome instability (CIN) 
became prominent to explain the neuroblastoma development. Indeed, the chromothrip-
sis was observed in neuroblastoma cells of clinical stage 4, supporting the high genomic 
instability of these cells. The role of CIN in neuroblastoma is still unclear, but several 
experimental data suggest that CIN has a pivotal part in the genesis of neuroblastoma.

Keywords: neuroblastoma, neural crest cells, tumorigenesis, chromosomal instability, 
two-hit model, multistep model, chromosome instability

1. Introduction

The OMICs (the OMICs is a neologism referred to the study of: genomics, proteomics, tran-
scriptomics, etc.) study of neuroblastoma has produced a huge amount of data generated by 



genomics profiling, gene expression and epigenetics analysis [1]. Nevertheless, these studies 
supply information about the picture of primary tumors or metastatic cells only at onset of the 
disease. More recently, Schramm et al. [2] were able to study the genome of neuroblastoma 
comparing the mutational profiling of tumor cells at onset of disease and at time of patient’s 
relapse. This allowed the authors to investigate the tumor clonal evolution and demonstrate 
that new mutations were acquired during the tumor progression. Recurrent mutations in tumor 
of relapsed patients included: cadherin 5 (CDH5), dedicator of cytokinesis 8 (DOCK8), protein-
tyrosine phosphatase nonreceptor type 4 (PTPN14), Harvey rat sarcoma viral oncogene homolog 
(HRAS) and Kirsten rat sarcoma viral oncogene homolog (KRAS), providing a lot of information 
concerning new mutations present in the tumor of patient at relapse. Since patient’s relapse is a 
critical step in the cure of neuroblastoma for the reason that, usually, tumor is not responding to 
the therapy, it is reasonable that new mutations contribute to increase tumor aggressiveness and 
drug resistance. MYCN oncogene amplification is one of the most important gene abnormalities 
found in neuroblastoma, and it is largely used as tumor unfavorable marker. The MYCN status 
(normal versus amplified) is used to classify the relapse patient’s risk. Consequently, in the last 
decade, in order to perform precision medicine, particular attention was focused to find muta-
tions candidate to drug targeting [3].

However, although the OMICs approach allowed us to identify some new drugs useful for tar-
get therapy, the cure of neuroblastoma is partially ineffective with a 5‐year overall survival of 
35% [4].

Actually, the overall OMICs studies are lacking important information about the origin of 
neuroblastoma. Really, we do not know how and when the mutations that we observed 
are occurring in neuroblastoma cells. Some animal models have been produced to reca-
pitulate the growth and development of neuroblastoma, and some mathematical models 
have been generated to mimic the tumorigenesis of the tumor, but the overall informa-
tion about the genesis of neuroblastoma is still missing. Certainly, the deep knowledge 
about the neuroblastoma tumorigenesis will greatly contribute to the cure of this pediatric 
cancer.

2. From neural crest cell to neuroblastoma cell

There are evidences that neuroblastoma tumor cells originate from neural crest cell (NCC) 
[5, 6]. Most of neuroblastoma cells produce homovanillic acid and vanillylmandelic acid, two 
metabolites involved in catecholamine synthesis of sympathetic nervous system [7, 8].

The neuroblastoma is comprised in Neuroblastic Tumors a group of tumors with great 
heterogeneous morphology [9]. Neuroblastoma cells show small cell body with few cyto-
plasm and abundant nucleus, while some neuritis protrudes by the cell body. Neuroblastic 
Tumors are classified as: Neuroblastoma Schwannian stroma‐poor (undifferentiated, poorly  
differentiated, differentiating), Ganglioneuroblastoma intermixed Schwannian stroma‐rich 
and Ganglioneuroma. Undifferentiated Neuroblastoma Schwannian stroma‐poor is one of the  
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most aggressive Neuroblastic Tumors, whereas Ganglioneuroblastoma intermixed Schwan‐
nian stroma‐rich and Ganglioneuroma are less aggressive. Ganglioneuroblastoma and Gang‐
lioneuroma display heterogeneous morphology with large cells resembling ganglionic-like 
cells or Schwann‐like cells. The latter are also identified as stromal cells. In Figure 1, the cell 
morphology of some Neuroblastic Tumors is shown.

It is also interesting to report that neuroblastoma cells of human-established cell lines produce a 
lot of long neuritis, creating a dense neural network after all-trans retinoid acid (ATRA) treatment 
[10, 11]. Moreover, the treatment with ATRA blocks the cellular proliferation inducing neuroblas-
toma cellular maturation. More than 50% of the patients onset with an abdominal mass, while 
other patients have head, neck and paraspinal infiltrated lymph‐nodes [7]. Trunk NCC moves 
from dorsal to ventral region to form sympathetic ganglia and adrenal medulla.

It is still unclear if these cells are also a committee to become malignant neuroblastoma cells 
or if the malignant transformation is initiated after the NCC reached their final destination.

Figure 1. Morphological heterogeneity of neuroblastic tumors. (A) Poorly differentiated neuroblastoma stroma‐poor 
(magnification 20x) and (B) same tumor (magnification 40x). Tumor tissue shows small blue cells with few cytoplasm and 
few stroma. (C) Ganglioneuroblastoma intermixed Schwannian stroma‐rich (magnification 20x). Cells are embedded in 
abundant stroma. (D) Ganglioneuroma, very benign tumor; most of the tissue is stroma, and some ganglionic‐like cells 
are visible (yellow arrow) (kindly provided by Dr. Luisa Santoro, University of Padua, Italy).
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There are several evidences that neuroblastoma arises during fetal life. Ikeda et al. [12] 
have observed neuroblastoma cells in autoptic samples of infants. This observation clearly 
indicates that tumor may grow and develops during the fetal life. Patients with neuroblas-
toma stage 4S, a special group of patients that develop the tumor within one year of age 
and that may show onset of disease in the first month of life (Figure 2), are presumably 
developing the tumor already before birth. This has been demonstrated by Gigliotti et al. 
[13] who reported that six cases out of 45 stage 4S neuroblastomas were detected in utero. 
So that, we have several, indicating that neuroblastoma tumorigenesis may initiate during 
the fetal life.

3. Familial neuroblastoma and predisposition to neuroblastoma

About 1% of all neuroblastoma show familial cases. Genetic screenings of several families with 
recurrent neuroblastoma have shown that tumor is transmitted as recessive trait at low pene-
trance. In 2007, Longo et al. [14] have demonstrated a significant likelihood ratio for locus 2p by 
linkage analysis. Further, Mosse et al. [15] identified a locus at the chromosome region 2p23‐24 
with 104 genes that also included the MYCN gene. Next analysis showed significant mutations of 
Anaplastic Lymphoma Kinase (ALK) gene associated with the neuroblastoma predisposition. In 
neuroblastoma, ALK gene synthetizes the tyrosine alk receptor. Receptor autophosphorylation is 
promoted by mutation in kinase domain, and it is activating the alk pathway. Both germline and 
somatic ALK mutations were observed in neuroblastoma. Up to now, several mutations have been 
found in the kinase domain, but the most frequents are R1275 (43%), F1174 (30%) and F1245 (12%).

Figure 2. Distribution of stage 4S and stage 4 patients at onset during the first year of life. Most of stage 4S patients (red 
column) onset between 0 and 8 months, whereas patients at stage 4 (blue column) onset more frequently after 5 months [14].
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It is interesting to note that in human, both MYCN [16] and ALK [17] genes are highly 
expressed during the embryonic life and their expression decreases after the born. MYCN 
and ALK expression is not appreciable in the tissues of adult.

Recently, genome‐wide association studies (GWAS) have been used to identify susceptibility 
gene variants in neuroblastoma. The GWAS studies are very useful to associate gene polymor-
phisms to tumor predisposition. Bosse et al. [18] identified the BARD1 β, an isoform of BARD1 
gene, associated with high‐risk neuroblastoma. Oldridge et al. [19] found a polymorphism at 
locus of LMO1 gene significantly associated with neuroblastoma susceptibility. In particular, 
they found the SNP rs 2168101, the variant most highly associated with the disease. A further 
association was found for LIN28B variants, making the LIN28B gene significantly involved in 
the neuroblastoma susceptibility [20].

4. Genomics and transcriptomics abnormalities in neuroblastoma cell

DNA content in neuroblastoma cells shows great variability. Most of the tumors with favorable 
evolution show triploid or near-triploid cells, whereas tumor of patients with unfavorable out-
come shows diploid, near-diploid or tetraploid cells. Tumor of favorable cases has whole addi-
tional chromosomes and few structural damages, whereas tumor of patients with poor outcome 
usually has several nonrandom structural changes and few numerical chromosome aberrations 
[21–23].

Studies of neuroblastoma cell genome, by microarray comparative genomic hybridization, 
have shown the following nonrandom structural copy number aberrations (CNAs): deletions 
of chromosomes 1p36 region, 3p, 4p, 9p 11q 14q together gain of 1q, 2p24, 12p, 17q [21, 22, 24]. 
Structural CNAs are more frequently observed in tumor of patients with aggressive metastatic 
disease, and indeed, structural chromosome abnormalities are significantly associated with 
high tumor aggressiveness and disease progression [25]. This picture indicates that neuroblas-
toma cells have high chromosomal instability. Gain of chromosome 2p region is mainly due to 
the amplification of MYCN gene. The amplification of MYCN gene was discovered in 1984 and 
is the most robust genomic abnormality observed in about 20% of neuroblastoma [26]. Gene 
copies can range from four to over 1000, and MYCN gene amplification is significantly associ-
ated with rapid tumor growth and disease progression [27].

As well as CNAs, the gene expression of neuroblastoma cells was investigated by microarray 
technology. Gene expression profiling was found significantly different between localized 
and metastatic tumors. Oberthuer et al. [28, 29] have identified a 144‐gene signature associ-
ated with tumor aggressiveness and poor patients’ outcome. Moreover, a 59-gene signature 
has been also found associated with patient’s risk although neither 144‐ nor 59‐gene signa-
tures are currently used as prognostic markers [30]. Recently, we have looked for the global 
gene expression between localized and metastatic tumors. This difference was calculated for 
each gene and called as transcription instability (TIN), and we generated a TIN-index that is 
significantly higher in metastatic tumor in respect of the localized one. Our study shows that 
gene expression is highly deregulated in advanced tumors [submitted manuscript].
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5. One, two, multistep: the tumorigenesis of neuroblastoma

The tumorigenesis of neuroblastoma is still unclear. Neuroblastoma shows a great biologi-
cal and genetics heterogeneity, suggesting that more than one gene is involved in the tumor 
initiation and progression. Neuroblastoma stroma-poor shows great potential of growth 
and rapidly forms metastases distally from primary tumor, indicating that gene mutations 
increase the tumor cell invasion capacity. On the contrary, ganglioneuroblastoma has low 
aggressiveness, indicating that not all gene mutations are critical for tumor growth and inva-
sion. Ganglioneuroblastoma is composed by malignant neuroblasts and Schwannian stromal 
cells; the latter, possibly, are playing a tumor suppression activity by regulating the tumor 
microenvironment. Indeed, several observations report a complex cross-talk between neuro-
blastoma cells and Schwannian stroma cells, manly mediated by cytokines [31, 32]. Lastly, 
neuroblastoma cells of clinical stage 4S still are a fascinating problem, because this metastatic 
tumor can regress spontaneously. To explain disease regression of stage 4S tumor, it has 
been proposed that neuroblastoma cells are delayed to achieve the complete cell differentia-
tion before the birth of patient, but the cell maturation is completed within the first year of 
patient’s age [33].

Knudson and Meadows [34] have suggested the presence of a recessive NB gene to explain 
the behavior of stage 4S tumor, a model resembling the recessive RB gene discovered in reti-
noblastoma. Since chromosome 1p36 region has been found deleted in more than 40% of 
cases, this region was a candidate locus to contain NB‐suppressor gene [35]. Indeed, if one NB 
gene would be located in the deleted chromosome 1p36 region, the two-hit model should be 
fit in the carcinogenesis of neuroblastoma. Unfortunately, linkage analysis of neuroblastoma 
pedigrees has not revealed NB‐genes in the 1p36 region.

Recently, animal models that recapitulate the genesis of neuroblastoma are produced in mouse 
and in zebrafish. MYCN human oncogene has been overexpressed in transgenic mouse, dem-
onstrating that tumor growth is under MYCN control. Similarly, neuroblastoma can grow 
in mouse overexpressing ALK or LIN28. In zebrafish model, the overexpression of MYCN 
gene blocks the development of sympathoadrenal precursor toward the chromaffin‐like cells, 
inducing the formation of neuroblastoma cells in the interrenal gland. Neuroblastoma tumor 
growing in both mouse and zebrafish resembles human neuroblastoma in many of aspects 
such as cell morphology [36]. Zebrafish has been also employed to study the embryonic devel-
opment of NCC. These cells can be easily identified by the expression of SOX10 (Sry-box 10) 
and Crestin genes that are expressed in migratory NCC. So, the precise and detailed analysis 
of NCC development during physiological embryonic life of zebrafish can greatly help to 
generate new models for the study of neuroblastoma tumorigenesis.

Finally, since several chromosome regions are affected in neuroblastoma tumor, it is reason-
able to think that numerous genes are impaired giving a sort of multifactorial or multistep 
damage to the normal cells [37]. Loss of chromosome 1p36 region, 3p, 4p, 9p 11q 14q together 
gain of 1q, 2p24, 12p, 17q, mutations of ALK and receptor tyrosine kinase (AXL) gene, and 
telomerase reverse transcriptase (TERT) re-arrangements may be seen as mutational steps, 
leading to the transformation of normal neural crest cell to neuroblastoma cell.
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In this contest, the role of gene mutation seems not sufficient to transform the normal cell into 
neuroblastoma, at least for all Neuroblastic Tumors because the frequency of gene mutation in 
neuroblastoma, as well as other pediatric cancer, is dramatically lower than mutations observed 
in adult cancer. On the other hand, few genes can have critical damaging mutations that are 
dangerous for the pathways in which genes work, suggesting an oligogenic mechanism of neu-
roblastoma tumorigenesis [38].

6. Chromosome instability and neuroblastoma

The low number of mutations in neuroblastoma suggests that abnormalities in gene sequenc-
ing play a role in some but not in all neuroblastoma. The more aggressive tumors are belong-
ing to patients over one year of age with metastatic disease; these patients with stage 4 
disease have a median age of onset between four and five years. Differently from infants’ 
patients, tumor cells of stage 4 patients over one year of age have several nonrandom struc-
tural CNAs. Others and we have suggested that tumor cells of these patients accumulate 
chromosome damages in a time‐dependent manner [39, 40]. As consequence, this suggests 
a multistep manner of neuroblastoma development and it is reasonable to think that several 
alterations such as single gene mutation, gene deletion, gene amplification, gene rearrange-
ment, and gross chromosome aberrations participate in the neuroblastoma tumorigenesis. 
This hypothesis is also supported by the discovery of chromothripsis, a catastrophic defect 
mainly occurring in chromosome 5 that damages almost all chromosome regions [41]. More 
recently, I suggested that chromosomal instability (CIN) plays a crucial role in the neuro-
blastoma development [42]. CIN is a feature of most cancers and can be caused by abnormal 
mitosis, failure in the microtubule and centrosome dynamics, or spindle apparatus, abnormal 
control of double-strand break repair, telomere maintenance, and abnormal telomere func-
tion. Several genes are involved in the mentioned mechanisms, and so they can be considered 
CIN-related genes. Carter et al. [43] have proposed two CIN: CIN25 and CIN70 (the number 
shows the number of genes considered in the signature) expression signatures that were used 
to predict survival in lung adenocarcinoma, medulloblastoma, breast cancer, lymphoma and 
other tumors. Unfortunately, neither CIN25 nor CIN70 was a good prognostic marker in neu-
roblastoma. Table 1 shows some genes included in the CIN signatures together with genes 
that are involved in the mitotic control and that can contribute to CIN after their deregulation. 
The complexity of CIN is shown by the presence of at least two CIN: the whole chromo-
some instability (W‐CIN) characterized by additional entire chromosome and the segmental 
chromosome instability (S-CIN) that shows chromosome structural changes such as deletion, 
amplification and rearrangements.

In neuroblastoma, we often found W‐CIN in localized stage 1 and 2 tumors, while both W‐CIN 
and S‐CIN are detectable in tumors of stage 3, 4 and 4S. How W‐CIN and S‐CIN can contribute 
to the tumorigenesis is still unclear. A mathematical model [44] indicates that abnormal numeri-
cal whole chromosome number occurs very early in stage 4S (Figure 3). Additional whole chro-
mosome aberration is followed by segmental chromosome damage in stage 4 tumors. So, we can 
argue that W‐CIN is beginning in stage 4S and W‐CIN together with S‐CIN is present in stage 4.
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Gene Locus OMIM Function

ATRX Xq21.1 300032 Associated with pericentromeric heterochromatin during interphase 
and mitosis; ATRX protein is also associated with chromosomes 
during mitosis

AURKA 20q13.2 603072 Induction of centrosome duplication-distribution abnormalities and 
aneuploidy

AURKB 17p13.1 604970 Direct interaction between CENPA and AURKA

BRRN1 2q11.2 602332 Involved in interphase and mitotic condensation

BUB1 2q13 602452 Protects centromeric cohesion during mitosis throughout SGO1

CNAP1 20q11.22 609689 Human rootletin (CROCC) bound CNAP1 at the proximal end of 
centrioles and formed the bridge between two centrioles

CDCA8 1p34.3 609977 CDCA8 interacts with AURKB and survivin (BIRC5)

CDC2 10q21.2 116940 Coordinates spindle assembly with the cell cycle during mitosis 
through phosphorylation of RCC

CDC20 1q34.2 603618 CDC20 together with HCDH1 active APC during mitosis and G1

CCNB1 5q13.2 123836 CCNB1 with p34 (cdc2) (CDK1) form a mitosis‐promoting factor

CENPE 4q24 117143 Associates with kinetochores

ECT2 3q26.31 600586 ECT2 is localized in central spindle at anaphase and promotes local 
activation of RhoA GTPase

ESPL1 12q13.13 604143 Loss of sister chromatid cohesion activity

FOXM1 12p13.33 602341 Regulates expression of cell cycle proteins

H2AFX 11q23.3 601772 Involved in chromatin conformation

MAD2L1 4q27 601467 Induction of chromosome instability by overexpression of the mitotic 
checkpoint gene Mad2

NEK2 1q32.3 604043 Overexpression of active NEK2 induces a splitting of centrosomes

KIF4A Xq13.1 300521 In HeLa cells, KIF4 interacted directly during spindle midzone 
formation

PTTG1 5q33.3 604147 PTTG1 appeared to be an anaphase‐promoting complex

PRC1 15q26.1 603484 In HeLa cells, PRC1 together KIF4 interacted directly during spindle 
midzone formation

TOP2A 17q21.2 126430 Involved in chromosome segregation

TPX2 20q11.21 605917 Involved in microtubule organization during mitosis and normal 
spindle morphology

TTK 6q14.1 604092 Regulator of genetic stability and spindle apparatus

In the Table are listed genes participating in the CIN. The chromosome locus, OMIM code and function are reported for 
each gene. Some genes such as AURKAB, BUB1, CNAP1 and CDCA8 cooperate with other genes in the control of genetics 
stability and mitotic checkpoint (derived from Refs. [43, 45]).

Table 1. Genes involved in CIN.
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As underlined before, Neuroblastic Tumors show biological and morphological heterogeneous 
features. It is possible that genotype‐phenotype aspects reflect diverse road of the genesis of 
this tumor in which different genes are involved with different critical damages. This scenario 
makes the study of neuroblastoma tumorigenesis very complex.

7. Conclusion

Today, we have a huge amount of biological and clinical data of neuroblastoma. We know 
genome mutations and gene expression abnormality occurring in neuroblastoma cells. 
However, all data are referring to the tumor cells at onset of the disease and in same cases 
at relapse. Up to now, we have no information about the tumorigenesis of the tumor. The 
initial phases of tumor growth and progression are very important for the diagnosis and 
treatment of neuroblastoma. Very few mutations are present in this pediatric cancer, and the 
mutational two‐step or multistep models do not completely fitting with the neuroblastoma 

Figure 3. Model of genomic instability in neuroblastoma. The model suggests that tumor of stage 4S and 4 originates 
from NCC by numerical copy number abnormalities (CNAs) for stage 4S and numerical together with structural CNAs 
for stage 4. After infant life, only tumors with high genomic instability either stage 4S or stage 4 develop, contributing 
to disease progression [44].
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tumorigenesis. We develop a mathematical models to explain the genesis of this tumor. 
Moreover, we have several information about the chromosome damage and chromothrip-
sis, suggesting that CIN plays a crucial role in neuroblastoma tumorigenesis. Some animal 
models seem to recapitulate the development of the tumor, focusing our attention to few 
crucial genes. However, we are still in the dark zone and the origin and development of 
neuroblastoma remains unsolved.
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Abstract

Neuroblastoma is considered as the most common extracranial solid tumor occurring dur-
ing childhood, but takes place rarely after the age of 10 years. The tumors are considered 
as embryonal tumors that result from the fetal or early postnatal life development and are 
formed from neural crest-derived cells, and their origination is from the early nerve cells 
which are called as neuroblasts of sympathetic nervous system. Being heterogeneous in their 
biological, genetic, and morphological characteristics, tumors which are distinct from other 
solid tumors due to their biological heterogeneity result in the clinical pattern changes from 
spontaneous regression to a highly aggressive metastatic disease. Neuroblastoma tumori-
genesis is regulated by Myc oncogene, leading to aggressive tumor subset. Many epigenetic 
factors play crucial role in the disease induction and development, while regulatory effect 
and outcome result in epigenetic patterns distinguishing neuroectoderm, neural crest, and 
more mature neural states. Neuroblastoma patients’ clinical management is based on prog-
nostic categories subtracted from studies correlating outcome and clinico-biological vari-
ables. Neuroblastoma anatomic boundaries include primarily autonomic nervous system 
besides other rare locations. Neuroblastoma molecular pathogenesis classifies the tumor 
according to the different clinical behaviors that are important for the improvement of the 
patients outcome and overall survival according to the different therapy modalities applied.

Keywords: neuroblastoma, anatomy, clinic, genetics

1. Introduction

Neuroblastoma is the most common extracranial solid tumor in childhood; moreover, it is very 
rare after age of 10 years. They are regarded as embryonal tumors developed during fetal or 



early postnatal life and arise from the immature or dedifferentiated neural  crest-derived cells. 
It is important to understand that they originate from the early nerve cells which are called 
as neuroblasts of the sympathetic nervous system, so they can be found anywhere along 
this system.

The system includes sympathetic trunk and ganglia, adrenal medulla, and also an aggregation 
of cells called as paraganglion [1].

2. The autonomic nervous system

The autonomic nervous system (ANS) is a part of peripheral nervous system, and under the 
control of the central nervous system, it governs many involuntary processes of the body 
such as heart rate, vascular tone, glandular activity, digestive motility, and others. It has 
two main contents as the sympathetic (thoracolumbar—from T1 to L2) and parasympa-
thetic (craniosacral—from S2 to S4 and parasympathetic cranial nerves) systems. These two 
main systems contain both preganglionic and postganglionic neurons which are governed 
by hypothalamus. Posterior part of the hypothalamus is related to the sympathetic system 
[1–4]. Sympathetic nervous system starts to develop from the neural crest cells, and ante-
rior part of the neural tube of the thoracic region migrates on either side of the spinal cord, 
toward the region behind the dorsal aorta about week 5 of embryogenesis. Some of them 
leave neural tube in order to arrange along the motor root [5, 6]. Mammalian neural crest 
cells are multipotent cells and originate from ectoderm. It has been accepted as the fourth 
layer of embryo for some researcher, because of their contribution to the cellular diversity in 
vertebrates. During embryological development, neural crest cells migrate from neural tube 
and differentiate into different structures including adrenomedullary cells and sympathetic 
neurons in adrenergic system. The ganglia cells of the thoracic region migrate during 5th 
week of development. Neural crest cells forming sympathetic ganglia also migrate both cra-
nially and caudally and extend these trunks into cervical and pelvic regions. The migration 
and localization of  neural crest cells are controlled by bone morphogenetic proteins (BMP) 
secreted by dorsal aorta [7–9].

3. Gross anatomy of sympathetic trunk and ganglia

The sympathetic ganglia together with the suprarenal (adrenal) medulla and chromaffin 
cells of paraganglia are derived from the sympathoadrenal linage cells. From the suprarenal 
medulla, these cells differentiate into a number of types consisting of small and intermedi-
ate-sized neuroblasts and sympathoblasts and larger, initial rounded phechromocytoblasts. 
Large cells harboring pale nuclei might be the progenitors of chromaffin cells. These cells 
secrete either adrenaline (epinephrine) or noradrenaline (norepinephrine), while the inter-
mediate-sized neuroblasts differentiate into the typical multipolar postganglionic symphatic 
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neurons, and secrete only noradrenaline while paraganglia, situated near, on the surface of, 
or embedded in, the capsules of the ganglia of the sympathetic chain, or in some of the large 
autonomic plexuses which are cell masses called paraganglion [10–12].

The sympathetic system consists of two ganglionated trunks together with their branches, 
plexuses, and subsidiary ganglia, while the sympathetic ganglia include sympathetic trunk 
cell aggregations in the autonomic plexuses and intermediate ganglia while the plexuses 
 contain dispersed preganglionic cells (Figure 1).

Trunks ganglia correspond numerically to the dorsal spinal roots ganglia, while  adjoining gan-
glia may fuse in man and there are rarely more than 22 or 23 and sometimes fewer. Subsidiary 
ganglia in the major autonomic plexuses (e.g., coeliac, superior mesenteric  ganglia, etc.) are 
trunks ganglia derivates [13–20].

Figure 1. Components of the sympathetic trunk. Redrawn from Wolf-Heidegger’s Atlas of Human Anatomy.
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The sympathetic trunk is positioned just laterally to the vertebral bodies for the entire verte-
bral column length and interacts with the spinal nerves anterior rami via rami communicantes. 
The sympathetic trunk allows the sympathetic nervous system including the preganglionic 
fibers to ascend to spinal levels superior to T1 and descend to spinal levels inferior to L2/3. 
The sympathetic trunk ganglion returns to the spinal nerve of preganglionic origin via gray 
ramus comminicans, while the higher end was continuing via the carotid canal forming at 
the end a plexus located at the internal carotid artery and on the other hand the lower parts 
move before the coccyx and at this position it merges with the other ganglion impar basal 
structures. Paravertebral ganglia are sympathetic ganglia along the length of the sympathetic 
trunk which is a sympathetic nervous system and also a basal part of the autonomic ner-
vous system. It enables nerve fibers to extend toward the spinal nerves located at a superior 
position as well as inferior position to those they were emanated from. We have here also to 
 mention that various nerves like a high percentage of the splanchnic nerves emerge directly 
from this trunks [14–20].

3.1. Embryology of sympathetic trunk

Mammalian neural crest cells are multipotent cells originating from the ectoderm. They 
 represent the fourth layer of embryo because of their contribution to the cellular diversity 
in vertebrates [21–23]. During embryological development, neural crest cells migrate from 
 neural tube and differentiate into different structures including both the adrenomedullary 
cells and the sympathetic neurons in the adrenergic system (Table 1). Also, the thoracic region 
ganglia cells migrate at the end of 5th week of development [22]. Neural crest cells forming 
the sympathetic ganglia also migrate both cranially and caudally and extend these trunks 
into cervical and pelvic regions. Bone morphogenetic proteins (BMP) secreted by dorsal aorta 
norepinephrine produced by notochord control neural crest cell migration and localization, 
while at the same time and molecular level, Wnt/β-catenin-related Gbx2 homeobox gene 
deactivation is essential for the neural crest development [22, 23].

3.2. Histology of sympathetic ganglia

The nervous system anatomically divides into two parts which are both the central and the 
peripheral nervous systems, and at the same time, it was functionally divided into somatic 
and autonomic nervous systems including sympathetic and parasympathetic subdivisions. 
All the nervous system was built from two main structures, namely the neurons and glial cells 
in intercellular matrix. Neurons differ in their type being bipolar, pseudounipolar or motor, 
while three types of glial cells can be seen in the neural matrix including all of the astro-
cytes, oligodendroglia and microglia [24, 25]. All neurons have two main processes, axon and 
dendrites, and two of them form an extremely dense connecting network and where all the 
processes make synapses with each other [24, 25]. The signals from central neurons are trans-
ported from presynaptic membrane to postsynaptic membrane via neurotransmitters such 
as serotonin, dopamine, acetylcholine, epinephrine (E) [adrenalin (A)] and norepinephrine 
(NE) [noradrenaline (NA)] [24, 25]. One of the main differences between neuron functions 
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is which kind of neurotransmitters being secreted for signal transmission in synaptic space. 
In adrenergic neurons, E and NE are named as catecholamines, while dopamine is the main 
neurotransmitter synthesized from tyrosine NE and serves as a transmitter between axons 
and effectors in autonomic nervous system [24]. Neurons using NE as a neurotransmitter are 
adrenergic neurons. Epinephrine is secreted by some both the central nervous system cells 
and the endocrine chromaffin cells in the adrenal medulla [24, 25].

3.3. Genetics and clinical characteristics

It has been shown in Ref. [26] that both the dicer and miRNAs are required for the survival of 
neural crest-derived tissues by preventing apoptosis during differentiation because the dicer was 
essential for the differentiation process related to the neural crest cells survival, while neuronal 
crest needs specific hdac1 function during its development as shown in a series of zebrafish exper-
iment [27]. In the trunk region, the ventrally migrating neural crest cells move through the somitic 
mesenchyme in a segmented pattern, presumably setting the basis for the sensory and sympa-
thetic ganglia metameric organization along the anterior-posterior axis later in development [28].

When grafting experiments were performed, a specific migratory behavior of the cells was 
observed which was under the control of the cellular microenvironment endowed by both 
the surrounding mesenchymal cells and the extra cellular matrix (ECM). Also, the posterior 
sclerotome which represents a nonpermissive tissues generative barriers for the movement of 

Table 1. Structures formed from the neural crest cell differentiation.
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the neuronal crest cells is formed together with the perinotochordal region and, transiently, 
the tissue located below the dorsolateral ectoderm [29–31]. Neural crest cells reorganize as 
they migrate; formation of iterated, discrete sympathetic ganglia is not the direct result of 
patterned crest cell migration through the somites, and the chain formation is a common 
 configuration adopted by migrating cells in the developing nervous system [32]. Also it has 
been shown in [33] that the parasympathetic neurons originate from nerve-associated periph-
eral glial progenitors besides that the development of noradrenergic neurons in the hind-
brain medulla and in the sympathetic nervous system depends on retinoic acid signaling in 
 addition to the fact that the mount Blanc mutation disrupts the development of noradrenergic 
centers in the CNS and of sympathetic ganglia [34, 35].

4. Adrenal medulla

The adrenal glands also develop from neural crest ectoderm and intermediate mesoderm. 
While the medulla originated from neural crest cells migrating from sympathetic ganglion, 
adrenal cortex develops from intermediate mesoderm. During the 5th week of development, 
proliferating mesothelium-derived cells infiltrate the retroperitoneal mesenchyme at the cra-
nial end of the mesonephros and give rise to the primitive adrenal cortex. Further, a second 
layer of proliferated cells surrounds the primitive cortex and, as a consequence, forms the 
future adult adrenal cortex. At the 7th week of development, the mesothelial cells are invaded 
at its medial region by neural crest-derived chromaffinoblast cells. These cells differentiate into 
two kinds of chromaffin cells of the adrenal medulla which renders homologous to a diffuse 
sympathetic ganglion without postganglionic processes, leading to complete development of 
the adrenal gland at the 4th month of age. Further, the fetal cortex regresses and disappears 
within the 1st year of life with replacement by the definitive cortex [36–45].

The cells migrating from the neural tube compose two chains of sympathetic ganglia at both 
sides of the vertebral column. One of them is lateral vertebral sympathetic chain that occurs 
from the interconnecting ganglia by longitudinal nerve fibers and the other ones: superior cer-
vical ganglion, the middle cervical ganglion and the inferior cervical ganglion; lumbosacral 
region of the sympathetic ganglia occurs from the neuroblast migration and extends from tho-
racic region. Some of the sympathetic neuroblasts migrate further anteriorly to form preaor-
tic ganglia as celiac and mesenteric plexuses, the visceral ganglia of the Auerbach myenteric 
plexus and in the Meissner submucous plexus [41–45].

4.1. Gross anatomy of adrenal medulla

For the position of the adrenal glands, they are both positioned on the two sides of the body 
located at the retroperitoneum slightly elevated and at medial position from the kidneys. It is 
a characteristic of the human adrenal glands that their shape differs according to its posi-
tion, possessing a pyramidal shape for the right adrenal gland versus a larger and semilunar 
shape for the left adrenal glands. Adrenal gland size also differs depending on the age of the 
 subject but in average they are 5.3 cm in size and 7–10 g in weight. The glands are yellowish in 
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color and surrounded by a fatty capsule and lie within the renal fascia which also surrounds 
the kidneys, while a weak wall of connective tissue separates the glands from the kidneys 
(Figure 2) [41–45].

The adrenal glands are positioned directly below the diaphragm and attached to the dia-
phragm crura by the renal fascia. The adrenal gland is consisted of two distinct parts, the 
outer adrenal cortex and the inner medulla, each with a unique function, but both produce 
hormones. The adrenal medulla is at the center of each adrenal gland and is surrounded by 
the adrenal cortex. The chromaffin cells of the medulla are the body’s main source of the 
 catecholamine’s adrenaline and noradrenalin, released by the medulla (Figure 3) [41–45].

The adrenal medulla is driven by the sympathetic nervous system via preganglionic fibers 
originating in the thoracic spinal cord, from vertebrae T5–T11. Because it is innervated by pre-
ganglionic nerve fibers, the adrenal medulla can be considered as a specialized sympathetic 
ganglion. Unlike other sympathetic ganglia, however, the adrenal medulla lacks distinct 
synapses and releases its secretions directly into the blood [41–45]. The sympathetic nervous 
system through the preganglionic fibers that are originated from the thoracic spinal cord at 
the vertebrae T5–T11 controls the adrenal medulla, which can be considered as a specialized 
sympathetic ganglion due to its strengthening via the preganglionic nerve fibers. One of the 
characteristics of the adrenal medulla was that it differs from the sympathetic ganglion that 
is latching of independent synapses and its secretions are released into the blood by a direct 
manner [41–45]. These hormones are released by the adrenal medulla, which contains a dense 

Figure 2. The components from the adrenal medulla. Redrawn from Wolf-Heidegger’s Atlas of Human Anatomy.
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network of blood vessels. Adrenaline and noradrenaline act at adrenoreceptors throughout the 
body, leading to increase both the circulating blood pressure and heart beat speed also known 
as heart rate. There is also a phenomenon called “flight response” where both adrenalin and 
noradrenalin are responsible for it and this phenomenon of increasing the speed of breathing, 
heartbeat, and blood pressure is due to the increased blood vessel contraction in the different 
parts of the body [46, 47]. Catecholamines are produced in chromaffin cells in the medulla of the 
adrenal gland, from tyrosine, a nonessential amino acid either derived from food or produced 
from phenylalanine in the liver. Suprarenal medulla is composed of chromaffin cell column 
groups separated by wide venous sinusoids, while single and small groups of neurons occur in 
the medulla. Tyrosine hydroxylase converts tyrosine to L-DOPA during the initial step of cat-
echolamine synthesis with further conversion of L-DOPA to dopamine prior to its conversion 
into noradrenaline. On the other hand, the enzyme phenylethanolamine N-methyltransferase 
(PNMT) converts noradrenaline into epinephrine and becomes stored in cytosolic granules.

Tyrosine hydroxylase and PNMT levels play an important regulative role in the catechol-
amines synthesis in a way that when their level increases they affect the adrenal cortex gluco-
corticoids that in turn stimulate the catecholamine synthesis, where the sympathetic nervous 
system via its activation stimulates the catecholamine release. Also, the adrenal gland 

Figure 3. The components from the adrenal gland. Redrawn from Wolf-Heidegger’s Atlas of Human Anatomy.
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medulla is innervated by the sympathetic nervous system splanchnic nerves, where as a con-
sequence the stimulation of the cell membrane calcium channels opening evokes the release 
of the catecholamines from the storage granules [41–45, 48–52]. Adrenal gland’s medulla and 
para-aortic body tumors can cause excessive adrenaline and noradrenaline secretion, leading 
to palpitation attacks, excessive sweating, pallor, hypertension, headaches and retinitis and 
renal vascular changes as a consequence of a long persistence of the tumor [41–45].

4.2. Embryology of the adrenal gland

The adrenal glands develop from neural crest ectoderm and intermediate mesoderm. While 
the medulla originated from neural crest cells migrating from sympathetic ganglion, adre-
nal cortex was developed from the intermediate mesoderm [42]. During the 5th week of 
development, proliferating mesothelium-derived cells infiltrate the retroperitoneal mesen-
chyme at the cranial end of the mesonephros and give rise to the primitive adrenal cortex 
[23–25]. A second proliferation of these cells surrounds the primitive cortex and forms the 
future adult adrenal cortex. At the 7th week of development, neural crest-derived chromaf-
finoblast cells invade the mesothelial cells at its medial region [24]. These cells differenti-
ate into chromaffin cells of the adrenal medulla. The adrenal medulla is homologous to a 
diffuse sympathetic ganglion without postganglionic processes [24]. At the 4th month of 
age, the adrenal gland is fully developed. The fetal cortex regresses and disappears within 
the 1st year of life and is replaced by the definitive cortex. During adrenal gland develop-
ment, some transcription factors such as Wnt4 and Wnt1 have very important regularity 
functions [53].

4.3. Histology of adrenal gland

Histologically, the adrenal glands (Figure 4) have two main structures, one of which is the cor-
tex including three substructures (Figure 3) and medulla (Figure 5). The cortex cover with cap-
sule contains collagen and elastic fibers and has three layers, and each has different functions: 
the outermost, zona glomerulosa, the middle, zona fasciculata and the innermost layer, zona 
reticularis. Although zona glomerulosa cells produce aldosterone, zona fasciculate cells mainly 
produce cortisol, while zona reticularis cells synthesize androgen. Both zona fasciculata and 
reticularis are stimulated by adrenocorticotropic hormone (ACTH), but zona glomerulosa is 
primarily stimulated by angiotensin II that stimulates both zona glomerulosa and proliferation  
and aldosterone synthesis [24, 25]. The adrenal medulla is located in the adrenal gland cen-
ter and contains the chromaffin cells, which are modified sympathetic postganglionic neurons 
derived from neural crest, and forms epithelioid cords surrounded by fenestrated capillar-
ies [24]. Chromaffin cell cytoplasm contains membrane-bounded dense granules containing 
chromogranins, one class of catecholamine epinephrine and norepinephrine and a little dopa-
mine. Two kinds of chromaffin cells exist in the adrenal medulla, 80% of which produce epi-
nephrine and 20% of which produce norepinephrine that is stored in granules with a dense 
eccentric core, while epinephrine contains granules that are smaller and occupy less dense cen-
tral core, whereas all circulating epinephrine produced by adrenal medulla, norepinephrine 
produces both adrenal medulla and postganglionic sympathetic neurons, but we have to men-
tion here that adrenal cortex cells do not store their steroid hormones in granules [24, 25].

Anatomic Origin and Molecular Genetics in Neuroblastoma
http://dx.doi.org/10.5772/intechopen.69568

43



The adrenal medulla is composed of groups and columns of chromaffin cells (phaeochromo-
cytes) separated by wide venous sinusoids and supported by a network of reticular fibers. 
Chromaffin cells bear the name as a result of their response to the use of dichromate fixative 
during the fixation process. Structurally and functionally, they are comparable to the postgan-
glionic sympathetic neurons being at the same time a member of the neuroendocrine system. 

Figure 5. Microscopic view of the adrenal medulla. Hematoxylin-eosin. 400× (image recorded and edited by Murat 
TOSUN MD PhD).

Figure 4. General microscopic view of the adrenal gland. Hematoxylin-eosin staining. 400× (image recorded and edited 
by Murat TOSUN MD PhD).
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Since they are derived from the neuronal crest, they produce, store before release and release 
different hormones into the venous sinusoids which are catecholamines, noradrenalin (or as 
mentioned in other references norepinephrines) or adrenaline. The synthesis, storage and 
release of these hormones are under the control of the sympathetic nervous system precisely 
by the sympathetic neurons where the preganglion and their sympathetic neurons are shown 
as a single appearance or as a small group located at the medulla. When the noradrenaline-
secreting cells are rarely present, they possess bigger sized granules having a dense eccentric 
kernel [5, 6, 54–56]. Normally, cells differ in their hormone secretion manner. While some 
cells secret only hormone, others are secreting two hormones. Catecholamines together with 
enkephalins represent opiate like proteins that are under certain conditions pached by the 
chromogranin proteins. The cells that are formed here are shown as large cells possessing a 
large nuclei with a cytoplasmic region that is faintly granular and basophilic ahead the venous 
sinusoids and in a single-lined alignment. The sympathetic axon terminals are forming syn-
apses together with the chromaffin cells where these synapses are positioned locations oppo-
site and distant to the sinusoids. These sinusoids in turn are arranged via a branched construct 
of cells called the fenestrated endothelium and elapse to both the central medullar vein and 
the Hilary suprarenal vein, while according to the knowledge available until now the supra-
renal medulla presence and function do not represent a necessity for life activities [57, 58].

Further, we have here to address that the scientific community should concentrate their 
research efforts to study the different aspects of the adrenal medulla since the information 
available about it is restricted and the availability of it can help to unravel many unknown 
points about the development of this disease.

4.4. Genetic and clinical investigations of adrenal medulla

For the establishment of genetic parameters of neuroblastomas, continuous scientific efforts 
were necessary [59]. In molecular and genetic analysis, different pathology-related findings 
were possible. One research group was able to prove experimentally that activated ALK col-
laborates with MYCN during neuroblastoma pathogenesis where they used the Zebrafish 
model that was able to help them proving that neuroblastomas arise in MYCN expressing 
transgenic Zebrafish and showing the MYCN-induced loss of sympathoadrenal cells; the 
absence of expression of early sympathoadrenal markers was absent in MYCN transgenic 
embryos during early development; MYCN expression causes sympathoadrenal cell loss and 
the role of the activated ALK in the disease onset acceleration and increases the penetrance 
of MYCN-induced neuroblastoma [60]. Experimentally, the direct role of dopamine in the 
generation and/or expansion of mitochondrial DNA deletions in dopaminergic neurons was 
proven unraveling more knowledge about the Parkinson’s disease pathogenesis, showing 
here the mitochondrial DNA deletions accumulation role and representing the missing link 
between aging and Parkinson’s disease, while the catecholaminergic adrenal medulla is the 
preferential location of mitochondrial DNA deletions [61]. Also in another experimental setup, 
gene expression profiling helped to identify eleven DNA repair genes downregulated during 
mouse neural crest cell migration process [62]. Radiotherapy, chemotherapy and surgery are 
only suitable for neuroblastomas treatment but MIBG (metaiodobenzylguanidine) applica-
tion, and nuclear medicine has a dual function aiding in diagnosis as well as its  function as 
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a treatment modality, but immunological methods like the application of a monoclonal anti-
body and proved to be more effective and promising when applied at early stages [63–65].

5. Paraganglion

5.1. Gross anatomy, embryology and histology of the paraganglion

Paraganglia are extrasuprarenal chromaffin tissue aggregations that distribute (near to/
within) the automatic nervous system. This type of paraganglia cells also occurs in the sympa-
thetic ganglia of various viscera as well as in variety of retroperitoneal and mediastinal sites; 
all of these cells synthesize and store catecholamines and are derived from the neural crest, 
and their function is defined by their position. Being a remainder source of neuroendocrine 
secretion, intraneuronal cells are functioning as interneurons. In suprarenal medulla, chemi-
cal stimuli are responsible for catecholamine release, while the role of the neuronal stimuli is 
neglectable regarding to this functional detail. Within the fetus, the extrasuprarenal chromaf-
fin tissue is representing the main repository of catecholamine where within this regard the 
suprarenal medulla plays no role due to the fact of being immature.

However, many paraganglia are well vascularized and their secretory cells are usually close 
to one or more fenestrated capillaries. Most like the suprarenal medullary chromaffin cells, 
they have a sympathetic innervation and thereby act as endocrine organs [1]. Para-aortic 
bodies and coccygeal body (glomus coccygeum) are paraganglia which include chromaffin 
cells and produce adrenaline and noradrenaline. Para-aortic bodies place on lateral side of 
abdominal aorta and usually united anterior to it by a horizontal mass immediately above the 
inferior mesenteric artery [13].

5.2. Coccygeal body

The coccygeal glomus (coccygeal gland or body also it is referred as the Luschka’s coccygeal 
body by others) represents a vestigial structure situated either in front of or immediately below 
the coccyx tip that is situated near the ganglion impar in the pelvis in addition to another posi-
tion near the median sacral artery termination [66]. Its diameter is 2.5 mm and has an irregular 
oval shape; several smaller nodules are found around or near the main mass and consist of 
irregular masses of round or polyhedral cells or epithelioid cells, forming a group around a 
dilated sinusoidal capillary vessel [66–68].

Each cell includes a large round or oval nucleus and the protoplasm surrounding the nucleus 
which is clear, and not stained when chromic salts are applied; therefore, it is not considered 
as a part of chromaffin system, the system which includes cells stained by chromic salts and 
consists of renal medulla, paraganglia and para-aortic bodies [66–68]. Clinically, the coccy-
geal body looks like a glomus tumor, thereby causing problems in the diagnosis that can lead 
to misinterpretations [69–71].

Paraganglia are extrasuprarenal aggregations of chromaffin tissue, distributed near to or 
within the autonomic nervous system. This type of cells also occurs in the sympathetic ganglia 
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of various viscera and in a variety of retroperitoneal and mediastinal sites. All of these cells are 
derived from the neural crest, and all of them synthesize and store catecholamines. Also, their 
function depends on the way and site they are positioned; several cells role is functioning as 
interneurons, while in other cases, there are cells existing that are functioning in another man-
ner within this context by acting as a source for the neuroendocrine secretion. In the coccygeal 
bodies, chemical inducers are responsible of the paraganglionic release of catecholamines. 
The period of the paraganglion existence in human is different, while their regulating factors 
and mechanisms are still not completely understood, and a population of them keep present 
until adulthood mostly as a microscopic paraganglia with its later degeneration [36–40].

6. Para-aortic bodies

The para-aortic bodies are chromaffin tissue condensations found closely to the aortic autonomic 
plexuses and lumbar sympathetic chains. In the fetus, they are at the largest size but later become 
relatively smaller in childhood and disappear at the beginning of the adulthood. Mostly, their 
presence of existence is as a pair of bodies positioned within intermesenteric, inferior mesenteric 
and hypogastric plexus anterolaterally to the aorta. They can be elevated at the celiac plexus or 
bounded below at the hypogastric plexus of the pelvis, or can be nearby the sympathetic ganglia 
of the lumbar chain. Scattered cells, which persist into adulthood, may rarely be the chromaf-
fin tissue tumor development sites (phaeochromocytoma); these scattered cells are much more 
commonly found arising from the suprarenal medulla cells. The wide variation in the persistent 
para-aortic body tissue site accounts for the range of locations of such tumors [54, 55, 72].

7. Experimental treatment of neuroblastoma cells: in vitro

During a series of experiments conducted that aimed to evaluate cytotoxic effects of melatonin 
(MLT) which is an endogen hormone and 13-cis retinoic acid (13-cis-RA) also named as isotret-
inoin a vitamin A analogue on neuroblastoma SH-SY5Y cell line by our research group [73]. 
We found that treatment of neuroblastoma cells with melatonin resulted into a cytotoxic effect 
in a way where in cell culture the cells were exposed to different doses of MLT and 13-cis-RA 
for either 24 or 48 h. While the viabilities were estimated with MTT cell viability assay test, 
apoptotic indexes were calculated after staining with TUNEL-based  apoptosis determination. 
We observed the effective cytotoxic potential on neuroblastoma cell line which MLT l poses 
which was higher than the one 13-cis-RA. At the same time, when MLT and 13-cis-RA were 
combined, the obtained effect was potentiated. On the other hand, it was found that the effect 
of 13-cis-RA individually was very slight. Results gathered from the current study have indi-
cated that MLT exhibited neurotoxic effect on SH-SY5Y neuroblastoma cell line and this effect 
was potentiated by 13-cis-RA.

As a consequence, we believe that administration of these agents in neuroblastoma patient 
treatment may contribute to obtain outcomes that bear potential for the design of innovative 
treatment modalities, leading to the successful treatment of this type of diseases, with taking 
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in account the necessity of in vivo studies based on these results that clearly determine the 
dose range necessary. It is expected that the results of them can improve the currently applied 
treatment modalities applied against neuroblastomas to be more successful.

8. Conclusions

Neuroblastoma is the most common extracranial solid tumor occurring during childhood till 
the age of 10 when it might occur rarely. Many epigenetic factors play a crucial role in the dis-
ease induction and development of neuroblastoma, while the regulatory effect and outcome 
resulting into epigenetic patterns is well known but needs further study. Different research 
efforts were made by various research groups to study this type of disease from the different 
levels, where some results like neuroblastoma treatment with melatonin was one positive 
example, while the study of the adrenal medulla needs to be more intensified by the scientific 
community since the understanding of its different regulatory aspects can be one target for 
the optimization of the treatment methods applied against this disease.
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Abstract

Neuroblastoma is an embryonal malignancy that originates in the sympathetic nervous 
system. It is the most common solid tumor in infants and the most frequent extracranial 
solid tumor in children. Neuroblastoma accounts for 10% of childhood malignancies with 
75% occurring in children <4 years. Stage, age, clinical and tumor genomic features are 
the principal criteria for determining treatment policy. Treatment modalities traditionally 
employed in the management of neuroblastoma are surgery, chemotherapy, and radio-
therapy. Intensive multimodal treatment in patients with neuroblastoma has resulted in 
improved survival rates. However, there is a considerable percentage of patients with 
refractory and relapsed disease. Targeted therapy for neuroblastoma involves treatment 
aimed at molecular targets that have a unique expression in this childhood cancer. A 
large number of molecular targets have been identified for the treatment of high-risk and 
relapsed neuroblastoma. Treatment in this way aims at providing a more selective way 
to treat the disease and decreasing toxicities associated with the conventional treatment 
regimen.

Keywords: neuroblastoma, target, therapy, refractory, relapse

1. Introduction

Neuroblastoma, originating in neural crest cells, can occur anywhere along the sympathetic 
nerve chain. By far the most common location for a primary tumor is the adrenal gland. 
In its most primitive form, the histology of neuroblastoma is marked by poorly differenti-
ated small, round blue cells. At an intermediate stage of maturation, there is differentiation 



toward ganglion cells. Tumors composed of a mixture of neuroblasts and mature ganglion 
cells are classified as ganglioneuroblastomas. At the most differentiated end of the spectrum 
is ganglioneuroma, a benign tumor composed entirely of mature ganglion cells, neuritis, and 
Schwann cell [1].

At diagnosis, 65% of patients have disseminated disease, most commonly spreading to the bone. 
Disseminated disease is typically manifested as fever and bone pain. Additionally, neuroblas-
toma is associated with a paraneoplastic syndrome of opsoclonus-myoclonus (“dancing eyes and 
feet syndrome”) [2].

Treatment modalities traditionally employed in the management of neuroblastoma are sur-
gery, chemotherapy, and radiotherapy. Recently immunotherapy has been established as an 
important component of advanced neuroblastoma treatment. Intensive multimodal treatment 
strategies improved the survival in children with neuroblastoma. However, issues related to 
treatment refractoriness and late effects as well as disease recurrence remain significant chal-
lenges [3].

Multiple therapeutic targets have been developed to offer an advantage of treating neuro-
blastoma in a more selective way to maximize the treatment efficacy and minimize its 
toxicity [3].

1.1. Neuroblastoma staging systems

Several staging systems have been used to classify disease extent. The International Neuroblastoma 
Staging System (INSS), which is based on clinical and surgical evaluations, was developed by 
consensus of major pediatric oncology groups (POGs) in the United States, Europe, and Japan. 
The INSS differentiates between INSS stages 1, 2A, 2B, 3, 4, and 4S, based on surgical excision, 
lymph node involvement, and metastatic sites [4].

Because the INSS is a surgically based staging system, the stage for patients with locoregional 
disease can vary based on degree of surgical resection. Noteworthy, patients with localized 
disease who will not undergo surgery cannot be adequately staged. For these reasons, the 
International Neuroblastoma Risk Group (INRG) Task Force developed a new pretreat-
ment staging system in 2005 based on clinical criteria and specific image-defined risk fac-
tors. Required imaging modalities include CT or MRI, as well as MIBG scintigraphy. The 
International Neuroblastoma Risk Group Staging System (INRGSS) differentiates between 
L1, L2, M, and MS stages. The INRGSS differs from the INSS in that the INRGSS is based on 
preoperative imaging characteristics and not on surgical resection. The age for the INRGSS 
MS stage is set at 547 days (18 months) compared with 12 months in the INSS 4S stage 
(Table 1) [5].

1.2. Risk factors and risk stratification

Children’s Oncology Group Neuroblastoma Risk Stratification is the most commonly used tool 
to stratify patients based mainly on tumor stage, patient’s age, MYCN amplification, DNA 
index, and tumor histology (Table 2) [6].
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1.3. Multimodal treatment approach for neuroblastoma

1.3.1. Low-risk disease

Low-risk NB patients require minimal therapy; previous pediatric oncology group (POG) and 
children cancer group (CCG) studies have shown that treatment with surgery alone results in 
survival rate >95% for patients with stage 1 disease. Even if there is microscopic residual  disease, 
adjuvant treatment with radiotherapy or chemotherapy is not indicated [7, 8]. Diploidy and 
unfavorable histology predict for local recurrence and, therefore, careful follow-up is necessary, 
as local recurrence or distant metastasis may rarely occur and require salvage treatment [9].

The primary goals of surgery are to determine an accurate diagnosis, provide accurate  surgical 
staging, completely remove the tumor, offer adjuvant therapy for delayed primary surgery, 
and remove residual disease with second-look surgery [10].

Management of infrequent patient with stage 1 or 2 with NMYC amplification remains con-
troversial. Although patient with MYCN-amplified stage 1 tumor has significantly event-free 

INSS INRGSS

Stage 1: localized tumor with complete gross excision; ± 
microscopic residual disease; representative ipsilateral 
lymph node negative for tumor microscopically

Stage L1: localized tumor not involving vital structures 
as defined by IDRFs and confined to one body 
compartment

Stage 2A: localized tumor with incomplete gross excision; 
ipsilateral lymph node should be negative for tumor 
microscopically

Stage L2: locoregional tumor with the presence of one 
or more IDRFs

Stage 2B: localized tumor with or without complete gross 
excision; ipsilateral lymph node should be positive for 
tumor microscopically, while contralateral lymph nodes 
should be negative microscopically

Equals stage L2

Stage 3: unresectable unilateral tumor crossing the 
midline, ± involvement of regional lymph node, 
or localized unilateral tumor with involvement of 
contralateral regional lymph node or midline tumor with 
bilateral extension by infiltration (unresectable) or by 
lymph node involvement

Equals stage L2

Stage 4: primary tumor with dissemination to distant 
lymph nodes, bone, bone marrow, liver, skin, or other 
organs

Stage M: distant metastatic disease (except stage MS). 
Distant lymph node involvement is metastatic disease. 
Ascites and pleural effusion, even if malignant cells are 
present, do not constitute metastatic disease unless they 
are remote from the primary tumor

Stage 4S: localized primary tumor in infants younger 
than age 1 year (localized as in stage 1, 2A, or 2B) with 
dissemination limited to the skin, liver, or bone marrow 
(<10% malignant cells)

Stage MS: metastatic disease in children younger than 
547 days (18 months) of age with metastases confined 
to the skin, liver, and/or bone marrow (<10% malignant 
cells); MIBG scan must be negative in the bone and 
bone marrow. Primary tumor can be L1 or L2 with no 
limitations in terms of crossing or infiltration of the midline

Table 1. Comparison between INSS and INRGSS.
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survival rate [11], a subset may achieve long-term remission following surgery alone. These 
rare cases may require continued prospective evaluation to clarify optimal management [12].

1.3.1.1. Stage 4S disease

Infants with stage 4S disease have, in general, a good prognosis; high survival rate has been 
reported in those infants whose tumor lacks MYCN amplifications [13]. Interestingly Tonini 
and colleagues reported that, in Italian experience, favorable outcomes were also seen in infants 
with MYCN-amplified stage 4S neuroblastoma [14]. The tumor may regress  spontaneously 
due to programmed cell death and, therefore treatment is not always necessary. If there are no 
distressing or life-threatening symptoms, it is possible to follow an observation policy hoping 

Stage Age MYCN Ploidy Histology Other Risk group

1 Low

2A/2B Not amplified >50% resection Low

Not amplified <50% resection Intermediate

Not amplified Biopsy only Intermediate

Amplified High

3 <547 days Not amplified Intermediate

≥547 days Not amplified Favorable Intermediate

Amplified High

≥547 days Not amplified Unfavorable High

4 <365 days Amplified High

<365 days Not amplified Intermediate

365–547 days Amplified High

365–547 days DI = 1 High

365–547 days Unfavorable High

365–547 days Not amplified DI > 1 Favorable Intermediate

≥547 days High

4S <365 days Not amplified DI > 1 Favorable Asymptomatic Low

<365 days Not amplified DI = 1 Intermediate

<365 days Missing Missing Missing Intermediate

<365 days Not amplified Symptomatic Intermediate

<365 days Not amplified Unfavorable Intermediate

<365 days Amplified High

Table 2. Children’s Oncology Group neuroblastoma risk stratification schema.
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for spontaneous regression. Nonintensive chemotherapy is called for if there are major symp-
toms, e.g., massive hepatomegaly causing respiratory distress. Alternatively, low-dose irradia-
tion may precipitate regression [15].

1.3.1.2. More advanced operable disease

Patients with lymph node involvement, that is, stage 2B and some stage 3 cases, are treated 
principally by surgery. The need for adjuvant treatment depends on age. In infants <6 months, 
the role of chemotherapy is controversial. However, in older children, chemotherapy is defi-
nitely warranted, using a schedule such as “OPEC,” which comprises vincristine, cisplatin, 
etoposide, and cyclophosphamide [16]. It is often preferable to use chemotherapy as the initial 
treatment in these patients aiming at reducing the tumor bulk, making complete removal 
more likely and the surgery safer. Data from POG in patients with stage 2B and stage 3 dis-
ease have shown that complete resection is not associated with a significantly better event-
free survival than incomplete resection, while patients with favorable Shimada histology have 
a significantly better event-free survival rate at 2 years than those with unfavorable Shimada 
(92% versus 58%, respectively) [17].

Irradiation of the tumor bed to eradicate residual disease is controversial.

In a retrospective review of patients with Children’s Cancer Study Group (CCSG) stage II 
disease, no significant benefit was observed in irradiated children [18]. POG designed a ran-
domized trial to evaluate the role of placing radiotherapy in addition to chemotherapy in 
patients >1 year with nodal disease detected at resection of the primary tumor. Significantly 
improved local control and survival rates were seen in irradiated children [19]. As the che-
motherapy protocol used in this study was less intensive than that now considered standard, 
it remains possible that more intensive chemotherapy might be as good as combined chemo-
therapy and radiotherapy in the POG trial. Based on the fact that patients with biologically 
favorable tumors have a good prognosis [20], even in the presence of residual disease, it is 
reasonable not to irradiate patients with biologically favorable stage 2B and stage 3 tumors, 
with or without residual disease after chemotherapy and surgery. Despite the adverse effects 
of radiotherapy in young children, it should be considered in the treatment plan of patients 
with biologically unfavorable stage 2B and stage 3 tumors with residual disease [21].

1.3.2. Intermediate-risk disease

Intermediate-risk patients with favorable biology tumors are treated with a short course 
of chemotherapy (four cycles), while intermediate-risk patients with unfavorable biology 
receive a longer course of chemotherapy (eight cycles).

In previous POG studies, treatment for infants with regional and metastatic disease was strat-
ified by tumor cell ploidy and MYCN amplification status. Infants with hyperdiploid tumors 
were treated with cyclophosphamide and doxorubicin, whereas infants with diploid tumors 
were treated with cisplatin and teniposide after an initial course of cyclophosphamide and 
doxorubicin [22].
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1.3.3. High-risk disease

Survival for high-risk neuroblastoma patients has improved modestly during the past 20 
years, although cure rates remain low [23]. This improvement was attributed to  intensification 
of induction chemotherapy, megatherapy consolidation, as well as improved supportive care. 
Chemotherapy dose intensity has been reported to correlate strongly with both response and 
progression-free survival where response rates 70–80% have been observed with intensive 
multiagent induction treatment protocols [24]. Intensification of consolidation therapy with 
autologous hematopoietic stem cell transplantation following myeloablative conditioning 
chemotherapy with or without total body irradiation also contributes to improved overall 
survival in several single-armed studies [25].

Patients with advanced neuroblastoma such as those with stage 4 or inoperable stage 3 disease 
should receive initial chemotherapy with “OPEC” or a similar protocol. In stage 3 patients, 
if chemotherapy rendered the tumor operable, it should be removed. In stage 4 patients, 
surgery to remove residual primary tumor should also be considered complete remission at 
all metastatic sites has been achieved. Dose intensification treatment strategies, designed to 
achieve a greater degree of cytoreduction and to circumvent emergence of resistant clones by 
using a larger number of non-cross-resistant chemotherapeutics in higher doses over a shorter 
time, are feasible but have not yet proved significantly superior to OPEC [26].

1.3.3.1. Megatherapy

Megatherapy combining high-dose myeloablative chemotherapy and/or total-body irra-
diation with either autologous bone marrow transplantation or peripheral blood stem 
cell reinfusion is often used in advanced neuroblastoma. The rationale of megatherapy 
is to eradicate the undetectable minimal residual disease and prevent disease relapse. 
Chemotherapeutics at higher-dose levels can bypass inadequate membrane transport and 
saturate detoxification pathways and DNA repair mechanisms and therefore attack resid-
ual tumor cells which have survived initial chemotherapy and became resistant to chemo-
therapy at conventional doses. Single-agent high-dose melphalan, which was evaluated in 
European Neuroblastoma Study Group (ENSG) trial 1, is one of the more commonly used 
conditioning regimens [27].

Radiation, usually in the form of TBI, has been evaluated with high-dose chemotherapy and 
autologous bone marrow transplantation in treatment of advanced neuroblastoma, and the 
results were not superior to those achieved by chemotherapy alone, yet the early and late side 
effects were greater. Allogeneic BMT is not associated with improved results. The European 
Blood and Marrow Transplant Group has reviewed the data of more than a thousand of neu-
roblastoma patients who have received myeloablative therapy. Overall, survival was 33% at 
5 years, but relapses may still be seen later. When patients relapsed after initial autologous 
BMT, salvage was not possible, but autologous BMT did salvage 15% of patients in the second 
or subsequent relapse who had not previously undergone transplantation. The poor outcome 
for transplantation in stage 4 patients > 1 year is mainly due to persistent skeletal or bone 
marrow involvement [28].
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2. Promising therapeutic targets of neuroblastoma

The 5-year event-free survival for high-risk neuroblastoma is <50%, including children 
with metastatic neuroblastoma >18 months of age and patients with locoregional or meta-
static  neuroblastoma with MYCN amplification [5]. Improved outcome was achieved with 
intensive combination induction chemotherapy and surgery, followed by myeloablative 
therapy with hematopoietic stem cell transplantation and then differentiation therapy with 
isotretinoin. Isotretinoin is the first tumor-targeted therapy with established activity in 
neuroblastoma [29]. After that, a large number of molecular targets have been developed 
for treatment of high-risk, refractory, and relapsed neuroblastoma. These molecular tar-
gets can supplement or replace some of the intensive chemotherapy used for treatment of 
neuroblastoma.

2.1. Potential advantages of target therapy over conventional chemotherapy

1. Effective cancer treatment with less side effects (increased therapeutic index) due to the 
targeting of a unique characteristic within the tumor cells, which is usually absent in nor-
mal body cells

2. Decreased likelihood of the development of resistance to the targeted therapy due to the 
molecular target being essential for the viability of the cancer

2.2. Targeting human norepinephrine transporter (hNET) with 
131I-metaiodobenzylguanidine (MIBG)

The rationale for using 131 I-MIBG as a targeted radiopharmaceutical for high-risk neuroblas-
toma was based on the observation that 90% of these tumors are MIBG avid. Studies reported 
impressive response rates in relapsed disease, and in the largest phase II trial, 37% of patients 
had a partial response (PR) or complete response (CR) [30].

Many efforts were made to maximize the benefits of MIBG:

a. Increasing tumor radiation dose: the response rate of 42 mCi/kg dose did not appear to be 
different from that obtained with the standard 18 mCi/kg dose [31].

b. Repeated MIBG infusions: investigators reported a benefit from repeated MIBG infusions 
given 6–12 weeks apart, with continued improved response in some of the patients with 
each successive infusion [32].

c. Different isotope (125 I-MIBG): the results were disappointing [33].

d. No carrier added: this approach had the advantage of infusion over 30 min instead of 
90–120 min. However, NANT trial showed toxicity, and efficacy profiles equal to those 
observed with the standard preparation [34].

e. MIBG combined with radiosensitizers or chemotherapy:
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• Italian investigators treated 16 children with refractory or relapsed neuroblastoma using 
131I-MIBG combined with cisplatin and cyclophosphamide with or without etoposide and 
vincristine and obtained 12 PRs [35].

• Two studies investigated MIBG combined with a camptothecin, with tolerable toxicity and 
measurable response [36, 37].

• Combination of a histone deacetylase inhibitor (Vorinostat) with 131I-MIBG showed that 
Vorinostat at 180 mg/m2/dose is tolerable with 18 mCi/kg MIBG, and A phase II trial com-
paring this regimen to single-agent MIBG is ongoing [38].

• 131I-MIBG before standard induction therapy with 66% response rate [39].

• 131I-MIBG at the end of induction and before myeloablative therapy for patients with re-
sidual MIBG-positive disease reported a response rate of 46% but no improvement in over-
all survival [40].

2.3. GD2-targeted immunotherapy of high-risk neuroblastoma

Promising results have been emerged with immunotherapy targeting the surface glycolipid 
molecule disialoganglioside (GD2) that is uniformly expressed by neuroblastomas and gliomas, 
sarcomas, and some melanomas [41].

GD2 expression is weak in normal human tissues and restricted to neurons, melanocytes, and 
peripheral pain fibers. Based on this, GD2 seems to be an ideal antigen target for immuno-
therapy of neuroblastoma [41].

2.3.1. Mechanism of action

a. CDC: complement-dependent cytotoxicity

b. ADCC: antibody-dependent cell cytotoxicity

2.3.1.1. First-generation anti-GD2 mAbs

Many phase I and phase II clinical trials led to the pivotal randomized COG phase III study. 
This study was conducted on 226 eligible patients to determine whether immunotherapy with 
ch14.18 combined with GM-CSF, IL-2, and isotretinoin would improve survival compared to 
isotretinoin alone for children with high-risk neuroblastoma in the first response after mye-
loablative therapy and stem cell rescue. EFS was significantly higher for patients randomized 
to immunotherapy, with a 2-year estimated EFS from randomization of 66% versus 46% for 
patients randomized to isotretinoin alone (P = 0.01). The immunotherapy group also showed 
significantly higher OS (86% versus 75% at 2 years; P = 0.02). This represents the first success-
ful immunotherapy to target a nonprotein antigen [42].
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2.3.1.2. Second-generation anti-GD2 mAbs

Phase II study of Hu14.18-IL-2 immunocytokine showed 5 CRs in 23 neuroblastoma patients 
evaluable only by bone marrow histology and/or MIBG, but no responses for patients with 
measurable disease. Preliminary findings of a phase I clinical trial of hu14.18K322 showed 
reduced neuropathic pain compared to Hu14.18-IL-2 [43].

Yu and colleagues in 2001 carried out a clinical trial of mAb 1A7 as a GD2 vaccine in 31 chil-
dren with high-risk neuroblastoma who achieved the first or subsequent remissions. No sys-
temic toxicities were observed with subcutaneous injections given periodically over 2 years, 
and only local reactions were seen. Sixteen of 21 children who enrolled during the first remis-
sion had no evidence of disease progression at a median of 6 years, whereas only one of ten 
children in the second remission remains progression-free. Yu and colleagues concluded that 
mAb1A7 vaccine is effective at inducing biologically active anti-GD2, has little toxicity, and 
may be useful for controlling minimal residual disease [44].

2.4. ALK as a therapeutic target in neuroblastoma

Anaplastic lymphoma kinase (ALK) is a tyrosine kinase that is mutated or amplified in about 
10% of neuroblastomas and expressed on the surface of most neuroblastoma cells [45].

There are several reasons why inhibition of ALK would be a feasible therapeutic option in 
neuroblastoma:

1. ALK is expressed on the surface of most neuroblastoma tumor cells and is restricted to the 
brain following development [45].

2. A proportion of neuroblastoma cells that overexpress phosphorylated ALK that is neither 
mutated nor amplified respond to ALK depletion by undergoing apoptosis [46].

3. ALK inhibition may provide an effective targeting strategy against MYCN-amplified tu-
mors [47].

Crizotinib was the first drug to be approved by FDA for treatment of ALK-rearranged can-
cers. Preclinical testing showed the sensitivity of neuroblastoma cell lines with ALK ampli-
fication. Crizotinib is being tested in a phase I/II trial for children with neuroblastoma and 
other solid tumors bearing ALK mutations [48].

2.5. The topoisomerase 1 inhibitors

The topoisomerase 1 inhibitors such as topotecan and irinotecan are often used early for treat-
ment of children with relapsed neuroblastoma because of their acceptable efficacy and toxicity 
profiles. Topotecan efficacy is enhanced when it is combined with low-dose cyclophosphamide. 
Irinotecan and temozolomide are a well-tolerated combination, and efficacy is being studied [49].
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2.6. Retinoids

A randomized clinical trial of 13-cis-retinoic acid following myeloablative chemotherapy 
regimen established the importance of retinoids in therapy for high-risk neuroblastoma. 
Fenretinide produced multi-log cell kill in multiple neuroblastoma cell lines, even those 
resistant to other retinoids [50]. Phase I studies have shown that fenretinide is generally well 
tolerated, and COG phase II trial has been completed. Newer formulations of this drug are 
currently in the pipelines to facilitate oral administration to young children [51].

2.7. Targeting CD133 biomarker

The tumor-initiating properties of CD133 have been discovered through studies such as the 
one performed by Cournoyer et al. Through genotype analysis CD133 expression is found to 
be associated with the expression of the Ephrin-A2 (EFNA2) protein. This protein can play a 
role in cancer development. EFNA2 is expressed in stem cells and can promote the formation 
of tumors. CD133 and the associated EFNA2 protein are in the pipelines as potential thera-
peutic targets for neuroblastoma [52].

2.8. Angiogenesis inhibitors

Tumor vascularity has been correlated with aggressiveness in neuroblastoma. Based on this, 
angiogenesis inhibitors seem to be an attractive therapeutic option. Furthermore, pro-angiogenic 
molecules appear to be differentially expressed in high-risk tumors, whereas lower-risk tumors 
are characterized by a stroma that provides anti-angiogenic molecules in the microenvironment. 
Preclinical studies of anti-angiogenic drugs in neuroblastoma showed promising results [53].

2.9. Targeting insulin-like growth factor I receptor (IGF-IR)

IGF-1R is involved in the regulation of cell proliferation, survival, differentiation, and trans-
formation. IGF-1R is highly expressed in neuroblastoma, and activation of IGF-1R induces 
MYCN expression. The expression level of IGF-1R has been correlated with tumor metastasis. 
Blocking IGF-1R with anti-IGF-1R antibodies resulted in the inhibition of neuroblastoma cell 
growth and tumor regression in neuroblastoma xenograft mouse models. The anti-IGF-1R 
monoclonal antibody (IMC-A12) is under investigation in phase II trial [54].

2.10. Targeting tropomyosin receptor kinase (TRK)

TRK is now known as the high-affinity receptor for nerve growth factor and as such is cru-
cially involved in the growth, differentiation, and apoptosis of neuronal cells in both the cen-
tral and the peripheral nervous systems. High expression levels of TRK have been correlated 
with poor outcome in neuroblastoma and chemotherapy resistance. Several TRK-blocking 
small compounds, such as CEP-701, have been developed. Blocking TRK using CEP-701 
results in induction of apoptosis and growth inhibition of human neuroblastoma xenografts 
in nude mice. CEP-701 is under investigation in phase I trial for refractory and relapsed neu-
roblastoma. Other tyrosine kinase inhibitors, including inhibitors of the epidermal growth 
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factor receptor, might have activity against neuroblastoma [55]. Imantanib mesylate has also 
been investigated in neuroblastoma because some tumors appear to express c-kit, PDGFR, or 
both; however, activating mutations in these receptors have not been reported [56].

2.11. Targeting Aurora A kinase (AURKA)

AURKA is a serine/threonine kinase, which stabilizes the microtubule at the spindle pole dur-
ing segregation of chromosomes. Based on this, AURKA is essential for G2-M progression, and 
its inhibition results in cell cycle arrest and apoptosis. AURKA is overexpressed in neuroblas-
toma, and amplification of its gene has also been observed in neuroblastoma cells. In phase I 
trials, promising results have also been obtained with AURKA inhibitor MLN8237 [57].

2.12. Targeting PI3K/AKT/mTOR pathway

The PI3K/AKT/mTOR pathway is an intracellular signaling pathway important in regulat-
ing the cell cycle. Therefore, it is directly related to cellular quiescence, proliferation, cancer, 
and longevity. PI3K activation phosphorylates and activates AKT that sequentially activates 
mTOR. In many cancers, this pathway is overactive, thus reducing apoptosis and allowing 
proliferation. Rapamycin (Sirolimus), an antifungal agent with immunosuppressive proper-
ties, was first isolated in 1975 from the soil of the island of Rapa Nui or Easter Island. In 
the 1980s, rapamycin showed a broad anticancer activity. However, clinical development of 
rapamycin as an anticancer agent was hampered by unfavorable pharmacokinetics. Recent 
development of rapamycin analogs with favorable pharmacokinetics such as temsirolimus, 
everolimus, and ridaforolimus opened up the present era of mTOR inhibitors as anticancer 
agents [58].

2.13. Other strategies

Epigenetic silencing of genes that are crucial for induction of apoptosis, such as caspase-8, 
seems to occur frequently in neuroblastoma. Therefore, demethylating agents such as 
decitabine are currently being investigated. Histone deacetylase inhibitors showed preclini-
cal activity against neuroblastoma. More than three histone deacetylase inhibitors are now in 
clinical trials for patients with refractory solid tumors. Heat shock protein 90 inhibitors are 
also of interest because they alter the function of molecules associated with neuroblastoma 
cell growth and proliferation, including AKT, IGF-1, and TrkB [59].
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Abstract

Neuroblastoma is a notably malignant cancer originates from neuroblastoma stem cells 
during embryogenesis. It can originate from any region of the peripheral nervous system. 
Neuroblastoma is a heterogeneous cancer. The cells responsible for heterogeneous struc‐
ture are neuroblastoma stem cells that initiate the cancer and generate into all the cancer 
cells and have self‐renewal property. Although some specific surface markers and genetic 
patterns of neuroblastoma stem cell were determined, all mechanisms have not been illu‐
minated yet. Mutations that are specific to neuroblastoma development, risk group, and 
disease‐stage are identified. However, epigenetic dysregulations also play major roles in 
the development of neuroblastoma. Patients gradually develop resistance to conventional 
chemotherapy or relapse occurs after treatment. New therapy approaches have been 
developed, either as alternatives to conventional chemotherapy, or in combination with it, 
in order to overcome the handicaps. Targeted therapies, those directly affecting the cancer 
cell or the cancer stem cell and having a minimal effect on healthy cells, constitute these 
approaches. Since neuroblastoma is highly heterogeneous both genetically and epigeneti‐
cally, the data obtained from molecular mechanisms will greatly contribute to the survival 
of patients.

Keywords: neuroblastoma, neuroblastoma stem cell, molecular, epigenetic, miRNA, 
lncRNA, targeted therapy

1. Introduction

Neuroblastoma is a type of neural crest originated cancer, can arise in any region of the 
sympathetic nervous system, but occurs in more than 50% of adrenal glands. Metastasis 
usually occurs to the lymph nodes, bone marrow, bones and rarely to the lung, liver, and 
central nervous system. Metastasis is the most important factor that decreases survival rates 
to 40%. Clinical symptoms can vary according to the primary tumor site and the site of 
metastasis.



Incidence and phenotype of the disease vary by the age, sex, and ethnicities; however, neu‐
roblastoma is regarded as an orphan disease, with approximately eight cases per million in 
the worldwide and these cases comprise 7% of all childhood cancers. The maximal rate of the 
cases occurs in the perinatal age. The median age of the neuroblastoma is 18 months and 90% 
of the patients are under 10 years of age. When seen in adolescents who constitute 5% of all 
cases, usually exhibit chemotherapy‐resistant character.

With the International Neuroblastoma Pathology Committee (INPC) modification of the Shi‐
mada classification of 1984, the neuroblastoma was divided into four categories according to 
morphological and biological characteristics of the cells, and patient age: neuroblastoma, inter‐
mixed ganglioneuroblastoma, ganglioneuroma, and nodular ganglioneuroblastoma. Although 
many different staging systems have been used in the past, International Neuroblastoma 
Staging System (INSS), including 1, 2A, 2B, 3, 4 and 4S stages, which are formed according 
to tumor size and metastasis status, is currently used. By combining the disease stages with 
prognostic factors, very low, low, medium, high‐risk groups were formed.

The spontaneous regression has been observed for patients with stage 4S who have limited 
metastatic characteristics below 1 year of age. Neuroblastoma is less common but more malig‐
nant in people with African ancestry than European ones. Moreover, the disease is infrequent 
in girls than in boys. However, genetic, epigenetic, and environmental factors, which affect 
the incidence, have not been openly described yet.

Although neuroblastoma is initially considered a familial disease, it is now known that famil‐
ial cases constitute only 1% of all cases. In particular, germline gain‐of‐function mutations 
of the anaplastic lymphoma receptor tyrosine kinase (ALK) and paired like homeobox 2b 
(PHOX2B) genes are responsible for these familial events, while neuroblastoma has been 
described as a complex disease resulting from combination of many different allelic effects.

Neuroblastoma is originated from the neuroblastoma stem cell, which is the resultant genetic 
alterations of progenitor cells that will differentiate into the sympathetic nervous system. The 
amplification of the V‐Myc Avian Myelocytomatosis Viral Oncogene Neuroblastoma‐Derived 
Homolog (MYCN) gene, a transcriptional regulator that promotes cell cycle and differen‐
tiation, induces activation of oncogenes and inhibition of tumor suppressors, is the most 
common genetic alteration in neuroblastoma. MYCN amplification has been associated with 
tumor grade, progression, and metastasis. ALK mutations also play a role in neuroblastoma 
pathology, leading to the activation of oncogenic signaling pathways by somatic amplifi‐
cation as well as familial predisposition. Polymorphisms and overexpression of the Lin‐28 
Homolog B (LIN28B) gene, involved in the regulation of multiple signaling pathways, play 
a role in neuroblastoma formation and progression more often than amplification. Loss‐of‐
function mutations in the transcriptional regulator Chromatin Remodeler (ATRX) gene, regu‐
lation in the promoter region of the telomerase enzyme Telomerase Reverse Transcriptase 
(TERT) gene, mutations in genes involved in chromatin remodeling are associated with neu‐
roblastoma development and progression. Somatic mutations in noncoding regions as much 
as in coding regions have also been associated with neuroblastoma progression. In particular, 
mutations in noncoding regions of tumor suppressor and candidate tumor suppressor genes 
are highly effective on high‐risk neuroblastoma.
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Laboratory tests, radiographic imaging, and histological staining methods are used in the 
diagnosis of neuroblastoma, staging, and monitoring the treatment. The increased levels of 
catecholamine and its metabolites in urine are the most commonly used biomarkers in neu‐
roblastoma. More rarely, increased levels of adrenaline derivatives are found in the plasma. 
Radiological approaches as ultrasonography, CT, and MRI are used for staging and meta‐
static profiling. Molecular analysis of genes such as MYCN, ALK is also important in diagno‐
sis and routine monitoring. For this purpose, mutations in biopsy specimens can be detected 
at single cell level using Fluorescence In Situ Hybridization (FISH), real‐time Polymerase 
Chain Reaction (PCR), flow cytometry, Single‐nucleotide polymorphism (SNP) arrays, Next‐
Generation Sequencing (NGS), and microarray methods.

Neuroblastoma treatment includes surgical removal of the primer tumor, standard chemo‐
therapy, and induction chemotherapy, autologous hematopoietic stem cell transplantation 
following by myeloablative chemotherapy and radiotherapy approaches, depending on the 
risk group of the patients. Unfortunately, over time, resistance to chemotherapeutics occurs 
in the patient and relapses frequently occur after the treatment. To overcome these handi‐
caps, research for neuroblastoma treatment has been focused on targeted therapy strategies 
to improve survival of patients.

2. Molecular pathology of neuroblastoma

The most common genetic and epigenetic alterations in neuroblastoma include MYCN, 
ALK, PHOX2B, ATRX, TERT, Tumor Protein P53 (TP53), Lysine methyltransferases (KMTs), 
Histone lysine demethylases (KDMs), and Histone deacetylase (HDAC) genes, noncoding 
RNA (ncRNA) expression changes [1]. Although only a few mutations that define neuroblas‐
toma development, prognosis, and metastatic characteristics have been identified, many of 
the genetic alterations underlying this rare disease remain to be discovered yet to improve 
treatment success and patient survival. With the development of novel methods in the molec‐
ular medicine in recent years, the studies in this area and the resulting findings are rapidly 
increasing and allow for the development of promising approaches in the treatment.

2.1. Neuroblastoma‐specific genetic alterations

Amplification of the MYCN proto‐oncogene has been the first discovered aberration associated 
with neuroblastoma pathogenesis. In a study realized by Brodeur et al. in 1984, it was deter‐
mined that the DNA copy number of the MYCN gene in the human neuroblastoma cell line 
is 20–140 times amplified, unlike other human cancer cell lines. In accordance with the result, 
they showed that the copy number of MYCN is correlated with the disease stage and poor 
prognosis in untreated patients [2].

The MYCN proto‐oncogene, also referred to as N‐myc, localized in 2p24.3, is a transcription 
factor that is homologous to the MYC (c‐MYC) proto‐oncogene localized in 8q24.21, whose 
mutations have been associated with hematological malignancies and lymphomas [3, 4]. 
MYCN alterations have been related with various solid tumors, especially neuroblastoma. It 
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is localized in the nucleus and activates transcription of many genes that support cell survival 
and proliferation via dimerization with the other transcription factors, which have the same 
binding domain. It also suppresses the genes responsible for normal cell differentiation [5]. 
Accumulation of neuroblasts with the impairment of normal differentiation of neuronal cells 
is the underlying cause of primer neuroblastoma formation.

Familial neuroblastomas rarely occur and constitute approximately 1–2% of all cases. The 
tyrosine kinase receptor ALK, which plays an essential role in the development of the nor‐
mal brain and nervous system, is the major component of hereditary neuroblastomas [6]. 
However, abnormal ALK expression plays an important role not only in hereditary neuro‐
blastoma but also in the development of sporadic neuroblastoma [7].

In addition to ALK, PHOX2B gene, the main regulator of neural crest development is respon‐
sible for the development of familial neuroblastoma [8].

While MYCN amplification is responsible for a large proportion of sporadic neuroblastomas 
(∼20%), a large proportion of adolescent and young adult patients have ATRX mutations 
(∼20%) without MYCN amplification [9]. ATRX, a chromatin remodeling gene that is a mem‐
ber of the SWI/SNF family, plays a role in the regulation of gene expression by the epigenetic 
mechanism by organizing the matrix‐chromatin interaction [10]. ATRX is responsible for H3.3 
accumulation in methylation silencing regions such as transposon elements, imprinted genes, 
and telomeres [11]. Telomere‐repeat sequences are located at the end regions of the chro‐
mosomes and maintain the stability of the chromosomes. In eukaryotic cells, telomeres are 
shortened at each replication, thus limiting the proliferation ability of the cell [12]. There are 
two mechanisms involved in maintaining the telomere length, which leads to the prolifera‐
tion capacity of both stem/progenitor cells and cancer cells.

First, these are the activation of the alternative lengthening of telomeres (ALT) mechanism, 
which involves the loss of function of the ATRX gene. Mutations of the ATRX gene cause 
abnormally long telomere lengths in cancers, including neuroblastoma [13].

The second mechanism that plays a role in the conservation of telomere length is the activa‐
tion of the telomerase enzyme by rearrangement of the TERT gene. Mutations in the TERT 
gene are highly associated with high‐stage neuroblastoma patients (∼20%) who do not have 
MYCN and ATRX mutations and are associated with poor prognosis [14].

The catastrophic process, called chromothripsis, describes a new carcinogenesis mechanism 
that is caused by a large number (tens to hundreds) of rearrangements occurring in the same 
cell in one or several chromosomes, unlike the conventional mechanism in which the accu‐
mulation of mutations over time causes cancer [15]. Chromothripsis mechanisms have been 
highly defined through recent whole‐genome sequencing studies. Defects that play a role in 
the mechanism occur in genes that are involved in nervous system development and neu‐
ritogenesis. Defects of the transmembrane protein tyrosine phosphatase, receptor type D 
(PTPRD), teneurin transmembrane protein 2 (TENM2), teneurin transmembrane protein 3 
(TENM3), CUB and sushi multiple domains 1 (CSMD1) proteins which play a role in nervous 
system development and T‐cell lymphoma invasion and metastasis 1 (TIAM1), Rho GTPase 
activating protein (DLC1) GTPase proteins involved in Rac/Rho signaling through these 
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 transmembrane proteins are responsible for the development of high‐grade neuroblastoma 
without MYCN amplification. Down regulation of the cell division cycle 42 (CDC42) gene, a 
GTPase located in 1p36, is characterized in advanced disease patients with MYCN amplifica‐
tion [16].

In addition to CDC42, 1p36 deletion including RhoGEF kinase (KALRN), calmodulin binding 
transcription activator 1 (CAMTA1), kinesin family member 1B (KIF1B), castor zinc finger 1 
(CASZ1) genes and 17q acquisition are correlated with MYCN amplification in the high‐stage 
neuroblastoma [17, 18]. 11q loss of heterozygosity that is inversely related to MYCN amplifi‐
cation is also responsible for a large proportion of high‐stage neuroblastoma.

Large spectrum of genetic‐wide association studies has identified many genetic alterations 
related to predisposition to nonfamilial (sporadic) neuroblastomas, recently. The genes asso‐
ciated with genetic predisposition are BRCA1‐associated RING domain 1 (BARD1), which 
regulates tumor suppressor BRCA1 activity, transcriptional regulator LIM domain only 1 
(LMO1), dual specificity phosphatase 12 (DUSP12) that controls cell proliferation, DEAD‐box 
helicase 4 (DDX4), a helicase that regulates the secondary structure of RNA and its associ‐
ated functions, interleukin 31 receptor A (IL31RA), hydroxysteroid 17‐beta dehydrogenase 12 
(HSD17B12) which plays role in fatty acid biosynthesis, HECT Domain and ankyrin repeat 
containing E3 ubiquitin protein ligase 1 (HACE1) that regulates proteosomal degredation, 
LIN28B, neurofilament light (NEFL) that plays a role in the formation of neurons and TP53 
gene, one of the most important transcription factor and a tumor suppressor that regulates 
essential cellular events as apoptosis, DNA repair [19–21].

2.2. Epigenetic pattern in neuroblastoma

Epigenetic modifications are reversible changes that play a role in the regulation of gene 
expression by regulating the chromatin accessibility of the elements necessary for transcrip‐
tion in eukaryotic cells via chromatin remodeling, histone modifications, DNA methylation, 
and noncoding RNAs. While acetylation is only associated with euchromatin, methylation 
regulates both euchromatin and heterochromatin [22].

Results from microarray‐based DNA methylation studies performed in neuroblastoma 
patients have shown that gene‐specific (promoter) hypomethylation occurs more frequently 
than genomic hypermethylation that cause development of neuroblastoma [23, 24]. Both 
upregulation and downregulation of the DNA methyltransferases may be associated with 
the pathogenesis of neuroblastoma, depending on the functions of the genes which have 
promoter methylation. O‐6‐methylguanine‐DNA methyltransferase (MGMT), a DNA meth‐
yltransferase, interacting with the Wnt/B‐catenin signaling pathway is upregulated in the 
neuroblastoma and is associated with chemotherapy resistance [25]. However, DNA methyl‐
transferase 3 beta (DNMT3B7), a DNA methyltransferase, regulates genomic methylation in 
neuroblastoma and triggers normal neuronal differentiation [26].

Similar to DNA methylation, histone methylation and demethylation have different effects on neu‐
roblastoma prognosis. Lysine methyltransferase 5A (KMT5A), a H4K20me1 methyltransferase,  
promotes survival and differentiation in neuroblastoma cells by suppressing p53 mediated  
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apoptosis [27]. Overexpression of the DOT1‐like histone lysine methyltransferase (DOT1L) histone 
methytransferase correlates with expression levels of MYCN, solute carrier family 6 member 4 
(SLC6A4), and E2F transcription factor 2 (E2F2) genes, triggers the development of neuroblastoma 
and has been associated with poor prognosis [28]. Histone chaperone chromatin assembly factor 1 
subunit A (CHAF1A) promotes advanced‐stage neuroblastoma development via H3K9 trimethyl‐
ation of the survival genes [29]. Lysine demethylase 4B (KDM4B), a lysine demethylase, is respon‐
sible for epigenetic regulation of MYCN signaling via histone demethylation in poor prognosis of  
neuroblastoma [30].

Since the identification of their roles in the pathogenesis of many solid and hematological 
malignancies, a large proportion of treatment strategies have been targeting epigenetic mech‐
anisms. Because histone acetylation is common in cancer prognosis, investigations focus on 
HDAC inhibitors, especially. Histone deacetylase 2 (HDAC2) contributes neuroblastoma pro‐
gression through downregulation of apoptotic miR‐183 signaling [31]. The grainyhead‐like 
transcription factor 1 (GRHL1) is suppressed by the promoter hypoacetylation via histone 
deacetylase 3 (HDAC3) in the advanced‐level neuroblastoma [32].

Suppression of CD9 expression in the neuroblastoma by transcriptional activity of histone 
deacetylase 5 (HDAC5) has been associated with poor prognosis and metastasis [33]. Increased 
levels of histone deacetylase 8 (HDAC8) expression in neuroblastoma cells have been sug‐
gested to play a role in resistance to chemotherapeutics by suppressing the expression of 
miR‐137 and triggering the expression of the ATP binding cassette subfamily B member 1 
(MDR1) gene [34]. Upreglation of the SWI/SNF related, matrix associated, actin dependent 
regulator of chromatin, subfamily A, member 4 (SMARCA4), a chromatin remodeling gene 
is in the same family with the ATRX, promotes viability of the neuroblastoma cells and it is 
related to advanced‐stage neuroblastoma [35].

As the result of the outputs of the ENCODE project, which was published in 2012, less 
than 2% of the human genome included protein‐coding genes, and large parts of tran‐
scriptome composed of pseudogenes and ncRNAs. ncRNAs, which play essential roles 
both in the regulation of gene expression and in the protein synthesis, contain small RNAs 
(tRNA, microRNA(miRNA), siRNA, snRNA) and long noncoding RNAs (lnc RNA). miR‐
NAs, single‐stranded RNA molecules of about 20 nucleotides and lncRNAs, longer than 
200 nucleotides are essential molecules in the gene expression regulation. Since ncRNAs 
have critical regulatory roles, deregulations are associated with multiplexed pathologies, 
especially cancers [36].

miRNAs are the basic epigenetic molecules involved in all stages of gene expression regula‐
tion. Gene expression has oncogenic (oncomiR) or tumor suppressor properties depending on 
their regulatory properties.

Members of the miR‐17‐92 cluster (miR‐17‐5p, miR‐18a, miR‐19a, miR‐20a, and miR‐92) 
are upregulated with MYCN amplification indicating poor prognosis and treatment resis‐
tance via regulation of a main cell cycle regulator cyclin dependent kinase inhibitor 1A 
(P21) and a apoptotic regulator BCL2‐like 11 (BIM) proteins in neuroblastoma cell lines 
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and patients [37, 38]. miR‐34a, which is associated with TP53 signaling pathway, acts as 
a tumor suppressor and downregulates MYCN, E2F transcription factor 3 (E2F3), apop‐
tosis regulator (BCL2), a cell cycle component cyclin D1 (CCND1), and CDK expression. 
However, in neuroblastoma cells, miR‐34a expression is generally silenced with 1p36 dele‐
tion [17]. miR‐497 is also a tumor suppressor that similarly suppresses the MYCN expres‐
sion [39]. Upregulation of miR‐188‐5p and miR‐501‐5p and downregulation of miR‐125b‐1 
are thought to be associated with chemotherapy resistance [40]. The expression increase of 
oncomiR miR‐221, a negative regulator of the nemo‐like kinase (NLK) gene, is character‐
ized by tumor progression and poor prognosis in neuroblastoma cells in relation to MYCN 
[41]. The low expression of dicer 1, ribonuclease III (DICER), and drosha ribonuclease III 
(DROSHA) genes, which play a role in the miRNA biogenesis, generally leads to a decrease 
of miRNA expression in neuroblastoma [42].

Since 2012, lncRNAs have begun to become part of neuroblastoma research, like as the other 
cancer researches. Studies in this area have focused particularly on the regulation of the 
expression of genes such as MYCN, ALK, which are highly associated with neuroblastoma 
pathogenesis, and directing the neuroblastoma cells to apoptotic death. In particular, bio‐
markers have been identified that indicate a poor prognosis and a high‐risk disease group. 
A cell proliferation regulator Mir‐100‐Let‐7a‐2 cluster host gene (MIR100HG) promotes neu‐
roblastoma cell proliferation [43]. lncRNA metastasis associated lung adenocarcinoma tran‐
script 1 (MALAT1) regulates the genes which are responsible for neuronal differentiation, 
angiogenesis, and migration in neuroblastoma [44–46]. While MYCN upstream transcript 
(MYCNUT) and small nucleolar RNA host gene 1 (SNHG1) which are associated with high 
risk, trigger neuroblastoma progression via MYCN amplification, cyclin dependent kinase 
inhibitor 2A (CAI2), and long intergenic nonprotein coding RNA 467 (LINC00467) promote 
the neuroblastoma independently of the MYCN expression [47–50]. Downregulation or loss 
of tumor suppressor lncRNAs cancer susceptibility candidate 15 (CASC15‐S) and neuroblas‐
toma associated transcript 1 (NBAT‐1), and upregulation of onco‐lncRNA ncRAN are associ‐
ated with advanced‐stage neuroblastoma and poor prognosis via increasing cell proliferation 
and disregulating neuronal differentiation [51–53].

Anti‐apoptotic lncRNAs growth arrest specific 5 (GAS5), long intergenic nonprotein coding  
RNA 1105 (LINC01105) are located in TP53 signaling pathway and regulate apoptosis in 
neuroblastoma cells. Activation of the lncRNA GAS5, which has two alternative transcripts 
that both suppress TP53, DNA repair associated (BRCA1) and growth arrest and DNA dam‐
age inducible alpha (GADD45A) and stabilize proto‐oncogene, E3 ubiquitin protein ligase 
(MDM2), promotes tumor proliferation in neuroblastoma cells by inhibiting apoptosis and 
cell cycle arrest [54]. LINC01105 upregulation also suppresses TP53‐related apoptosis in neu‐
roblastoma cells. On the other hand, proapoptotic lncRNA maternally expressed 3 (MEG3) 
is also located TP53 signal pathway and downregulation of MEG3 causes suppression of 
apoptosis and deregulated differentiation in the neuroblastoma tissues [55]. Even though 
the epigenetic changes may regulate the prognosis and progression stage in neuroblastoma 
patients, the knowledge about the regulation mechanisms is still inadequate (Figure 1).
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3. Neuroblastoma stem cell

Neuroblastoma is a heterogeneous cancer and there are many different specific cells in a single 
tumor. It has been suggested that all types of cancer cells that provide heterogeneous properties 
are characterized by the differentiation of a single neuroblastoma stem cell [56]. Because cancer 
stem cells are closely related to both chemotherapy resistance and relapse, the elucidation of the 
molecular mechanisms of neuroblastoma stem cells is crucial for treatment success.

Neuroblastoma stem cells were first described as I‐type cells (intermediate type), malignant 
cells of neural crest, morphologically located between neuroblastic cells and neural crest cells. 
I cells are characterized as stem cells because they can produce self‐renewal cell lines of two 
cell types [57].

Figure 1. Genetic and epigenetic mechanisms in neuroblastoma.
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Polarity loss and asymmetric division of neuronal cells constitute neuroblastoma stem cells 
during normal neuronal development have been shown in studies conducted in Drosophila 
melanogaster [58]. Speedy/RINGO cell cycle regulator family member A (SPDYA) regulates 
the formation of neuroblastoma stem cells by controlling asymmetric division of cells [59]. 
ALK and MYCN mutations, which have the most important share in the progression of famil‐
ial and sporadic neuroblastomas, respectively, can constitute neuroblastoma stem cells from 
neural crest progenitor cells [60]. Repression of TP53 by proto‐oncogene, polycomb ring finger 
(BMI1) causes neuroblastoma induction from embryonic precursors by reducing the response 
to oncogenic transformation [61]. It is suggested that polo‐like kinase 1 (PLK1) expression in 
neuroblastoma stem cells is one of the factors that contribute to survival and self‐renewal [62].

Neuroblastoma stem cells are characterized by upregulation of prominin1 (PROM1/CD133), 
proto‐oncogene receptor tyrosine kinase (KIT/CD117), colony stimulating factor 3 receptor 
(CSF3R/CD114) cell surface proteins and G protein‐coupled receptor class C group 5 member 
C (GPRC5C), NOTCH1, placental growth factor (PGF), neurotrophic receptor tyrosine kinase 
2 (NTRK2), nerve growth factor receptor (NGFR), colony stimulating factor 3 (CSF3), signal 
transducer and activator of transcription 3 (STAT3), and RB transcriptional corepressor‐like 
2 (RBL2) genes which play a role in differentiation to malignant neuroblastoma stem cell 
(Figure 2) [63–66].

Figure 2. Neurblastoma stem cell.
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4. Targeted treatment approach and future perspectives

Retinoic acid, platinum complexes, DNA alkylating agents, and topoisomerase inhibitors 
are used in the conventional chemotherapy of neuroblastoma. Nevertheless, neuroblastoma 
cells become resistant to the chemotherapeutics during the time. Mechanisms that cause che‐
motherapy resistance are frequently associated with MYCN. A novel retinoic acid resistance 
mechanism includes LIM domain only 4 (LMO4), cytochrome P450 family 26 subfamily A 
member 1 (CYP26A1), achaete‐scute family BHLH transcription factor 1 (ASCL1), ret proto‐
oncogene (RET), frizzled class receptor 7 (FZD7), and dickkopf WNT signaling pathway 
inhibitor 1 (DKK1) genes are triggered by MYCN overexpression. These causes may lead to 
targeting of TGF‐β signaling pathway, leading to resistance [67]. MYCN plays a different criti‐
cal role in resistance to platinum compounds by inhibiting apoptosis through deregulation of 
PPARG coactivator 1 alpha (PPARGC1A), transcription factor A, mitochondrial (TFAM) genes 
regulating mitochondrial biogenesis and mitochondrial dynamin‐like GTPase (OPA1), mito‐
fusin 2 (MFN2), dynamin 1‐like (DRP1) genes regulating mitochondrial dynamics [68]. The 
identification of resistance mechanisms taking place in different pathways is still ongoing. 
Most recently, two different resistance formation has been described both calcium metabo‐
lism and activation of the hepatocyte growth factor (HGF)/hepatocyte growth factor receptor 
(MET) signaling pathway [69, 70]. Resistant‐dependent or independent relapse also limits the 
success of conventional chemotherapy.

Conventional chemotherapy resistance and relapse risk have led research to focus on targeted 
therapy. Currently, targeted treatment approaches aim to induce apoptosis of neuroblas‐
toma cells, dominantly. Moreover, studies of the induction of normal neuronal differentia‐
tion, epigenetic regulation, immunotherapy, nanoparticles, and dual mechanisms have been 
the subject of recent research.

Upregulation of PLK1, the positive regulator of cell cycle and MYCN stabilization, has been 
associated with high‐risk neuroblastoma. Inhibition of PLK1 causes cell cycle arrest and 
induces apoptosis [71, 72]. Unlike many cancers, TP53 mutations occur less frequently in neu‐
roblastoma. The inhibition of protein phosphatase, Mg2+/Mn2+ dependent 1D (PPM1D/Wip1), 
which is a negative regulator of TP53 mediated cell‐death pathway, has been proposed as a 
novel approach to induce apoptosis through neuroblastoma cells through checkpoint kinase 2 
(CHK2)/TP53 [73]. The novel identified proapoptotic brain expressed X‐linked (BEX) genes in 
the downstream of the TP53 signaling pathway are promising as new tumor suppressors by 
inducing apoptosis in neuroblastoma cells [74]. Inhibition of epidermal growth factor recep‐
tor (EGFR) directs neuroblastoma cells to apoptosis through the suppression of the phos‐
phatidylinositol‐4,5‐bisphosphate 3‐kinase (PI3K)/serine/threonine kinase (AKT)/mechanistic 
target of rapamycin (mTOR) signaling pathway [75]. The inhibition of the G‐protein asso‐
ciated receptor tachykinin receptor 1 (TACR1) induces apoptosis and reduces survival in 
neuroblastoma cells [76]. Targeting the proto‐oncogene, nonreceptor tyrosine kinase (SRC)/
proto‐oncogene 1, nonreceptor tyrosine kinase (ABL) presents a new therapeutic approach 
by directing neuroblastoma cells to death [77]. Interleukin 24 (IL‐24) induces cell death in 
neuroblastoma via caspase‐independent pathway via apoptosis inducing factor (AIF), serine/
threonine kinase (ATM), and H2A histone family member X (H2AFX) regulation [78].
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Another approach is the induction of normal differentiation of neuroblastoma cells. The 
ASCL1 gene prevents the neuronal differentiation of neuroblast cells, the main cause of 
neuroblastoma development, through a mechanism independent of MYCN oncogenes [79]. 
Coactivation of PPARD regulates cell differentiation, and retinoic acid receptor alpha (RARA), 
which is involved in conventional therapy, composes a new combinational approach to neu‐
roblastoma therapy by inducing normal differentiation of neuroblasts [80]. Coinhibition of 
ALK and CDK4/6, Anti‐GD2 mAb and HDAC, aurora kinase A (AURKA), and BCL‐2, also 
constitute synergistic approaches to neuroblastoma treatment [81–83].

Epigenetic regulation has great importance in the treatment as well as in the pathogenesis of 
neuroblastoma. Inhibition of HDAC11 in neuroblastoma suppresses genes associated with pro‐
liferation and induces apoptosis. HDAC11 can be seen as a promising goal for treatment [84]. 
HDAC8 inhibition and miR‐137 expression lead to increased chemotherapy sensitivity [34]. 
miR‐497, which regulates the genes associated with proliferation, metastasis, and resistance, is 
a novel candidate molecule for targeted neuroblastoma therapy [85]. The epigenetic regulator 
miR‐506 suppresses the metastasis of the neuroblastoma cells via inhibiting Rho associated 
coiled‐coil containing protein kinase 1 (ROCK1) which is located in transforming growth factor 
beta (TGF‐B) signaling pathway [86]. Upregulation of ncRNA 45A plays a critical role in tumor 
proliferation and metastasis by regulating the expression of amyloid beta precursor protein 
binding family B member 2 (FE65L1), G2, and S‐phase expressed 1 (GTSE1) genes [87].

Digestive organ expansion factor (DEF) plays a role in ribosome biogenesis, acts as a regulator 
in both the development of the peripheral sympathetic nervous system and the development 
of neuroblastoma. DEF and the other components of the small ribosomal subunit proces‐
some involved in ribosome biogenesis have potential use in neuroblastoma targeted therapy 
[88]. Human ion channel transient receptor potential cation channel subfamily M member 2 
(TRPM2), which regulates cell proliferation via mitochondria, is a potential therapeutic target 
in neuroblastoma [89]. One of the promising approaches in neuroblastoma therapy is to target 
cell surface proteins such as solute carrier family 6 member 2 (HNET) regulates neurotrans‐
mitter homeostasis, ALK, and NTRK2 and neural cell adhesion molecule (NCAM) [90, 91].

It is a promising approach to vaccination through chimeric antigen receptor (CAR)‐modi‐
fied T cells both to create an immunological response to neuroblastoma cells and to increase 
the level of response [92]. Cancer/testis antigen 1B (CTAG1B) is expressed by various solid 
tumors including the neuroblastoma, a potential immunotherapy target [93].

Nanoparticles have great potential for the use of diagnosis through fluorescent probes and 
treatment via encapsulated therapeutic genes (siMyc, siBcl‐2, and siVEGF) of neuroblastoma 
[94]. Targeting drug delivery to neuroblastoma cells may be achieved by genetically engineered 
biological nanoporus molecules such as diatoms so minimizing damage to healthy cells [95].

Clustered regularly interspaced short palindromic repeats (CRISPRs) and CRISPR‐associated 
protein‐9 nuclease (Cas9) systems are valuable targeted genome editing tools that have great 
potential for molecular medicine applications. The studies aimed to clarify the mechanisms 
that play a role in pathogenesis and to develop targeted therapies. The activity of aldehyde 
dehydrogenase 1 (ALDH1) isoenzymes was associated with the aggressive nature of neuro‐
blastoma stem cells in the study using patient‐derived xenograft tumors using CRISPR/Cas9 
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technology [96]. In animal models, DNA methyltransferase 3 alpha (DNMT3a) transactiva‐
tion using CRISPR/Cas9 technology contributes to the regulation of the methylation of brain 
cells [97]. Using CRISPR/Cas9 technology, silencing mutant neuroblastoma RAS viral onco‐
gene homolog (NRAS) gene through guide RNAs (gRNAs) in the NRAS‐mutant cell line has 
made cells more sensitive to specific inhibitors [98].

Increased knowledge of neuroblastoma pathology and molecular biology will contribute to 
the creation of new approaches to diagnosis and treatment and to increased patient life qual‐
ity and survival rates.
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Abstract

Telomeres are nucleoprotein structures located at the ends of linear chromosomes. In 
most human adult normal somatic cells, telomeres shorten after each cellular division. 
This shortening ultimately leads to senescence and/or apoptosis. By contrast, in most 
cancer cells, telomerase activation compensates this loss and confers to these cells 
their infinite cell proliferation potential. Neuroblastoma (NBL) is a malignant tumor 
of the peripheral sympathetic nervous system and the most frequent extracranial solid 
tumor of childhood. NBLs are remarkably heterogeneous both at the levels of biol-
ogy, genetic and clinical courses. Indeed, some of NBLs can regress spontaneously or 
after a mild treatment, while others are in the high-risk category with poor progno-
sis. The molecular bases underlying this heterogeneity are poorly understood. MYCN 
(V-Myc Avian Myelocytomatosis Viral Oncogene Neuroblastoma-derived Homolog) 
amplification, recognized as strongly associated with unfavorable patient outcome, is 
found in only 40% of the high-risk disease, indicating the involvement of other mech-
anisms. Recent observations suggest that telomerase expression and telomere dys-
functions may be one critical step in NBL development. This review provides recent 
insights on telomeres/telomerase regulation in NBL. Because of their involvement in 
the tumor cell biology, telomere and telomerase are currently at the core of new drug 
development.

Keywords: telomerase, telomeres, regulation, therapies, neuroblastoma

1. Introduction

Cancer development is a multistep process requiring genetic and epigenetic events leading 
to the deregulation of the expression of key genes. Among these genes, telomerase, by its 



action on telomere maintenance, plays a major contribution in carcinogenesis and drug resis-
tance. This enzyme is activated in almost 90% of cancers, including neuroblastoma (NBL).

Neuroblastoma is a malignant tumor of the peripheral sympathetic nervous system and the 
most common extracranial solid tumor in childhood [1, 2]. NBL is remarkably heterogeneous 
and displays a wide spectrum of differentiation stages from benign ganglioneuroma and well-
differentiated tumors to undifferentiated malignant NBL. NBL is also a heterogeneous disease 
in terms of outcome and response to treatments: from spontaneous regression to resistance 
to all known treatments. In about 60% of the cases, NBL is diagnosed as a disseminated high-
risk disease (stage 4), and most are diagnosed after 18 months of age. Genomic amplification 
of MYCN (V-Myc avian myelocytomatosis viral oncogene neuroblastoma-derived homolog) 
has been strongly associated with unfavorable patient outcome in approximately 20% of pri-
mary neuroblastoma tumors and approximately 40% of high-risk NBL. This alteration has 
thus been established as a robust marker for the definition of high-risk NBL. However, that 
MYCN amplification occurs only in 40% of high-risk NBL indicates that other genetic and/
or epigenetic alterations play an important role in this disease. Array comparative genomic 
hybridizations have been widely employed to discover genome abnormalities and evaluate 
patient’s risk. NBL displays several numerical and structural copy number variations such as 
the loss of 1p, 3p, 9p, 11q, and 14q, and the gain of 1q, 2p, and 17q, which identify high-risk 
subsets of NBL [3, 4]. That aggressive stage 4 neuroblastoma expressed high levels of telom-
erase activity, whereas favorable tumors had no or little telomerase expression and activity [5, 
6], suggest an important role of this enzyme in the biology of neuroblastoma and its response 
to chemotherapy. NBL has a very low mutation frequency. The most two mutated genes are 
ALK (anaplastic lymphoma kinase) coding a tyrosine kinase, altered in about 7–8% of all 
primary tumors and 50% of familial NBL cases [7, 8], and ATRX (alpha thalassemia/mental 
retardation syndrome, X-linked) in about 10% of NBL and generally found in older patients.

Recently, the next-generation sequencing has shown that high-risk NBLs are characterized by 
defects that in common lead to the activation of telomere maintenance pathways supporting 
the idea that targeting these pathways will benefit to the patients [9, 10].

Many excellent recent reviews [11, 12] already exist on telomeres and telomerase in many 
aspects (structure and functions, regulation, and epigenetic control). This paper will there-
fore briefly review the recent knowledge on this topic, then, it will focus on the mechanisms 
of telomerase reactivation and telomere length maintenance in NBL, and discuss how these 
regulatory mechanisms can be targeted or “manipulated” for therapeutic purposes to modify 
cell fate and anticancer drug response in NBL.

2. Telomeres and telomerase

2.1. Telomeres

Every normal human somatic cell has a molecular clock for dividing, a process discovered by 
Leonard Hayflick, half a century ago, who observed that diploid cells in culture can divide 
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only a limited number of times before stopping in a state known as the cellular senescence or 
the “Hayflick limit” [13]. In eukaryotic organisms, conventional DNA polymerases alone can-
not fully replicate the ends of linear chromosomes, called telomeres. Therefore, telomere ends are 
progressively shortened after each cellular division [14, 15]. This leads to genomic instability 
and senescence or apoptosis.

Telomeres are specialized nucleoprotein structures made of 10–15 kb of short non-protein-coding  
repetitive 5′-TTAGGG-3′ DNA sequences. Telomeric DNA is mainly double-stranded, ter-
minating in a single-stranded 3′ G-rich overhang of 150–200 nucleotides (nt) [16, 17]. These 
double-stranded repeats have one guanosine-rich strand (G-strand) copied by the lagging-
strand replication, and one cytosine-rich strand (C-strand) synthesized by leading-strand 
replication. The telomeric DNAs are bound by shelterin protein complexes consisting of telo-
meric repeat factors 1 and 2 (TRF1 and TRF2), repressor/activator protein 1 (RAP1), TRF1- 
and TRF2-interacting nuclear protein 2 (TIN2), tripeptidyl-peptidase 1 (TPP1), and protection 
of telomeres 1 (POT1) [18, 19]. TRF1 and TRF2 bind to the double-stranded telomere DNA 
repeats, whereas POT1 binds to the single-stranded G-rich overhang. The three remaining 
proteins of the shelterin complex act as adaptors to mediate the interactions between the com-
plex constituents: POT1 interacts with TPP1, a ternary complex of other proteins (TINT1/
PTOP/PIP1), which interacts in turn with TIN2 that plays a key role in stabilizing the shelterin 
complex via its interaction with TPP1, TRF1, and TRF2. TPP1 also plays a major role in con-
trolling the recruitment of the telomerase to the telomeres. RAP1 binds to TRF2 and acts as a 
mandatory element to the formation of the t-loop and the protection of the telomeres from the 
non-homologous end-joining (NHEJ) process. This process is dependent on the ataxia telan-
giectasia-mutated (ATM) kinase, the ataxia telangiectasia, and Rad3 (ATR) kinase, involved in 
the repair of the double-stranded and the single-stranded DNA breaks, respectively.

Due to the tandem organization of the G-rich telomeric DNA, the telomeres can form spe-
cialized four-stranded helical structures that involve Hoogsten-type base pairing between 
four guanines, named G-quadruplex (or G4) [20]. Alternatively, the G-strand overhang is also 
involved in the formation of the t-loop in which it invades the double-stranded region [21]. 
It has been hypothesized that those structures, which are not mutually exclusive, are able, by 
sequestering the 3′ end, to prevent the extension of the telomeres by telomerase.

Besides their role of capping chromosomes and protecting them from being recognized as 
DNA breaks [22], telomeres ensure proper chromosome segregation during mitosis [23] as 
well as transcriptional silencing of genes located close to them. Indeed, telomere shorten-
ing can alter gene expression by a process named telomere position effect (TPE) [24]. This 
process leads to the reversible silencing of genes near the telomere and thus is dependent 
on telomere length. In yeast, TPE can repress genes located up to 20 kb from the end [25, 26]. 
Recently, using a Hi-C (chromosome capture followed by high-throughput-sequencing) 
technique, three genes located at three different subtelomeric ends (1p, 6p, and 12p) were 
reported to have their expression altered with telomere length: ISG15 (interferon-stimulated 
gene 15kD), DSP (Desmoplakin), and C1S (complement component 1s subcomplement). This 
phenomenon occurs through chromosomal looping between the loci of these genes and their 
respective telomere ends [27, 28]. Therefore, many loci may be regulated by telomere length. 

Telomeres and Telomerase in Neuroblastoma
http://dx.doi.org/10.5772/intechopen.69567

97



This observation provides a new potential mechanism by which telomere shortening could 
contribute to the aging process and cancer development.

Two mechanisms of telomere maintenance have been identified in humans: the telomerase-
mediated maintenance observed in 90% of cancers and, in the remaining 10%, the alternative 
lengthening of telomeres (ALT), which depends on homologous recombination [29, 30].

2.2. Telomerase: a ribonucleoprotein complex with multiple functions

Elizabeth Blackburn and her graduate student Carol Greider (2009 Nobel Prize in Physiology 
or Medicine) who worked on the ciliated protozoan Tetrahymena thermophila identified the 
enzyme responsible for the telomeric repeat synthesis [31]. This ribonucleoprotein (RNP) 
enzyme maintains telomere length by adding repetitive sequences to chromosome ends, 
slowing down telomere attrition [32].

Telomerase is an RNA-dependent DNA polymerase that plays a key role in carcinogenesis. 
By synthesizing telomeric DNA at the termini of chromosomes and stabilizing telomere 
lengths, it overcomes the senescence barrier due to the progressive telomere shortening asso-
ciated with cell divisions [33]. Normal human somatic cells have very low or undetectable 
telomerase activity. By contrast, this activity has been detected in a wide range of human 
cancers (85–90%), in stem cells and adult germline tissues [34, 35]. By its action on telomeres, 
this enzyme confers to cancer cells their infinite cell proliferation potential and controls cell 
survival [36–38]. Telomerase is believed to be a significant target in cancer therapy since its 
upregulation appears to be a feature of malignant cells.

The human telomerase is a ribonucleoprotein enzyme (127 kDa) composed of at least two 
components, a catalytic subunit, telomerase reverse transcriptase (hTERT), and a template 
RNA component (hTR) (Figure 1).

hTR is a non-polyadenylated 451-nt long non-coding RNA containing eight conserved 
regions (CR1–CR8) that acts mainly as a template for the synthesis of the telomeric DNA. hTR 
binds hTERT via a template-pseudoknot domain (CR1/CR2) and a stem-loop domain (CR4/
CR5) located in the middle of this RNA structure, which interacts with the DNA-binding 
domain of hTERT (Figure 1). hTERT protein functions as a dimer in the telomerase complex. 
Additional proteins are also required for a functional telomerase complex in vivo: small nucle-
olar RNPs, NHP2 (non-histone protein 2), NOP10 (nucleolar protein 10), GAR1, shelterin, and 
the ATPases Pontin and Reptin [39, 40]. The shelterin complex aids at the stabilization of the 
3′ end at the telomeres. The appropriate stabilization of hTR and its proper interaction with 
hTERT involves the recruitment of dyskerin (DKC1), an RNA-binding protein, facilitated by 
the ATPases Reptin and Pontin [41]. The assembly of telomerase occurs in the nucleus in the 
Cajal bodies, and its localization at telomeres requires TCAB1 (Telomerase CAjal Body pro-
tein 1) and TPP1 proteins [42, 43].

Loss-of-function mutations of either hTERT or hTR are associated with pathologies such as 
aplastic anemia, pulmonary fibrosis, and dyskeratosis congenital, diseases characterized by 
stem cell depletion, deficiency in tissue regeneration, and tissue atrophy [44].
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Besides its canonical role, accumulated evidence indicates that telomerase elicits other func-
tions in several essential cell-signaling pathways, including apoptosis, differentiation, DNA 
damage responses, and regulation of gene expression [45–50]. Even though these functions 
appear independent of telomerase activity, it is not excluded that some transient effect at 
telomeres can affect chromatin structure and gene expression. One example of these non-
canonical functions of hTERT is the demonstration that hTERT binds NF-κB p65 subunit 
and regulates some of its target genes such as IL (Interleukin)-6, IL-8, TNF (tumor necrosis 
factor) α, and matrix metallo proteinases (MMPs) [51, 52]. In turn, NF-κB (nuclear factor κ- 
light-chain-enhancer of activated B cells) can activate the expression of hTERT by binding to its 
promoter indicating a feed-forward loop between telomerase and NF-κB [53]. hTERT protein 
can also function as a transcriptional modulator of the Wnt (wingless-related integration site)/β-
catenin-signaling pathway [54]. Indeed, hTERT and β-catenin co-associate at the Wnt/β-catenin 
target gene promoters by forming a complex with the ATPase subunit of SWI/SNF (switch/
sucrose non-fermentable) chromatin-remodeling complex, BRG1 (Brahma-related gene 1). 
Interestingly both wild-type and catalytically inactive hTERT led to the reactivation of Wnt/β-
catenin target genes suggesting that this function is independent of its conventional func-
tion at telomeres. In turn, the Wnt/β-catenin pathway regulates the expression of hTERT in 
embryonic stem cells and in cancer cells through the recruitment of β-catenin to the promoter 
of hTERT indicating, in this case also, a positive feed-forward loop between telomerase and 
β-catenin [55]. Furthermore, functioning as an RNA-dependent RNA polymerase, hTERT 
has been implicated in the production of small-interfering (si) RNAs in a Dicer-dependent 
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manner and thereby is involved in posttranscriptional gene silencing [56]. This activity of 
hTERT occurs through the interaction of hTERT protein with BRG1 and nucleostemin [57, 58]. 
For example, hTERT, through this activity, mediates the production of endogenous siRNAs 
using the RNA component of the mitochondrial RNA-processing endonuclease (RMRP) as a 
template.

Recently, it has been shown that BRG1 plays an essential role in maintaining the proliferation 
and viability of NBL cells. Interestingly, BRG1 is consistently upregulated in several NBL cell 
lines and in advanced stages of NBLs. Furthermore, high BRG1 levels have been correlated 
with poor patient outcome [59]. Therefore, BRG1 inhibition could be a possible new line of 
treatment for high-risk NBL patients. In view of these observations, the relationship between 
BRG1 and hTERT in NBL should be investigated.

2.3. Human hTERT regulation

Given the key role of telomerase in malignant transformation and tumor progression, great 
efforts have been deployed to unravel the mechanisms underlying telomerase activation.

2.3.1. hTERT gene and its promoter

The hTERT gene is 42-kb (kilobases) long with 16 exons [60] located in humans on the short 
arm of chromosome 5 (5p15.33) [61], more than 2 Mb away from telomeres. The reverse tran-
scriptase domain is coded by exons 5–9. Differential splicing of hTERT mRNA has been dem-
onstrated during embryonal development in various tissues. So far, 22 isoforms have been 
described resulting from alternative splicing [62, 63]; however, only the full-length isoform, 
which retains the reverse transcriptase activity, is able to elongate telomeres [64, 65]. Variants 
that lack the reverse transcriptase domain could affect telomerase activity by acting as com-
petitive inhibitors as reported for the α-variant [66] or may have by themselves telomere- 
independent activities [62, 67, 68]. However, these experiments should be interpreted cautiously  
because they are based on overexpression conditions that are far beyond the physiological 
conditions.

Telomerase activity is generally well correlated with hTERT expression indicating that hTERT 
is a key regulator of this enzyme. hTERT gene is mostly regulated at the transcriptional level. 
This regulation is complex and includes multiple levels [69, 70].

The hTERT promoter does not have typical transcription-regulatory elements as TATA or 
CAAT boxes but is GC-rich. The core promoter harbors at least five GC boxes and two E-boxes 
(enhancer boxes with the canonical sequence of 5′-CACGTG-3′), which are sites for Sp1 
(specificity protein 1), and c-Myc-binding, respectively, as well as multiple other transcrip-
tion factor-binding sites involved in hTERT gene transcription: E-26 (ETS) family members, 
E2F, AP1 (activator protein 1), p53, p21, HIF (hypoxia-inducible factor), NF-kB, β-catenin, 
CTCF (CCCTC-binding factor), WT1 (Wilms’ tumor 1), and MZF2 (myeloid zinc finger 2) [71] 
(Figure 2).
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2.3.2. Transcriptional regulators of hTERT

The factors that bind hTERT promoter were characterized as transcriptional activators or 
transcriptional repressors or can play both roles depending on the cell type and the cellular 
context. Different factors can sometimes compete for binding to the same site or cooperate 
for binding to adjacent sites on hTERT promoter. Most of the studies concern the effect of  
transcription factors interacting with the core region of hTERT promoter, spanning from −180 bp  
(base pair) upstream to +1 bp downstream of the transcription start site. However, transcrip-
tion factors interacting with a more distant region can also play an important role. Their 
action can be modulated by epigenetic modifications (see below). Therefore, the transcrip-
tional level of hTERT results from a complex regulatory network of all these factors. These 
latter observations can explain the contradictory results that are reported in the literature. 
Given the complexity of hTERT regulation, it is difficult to integrate all the information. In 
addition, many factors indirectly regulate hTERT transcription through their interaction with 
other signaling pathways. All these processes ensure a tight and coordinated control of the 
hTERT gene in order to silence it in most human somatic adult cells. This control is lost in 
most malignant cells.

Recent articles have already reviewed exhaustively the roles of specific regulatory factors of 
hTERT [33, 71, 72]. Here, we have selected the most important ones, those whose binding has 
been demonstrated by in vivo assays, and also those that could be involved in the physiopa-
thology of neuroblastomas.

2.3.2.1. c-Myc/Max/Mad-1

c-Myc and its dimerization partner Max (Myc-associated factor X) bind to regulatory ele-
ments called E-boxes and recruits histone acetyltransferases in order to activate the transcrip-
tion of various genes, including hTERT [73]. c-Myc binds to two canonical E-box sequences 

MZF2 MZF2 MZF2 WT1 Ebox
(myc/mad-1)

Sp1Sp1 CTCF

-600 -500 -400 -200-300 -100 +1TSS +100

Ebox
(myc/mad-1)

Ets2

CpG island

ATG

G4

hTERT genepromoter

SNP

Ets Ets

Figure 2. Schematic representation of the hTERT promoter: binding sites for various transcription factors are shown. The 
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binding site for the Wilms’ tumor 1 transcription factor; MZF2: binding site for the myeloid zinc finger 2 transcription 
factor. Vertical tick marks with dark circles indicate the location of CpG dinucleotides. G4 indicates the localization of 
the G-quadruplex structure that can be adopted by hTERT promoter.
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(5′-CACGTC-3′) found in the core promoter of hTERT (at −165 and +44 bp from the tran-
scription start site). This binding leads to the upregulation of hTERT gene, and the increase 
in telomerase activity [74, 75]. However, c-Myc alone is not always sufficient to upregulate 
the expression of hTERT suggesting the requirement of additional factors. For example, the 
cooperation between Sp1 and c-Myc has been demonstrated to upregulate hTERT expression 
in human foreskin keratinocytes transduced by E6 [76]. Recently, it has been reported that 
c-Myc can exert a dual role on hTERT promoter. Indeed, besides its action as a transcriptional 
activator of hTERT, c-Myc can also maintain its promoter in a repressive state [77]. This latter 
action is independent of the two E-boxes.

Numerous factors thereby are able to indirectly upregulate hTERT expression through their 
action on c-Myc expression: transforming growth factor (TGF)-β/Smad signaling, estrogen, 
Aurora-A, Survivin, Leptin, mitogen-activated protein kinase (MAPK)/PI3K (phosphoinosi-
tol-3-kinase)-signaling pathway, MMP9, and Sirtuin 1 (SIRT1). Conversely, many factors are 
able to repress hTERT expression by counteracting the c-Myc expression or activity. The most 
important one is Mad-1 (Max dimerization protein 1), a potent antagonist of c-Myc, which 
acts as a direct competitor for dimerization with Max and binding on the E-boxes. Other fac-
tors are also known to act on c-Myc expression and/or inhibit its binding to hTERT promoter: 
breast cancer 1 (BRCA1), p27KIP21, HIF-1alpha, and so on.

Despite the strong evidence of the action of c-Myc as a transcriptional activator of hTERT, 
several studies reported the lack of correlation between c-Myc expression and hTERT mRNA 
levels [78, 79]. However, in these studies, the direct binding of c-Myc on hTERT promoter has 
not been investigated.

NBL cells generally do not express c-Myc but N-MYC, a protein belonging to the same family. 
c-Myc and N-MYC are encoded by different genes but have similar structures and domains. 
As c-Myc, N-MYC protein was shown to be recruited to the hTERT promoter and to activate it 
in NBL [80]. However, it is not known whether N-MYC can always functionally replace c-Myc 
in hTERT regulation. Moreover, hTERT has been shown to regulate c-Myc protein stability by 
interacting directly with c-Myc suggesting the existence of a feed-forward loop. In addition, in 
c-Myc-driven lymphoma, hTERT can also be recruited to c-Myc target promoters [81]. Such a 
crosstalk between hTERT and N-MYC protein has not been reported in NBL yet.

2.3.2.2. Specificity protein 1 (Sp1)

Sp1 is a transcription factor that binds to GC-box motifs in the promoter of hTERT. It activates 
hTERT gene expression in telomerase-positive cells but suppresses it in telomerase-negative 
one [82]. Sp1 may work in cooperation with c-Myc to upregulate hTERT expression. However, 
in cooperation with Sp3, another GC-box binding protein, Sp1 can also suppress the expres-
sion of hTERT.

It is important to note that this GC-rich region of hTERT promoter is able to form a tandem 
G-quadruplex structure [83]. The formation and stabilization of these structures that involves 
at least three of the five Sp1-binding sites could, therefore, interfere with hTERT transcrip-
tional regulation.
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2.3.2.3. Nuclear factor κ-light-chain-enhancer of activated B cells (NF-kB)

NF-kB is a transcription factor complex playing a role in telomerase expression and activity 
either directly through its binding on hTERT promoter or indirectly through the modula-
tion of the expression of transcription factors known to affect hTERT expression. The bind-
ing site of NF-kB on hTERT promoter is located 600 bp upstream of the ATG translation start 
codon. However, recently, another pathway for the activation of hTERT by this complex 
has been proposed. This new mechanism involves a hotspot hTERT promoter mutation (see 
below).

2.3.2.4. Upstream stimulatory factor (USF) proteins

As c-Myc, USF proteins bind directly to E-box motifs on the core promoter of hTERT. They 
play both activating and repressing roles in the regulation of hTERT gene expression depend-
ing on the cell context.

2.3.2.5. CCCTC-binding factor

CTCF transcription factor binds at the beginning of exon 1 (+4 to +39 bp) and near the begin-
ning of exon 2 (+422 to +440 bp) relative to the ATG in hTERT promoter. It is a repressor of 
hTERT transcription. CTCF is unable to bind to methylated DNA and therefore its binding is 
dependent on the degree of DNA methylation [84].

2.3.2.6. Wilms, tumor protein 1

WT1 is described as a repressor of hTERT. Its binding site lies from −358 to −349 bp on hTERT 
promoter [85]. However, similar to CTCF, the binding of WT1 is known to be methylation-
sensitive. This observation was further supported by Azouz et al. whose experiments, in an 
acute promyelocytic leukemia (APL) cell model, showed that hypermethylation of a distal 
domain of hTERT promoter induced by retinoic treatment prevented WT1 binding and there-
fore, the subsequent hTERT gene repression [86]. A recent study reports an inverse correla-
tion between WT1 expression and MYCN amplification and expression. Moreover, a high 
expression of WT1 has been associated with a poor outcome only for patients showing non-
MYCN-amplified tumors [87]. In a cohort of 67 primary NBL tumors, no significant correla-
tion between WT1 and hTERT expression was found (p = 0.056), whereas, considering only 
stage 4 tumors (n = 51), there was a significant higher WT1 expression in patients with a low 
hTERT expression (p = 0.033).1

2.3.3. hTERT promoter mutations

Recently, hotspot promoter recurrent mutations were identified first in sporadic and familiar 
malignant melanoma [88, 89]. These mutations, which cause an adenine-to-cytosine (A>C) 
mutation or a cytosine-to-thymine (C>T) transition at chromosome 5: 1,295,161, 1,295,228, and 

1 E. Ségal-Bendirdjian et al., unpublished results.
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1,295,250 (−57, −124, and −146 bp upstream of the ATG translation start codon), are named 
−57A>C (or A161C), −124C>T (or C228T), and −146C>T (or C250T), respectively. From there, 
the hTERT promoter mutations have been identified in various types of cancers with different 
frequencies [90]. The two main mutations, −124C>T and −146 C>T, have been suggested to be 
oncogenic drivers on the basis of experimental data showing that (1) their introduction into 
the hTERT promoter reporter could significantly enhance the promoter activity [91]; (2) the 
creation of these mutations by genome editing in hTERT promoter of human pluripotent stem 
cells is sufficient to inhibit the repression of hTERT gene transcription normally observed 
in wild-type hTERT promoter-bearing stem cells after induction of differentiation [92]; and 
(3) tumors carrying hTERT promoter mutations were frequently observed to express higher 
levels of hTERT mRNA and telomerase activity compared with those carrying a wild-type 
promoter. The frequency of the −124C>T mutation is generally higher than the frequency 
of the −146C>T mutations (80 vs. 20%). Other less common mutations were also detected in 
the hTERT promoter such as the CC>TT mutations at −124/−125 (Chr.5: 1,295,228–1,295,229) 
and −138/−139 (Chr.5: 1,295,242–1,295,243) positions. Note that these mutations occur in the 
G-rich region of the promoter known to form G-quadruplex structures [83]; therefore they 
can abrogate their negative effect on transcription by changing their stability and/or altering 
their recognition.

hTERT promoter mutation rates vary significantly from undetectable to 85% among studied 
human cancer types. The mutations occur most frequently in bladder, thyroid, hepatocellu-
lar cancers, malignant glioblastoma, and melanoma [93–96], while they are rarely present in 
hematological malignancies, prostate, gastrointestinal, breast, and lung cancers [90, 97, 98]. 
That a high frequency of hTERT promoter mutations was found in a multitude of advanced 
cancers suggests their key role in the reactivation of telomerase activity.

Mechanistically, −124C>T or −146C>T mutation generates an 11-base nucleotide stretch 
(5′-CCCCTTCCGGGG-3′), which contains a consensus-binding site (GGAA in reverse comple-
ment) for ETS family transcription factors [99]. It was shown that the multimeric GA-binding 
protein (GABP), an ETS family transcription factor, was specifically recruited to the mutant 
rather than wild-type hTERT promoter in different cancer cells. This recruitment is associ-
ated with an enhanced enrichment of active chromatin leading to the opening of chromatin, 
an increased recruitment of PolII, and upregulation of hTERT expression and activity [91, 
100]. This effect is further enhanced by the activation of the non-canonical NF-kB-signaling 
pathway. Indeed, the recruitment of the p52 subunit of NF-kB to the C250T site facilitates the 
stimulation of hTERT transcription.

Genome-wide association studies revealed the presence of single-nucleotide polymorphisms 
(SNPs) within the hTERT locus that were associated with increased risks in a variety of can-
cers. For example, rs2736100, located in intron 2, was associated with various types of cancer 
as glioma and colorectal cancer [101, 102]. Another SNP, rs2853669, found at hTERT promoter 
upstream of the first E-box, disrupts an ETS2-binding site [103, 104] and also hampers c-Myc 
binding to the adjacent E-box. The presence of this SNP can modify the effects of hTERT pro-
moter mutations [105].
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While hTERT promoter mutations have been identified in a broad range of cancers, not all 
cancers possess these mutations suggesting that other mechanisms contribute to hTERT 
reactivation.

2.3.4. Epigenetic regulation of hTERT transcription

The hTERT promoter is located in a 4-kb CpG island from −1800 to +2200 bp (relative to the 
TSS). Besides the involvement of transcription factors, epigenetic control and overall chroma-
tin structure at hTERT promoter add another layer of hTERT regulation. It is well established 
that DNA methylation, histone acetylation, and methylation are also involved in the regula-
tion of hTERT transcription even though the precise role and the molecular mechanisms are 
not well understood and even contradictory due to the different cellular models studied and 
the various methods used to analyze these epigenetic modifications.

Considering the methylation pattern categorized in different cell lines, it is possible to narrow 
the promoter to only two regions: one methylated, sometimes hypermethylated (from −650  
to −200 bp from ATG) and one unmethylated or only slightly methylated (from −200 to +100 bp)  
[86, 106–110].

It is known that DNA methylation at gene promoter plays a major role in transcription factor 
binding. For example, hypomethylation at the hTERT core promoter may allow the binding of 
c-Myc to the E-boxes. Some reports, including ours, suggest that DNA methylation of hTERT 
promoter might have a key role in hTERT expression, but in a way opposite to what has been 
proposed so far. The hypothesis is that DNA methylation at hTERT promoter can contribute 
to prevent the binding of repressors and could account for high hTERT expression. This has 
been demonstrated for two transcription factors known to repress hTERT: CTCF whose bind-
ing site is located in exon 1 [71, 111, 112] and WT1 whose binding site is located in the distal 
promoter [86].

Besides DNA methylation, histones contribute to chromatin organization. Modifications can 
occur to their amino acid tails: methylation and acetylation are the most common. In general, 
methylation of histone 3 at its lysine 4 (H3K4) and hyperacetylation of histones are signs of 
hypo- or unmethylated DNA and active transcription gene. On the contrary, methylation of 
lysine 9 and 27 of histone 3 (H3K9 and H3K27, respectively) and hypoacetylation of histones 
are signs of hypermethylated DNA, so inactive transcription gene [110].

2.4. Human TR regulation

As hTERT is generally expressed only in telomerase-positive cells and its ectopic introduction 
alone can immortalize normal human cells, hTERT has been regarded as the limiting compo-
nent of telomerase activity and much of the research has thus focused on the regulation of 
hTERT gene. However, even though hTR is ubiquitously expressed, evidence supports the 
notion that hTR can be also limiting for telomerase activity and telomere maintenance [113]. 
Indeed, the gene encoding hTR, a single-copy gene located on chromosome 3 at 3q26.3 [114], 
is highly regulated. A number of transcription-binding sites have been validated by either 
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electrophoretic mobility gel gift assays, promoter reporters, and chromatin immunoprecipi-
tation (ChIP) experiments, including Sp1, Sp3, and NF-Y [115, 116]. Furthermore, different 
signaling pathways have also been implicated in hTR transcription as JNK pathway.

3. Telomeres and telomerase in neuroblastoma

3.1. Telomerase as a biological marker and predictive factor in neuroblastoma

Several distinguishable groups in NBL have been identified based on their telomere biology 
and telomerase activation suggesting that telomerase expression may be one critical step in the 
development of neuroblastoma [5]. High telomerase activity allowing the maintenance of telo-
mere length has been previously reported to correlate with advanced stages of the disease and 
with poor prognosis [5, 117–121]. By contrast, tumors without detectable telomerase activity 
showed favorable outcomes and some tumors regressed or matured [122]. This phenomenon 
of spontaneous regression led to propose a specific pattern of the metastatic disease called 
stage 4S. Children with stage 4S were restricted to infants aged less than 12 months at diag-
nosis, had generally small primary tumors with dissemination limited to the liver and skin 
and minimum bone marrow involvement [123]. The mechanisms involved in this regression 
remain to be elucidated. The expression of the alternate splice variants of hTERT could consti-
tute a negative regulatory mechanism of telomerase at the posttranscriptional level and might 
account for the favorable evolution of these tumors [119, 124]. Therefore, full-length hTERT 
expression and telomerase activity, due to its strong correlation with the biological behavior 
of neuroblastoma tumors, may prove to be a good indicator of malignancy, in particular in 4S 
neuroblastoma. This may have consequences in the therapeutic strategies that can be adopted 
for these patients. As this form presents similar features as classic stage 4, it can be therefore 
treated as a high-risk group although in these cases, less therapeutic intensity could be given.

Several mechanisms have been proposed to explain the phenomenon of spontaneous regres-
sion. These include the neurotrophin receptor signaling when deprivation in nerve growth factor 
occurs, immune-mediated killing by anti-neural antibodies in patients, epigenetic regulation of 
gene expression through DNA methylation, histone modifications or chromatin remodeling, and 
finally telomere shortening and consequently apoptosis. Indeed, most of the tumor samples from 
4S NBL have low telomerase activity or short telomeres [5]. This mechanism is further supported 
by Samy et al. who showed that a neuroblastoma cell line transfected by a dominant-negative 
form of human telomerase was more prone to apoptosis and had reduced tumorigenicity in a 
mouse xenograft model compared to untransfected neuroblastoma cells [125].

A correlation between hTR expression in primary NBLs, stage of disease, and survival [126, 
127] has also been reported demonstrating a potential role for hTR as a biomarker even though 
most of the studies focused on hTERT expression. However, hTR expression does not always 
correlate with telomerase activity. This can be explained by the complexity of the different 
molecular mechanisms involved in telomerase regulation.
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Even though the main role of telomerase is to maintain telomere length in tumors, non-canonical 
functions could also promote tumor growth and contribute to poor prognosis in primary 
NBLs (Wnt signaling, DNA repair, genomic instability, apoptosis, and escape from oncogene-
induced senescence) [117].

Using a novel approach of three-dimensional (3D) telomere quantitative fluorescence in situ 
hybridization on 74 NBL tissue samples, a recent report demonstrates a possible classification 
of NBLs based on the level of telomere dysfunction, telomere length, and nuclear organiza-
tion. Telomere dysfunctions were associated with unfavorable tumor characteristics, includ-
ing MYCN amplification, and poor prognosis [128].

3.2. Potential mechanisms of hTERT activation and/or telomere maintenance 
mechanisms in neuroblastoma

The mechanisms by which telomerase activity is activated in high-stage NBL remain elusive. 
However, recent studies have shed some light on this important question. Although some 
controversies may remain, hTERT expression upregulation may occur through at least two 
pathways: MYCN amplification and genomic rearrangements around hTERT. Alternatively, 
ALT pathway can be activated in the absence of telomerase activation providing a mean for 
tumor cells to stabilize their telomeres as a necessary requirement for the immortalization and 
progression of the tumors.

3.2.1. MYCN amplification

MYCN amplification is the best characterized genetic marker and a powerful prognostic indi-
cator of high-risk neuroblastoma [3]. MYCN-amplified tumors usually exhibit high telomer-
ase activity and expression [118]. As developed earlier, c-Myc-binding sites are present on 
hTERT gene promoter and it is now well demonstrated that this factor, alone, or in coopera-
tion with other transcription factors, determines the activity of hTERT promoter. N-MYC and 
c-Myc proteins are highly homologous. As c-Myc, N-MYC heterodimerizes with Max at con-
sensus E-box sequences, therefore, MYCN overexpression could promote telomere stabiliza-
tion through a transcriptional increase of hTERT gene expression associated with an increase 
in telomerase activity even though only one study reported such a direct interaction by ChIP 
in NBL [80]. An inverse correlation of MYCN and c-Myc expression was found in NBL sub-
types [129]. As mentioned earlier, whether N-MYC protein can replace all c-Myc functions for 
hTERT regulation is still an unanswered question. Several lines of evidence suggest that MYC 
family members have separate physiological functions. The interplay between N-MYC and 
hTERT in NBL needs, thus, to be further investigated.

A recent study shows that DKC1 gene promoter is targeted by both c-Myc and N-MYC and 
that high DKC1 expression is an independent prognostic indicator for adverse clinical out-
come in NBL. DKC1 gene encodes the RNA-binding protein dyskerin, a core component of 
the telomerase holoenzyme. This new function of DKC1 in NBL appears to be telomerase-
independent [130].
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3.2.2. hTERT promoter mutations

Although hotspot mutations in hTERT promoter driving telomerase activity are frequently 
described in neural crest-derived tumors such as melanoma [88, 89] and in a variety of other 
neuronal tumors including medulloblastoma and glioma [90, 131, 132], no hTERT promoter 
mutations have been detected in a large series (n = 131) of primary neuroblastoma [133], in 
line with previous studies performed on a smaller number of patients [90, 134]. However, 
these mutations were searched only in the core promoter of hTERT; it is not excluded that 
mutations may exist in more distant regulatory elements. The existence of a given SNP should 
also be searched.

3.2.3. hTERT gains

Chromosome 5p is often amplified in NBL, and focal hTERT gains were recently detected in 
several stage 4 primary NBLs. hTERT gains were more frequently detected in MYCN non-
amplified cases, suggesting that hTERT gain performs a function similar to MYCN amplifi-
cation [135, 136]. As N-MYC protein can bind and activate hTERT promoter, it is likely that 
hTERT gains are selected in order to increase hTERT expression in the absence of MYCN 
amplification.

3.2.4. hTERT rearrangements

Recent whole-genome sequencing of primary neuroblastoma, performed by two independent 
groups, discovered recurrent genomic rearrangements in a 70-kb region proximal to hTERT 
locus on the chromosome 5p15.33 [9, 10].

Indeed, in the first study [10], the authors were searching for structural alterations that might 
occur in high-risk NBL and, analyzing 56 tumors, they identified 4 locations exhibiting clus-
tered breakpoints. These are related to MYCN amplifications, ATRX deletions, copy num-
ber gains of chromosome 17q, and rearrangements located at chromosome 5p15.33 proximal 
to hTERT gene. hTERT rearrangements occurred in 21% of tumors and included balanced 
translocations, copy number gains, high-level amplifications, and chromothripsis [137]. 
Chromothripsis corresponds to a massive and localized genome rearrangement [138], affect-
ing high-risk tumors. Chromothripsis occurs in 2–3% of human cancers and, in a whole- 
genome-sequencing study, it occurs in 18% of high-risk NBL [137]. In an extended case series  
(n = 217), the authors showed that hTERT rearrangements are associated with a poor patient outcome  
and occur in mutually exclusive fashion with MYCN amplification and ATRX mutations (see 
below). They do not affect directly the hTERT gene or its promoter but they are all associ-
ated with an increase in hTERT transcription and telomerase activity as well as genes present 
in its vicinity (SLC6A18 and SLC6A19) [139]. ChIP sequencing of hTERT-rearranged tumors 
indicated next to the breakpoints the presence of histone modifications known to mark active 
promoters (H3K4me3 and H3K27ac) and transcription elongation (H3K36me3), whereas in 
cells lacking hTERT alterations the repressive mark H3K27me3 was identified. Therefore, the 
structural rearrangement occurring at 5p15.33 results in a massive chromatin remodeling of 
this genomic region. The biological effect is the repositioning of regulatory elements very close 
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to hTERT locus that could be responsible for the high induction of hTERT expression (up to 90 
times that of normal cells) in these tumors.

In a similar whole-sequencing study [9] screening 108 NBLs, structural rearrangements of 
hTERT associated with hTERT overexpression were identified in 23% of cases. In hTERT-
rearranged NBLs, a significant increase in telomere length has been demonstrated compared 
to non-rearranged NBLs. Both studies describe hTERT rearrangement as the second most 
frequent genetic defect in high-risk NBL after MYCN alteration. It is important to note that in 
those cases the promoter and coding regions of hTERT gene remain non-altered.

These results have been major advances in our understanding of NBL genetic and biology 
placing telomere biology at the core of this pathology.

3.2.5. Small nucleolar ribonucleoproteins (snoRNPs)

A recent study reported that the expression of proteins involved in the formation and sta-
bilization of snoRNP complex (including DKC1, GAR1, and NHP2 proteins) is elevated in 
high-risk NBL and associated with poor prognosis. Furthermore, this study shows a posi-
tive correlation between DKC1 expression and telomerase activity. This increase is associated 
with an increase of hTR expression. Therefore, in NBL, upregulation of snoRNPs may contrib-
ute to telomere maintenance and stabilization [140].

3.2.6. ALT and neuroblastoma: ATRX (alpha thalassemia/mental retardation syndrome, X-linked) 
mutations

Telomere length does not necessarily correlate with telomerase activity [141]. Recently, it has 
been reported that some neuroblastomas (generally associated with unfavorable NBL in older 
children without MYCN amplification and regardless of telomerase activation status) pre-
serve their telomere length in the absence of telomerase through telomere-binding proteins 
and alternative lengthening of telomeres, a process based on DNA repair/homologous recom-
bination pathways [141–143]. ALT tumors represent 10–20% of NBL. These tumors have a 
very poor outcome. Phenotypically, ALT cells present long and heterogeneous telomere 
lengths [144], ALT-associated promyelocytic leukemia (PML) nuclear bodies [145], and abun-
dant extra-chromosomal telomeric repeats [146]. A recent whole-genome-sequencing study 
identifies, in most ALT NBL cases, loss-of-function mutations in ATRX [137, 147, 148]. ATRX 
maps to the X chromosome and encodes a SWI/SNF chromatin-remodeling ATP-dependent 
helicase. ATRX regulates chromatin structure at both centromeric heterochromatin and telo-
meric regions [149]. In vitro analyses demonstrate its binding to GC-rich sequences and to 
G-quadruplexes [150]. Loss of ATRX functions may allow the destabilization of repressive 
heterochromatin at telomeres. NBLs with ATRX mutations show longer telomeres. ATRX 
mutations include in-frame deletions, missense, nonsense, and frameshift single-nucleotide 
variations. They are predominantly observed in adolescent and young adult patients (44% in 
patients older than 12 years, whereas no mutation was detected in infants <18 months of age 
[148]) and are frequently associated with chemo-resistance. ATRX protein establishes a func-
tional interaction with DAXX (death domain-associated protein). At telomeres, ATRX and 
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DAXX proteins cooperate to deposit the histone H3 variants, H3.3, to maintain chromosome 
stability [151]. Loss of function of ATRX/DAXX is also associated with ALT activation [152] 
and poor overall survival among older patients. As mentioned earlier, ATRX mutations were 
mutually exclusive from MYCN amplification. However, how ATRX mutations lead to NBL 
progression is still an unanswered question.

3.2.7. ARID1A and ARID1B

Next-generation sequencing, genome-wide rearrangements analyses, and targeted analysis of 
specific genomic loci of 71 NBL patients identified mutations in chromatin-remodeling com-
plexes encoded by ARID1A/1B (AT-rich interaction domain 1A/1B) genes in 11% of cases with 
decreased survival of patients [147]. Both proteins are subunits of the SWI/SNF transcrip-
tional complex. They have emerged as tumor-suppressor genes and thereby when mutated 
can drive NBL tumorigenesis. However, additional studies will be required to elucidate the 
role of these proteins in the initiation or progression of NBL.

In conclusion, it is important to note that through either MYCN amplification, hTERT rear-
rangements, or ATRX/DAXX mutations, most high-risk NBLs have activated mechanisms, all 
of which are involved in the maintenance of telomere length and contribute to the tumor pro-
gression. This relationship highlights the major role of telomere/telomerase biology in NBL. 
These three mechanisms identify therefore distinct groups of NBL patients at very high risk 
with poor outcome [139]. That low-risk tumors lack such alterations support the notion that 
these kinds of tumors are more prone to spontaneously regress.

Altogether, these observations provide new important mechanisms that could be targeted in 
new therapeutic strategies to treat the most aggressive forms of neuroblastoma.

4. Telomerase, a target for cancer therapeutics

That, on one hand, both MYCN amplification and 5p15.33 rearrangement targeting hTERT 
locus lead to an increase in telomerase activity and subsequent telomere lengthening, and on 
the other hand ALT pathway is activated in tumors lacking hTERT or MYCN alterations indi-
cate that the fate of high-risk NBL is largely dependent on telomerase/telomere biology. These 
new findings may help to improve tumor diagnostics and prognosis but also supports the 
development of novel therapeutic strategies targeting telomere/telomerase to treat the most 
aggressive form of this disease. Different molecules were shown to target telomerase by differ-
ent mechanisms such as nucleoside analogs and reverse transcriptase inhibitors (zidovudine, 
stavudine, and tenofir), synthetic non-nucleoside inhibitors as BIBR1532 (2-[(E)-3 naphtalen-
2-yl-but-2enoylamino]-benzoic acid), natural compounds (EGCG, MST-132), G-quadruplex 
stabilizers (telomestatin, BRACO-19), and molecular chaperone inhibitors affecting hTERT 
assembly (Hsp90 inhibitors). However, these compounds generally lack specificity and have 
adverse effects, and for now, no clinically validated drug targeting telomerase has been suc-
cessfully developed. GRN163L (imetelstat), a phosphoramidate oligonucleotide targeting the 
template region of hTR, has undergone clinical trials by Geron Corporation (Menlo Park, 
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CA, USA) [153–155]. However, the phase II study has been discontinued in breast cancers 
and non-small-cell lung carcinoma because no significant improvement in median progres-
sion-free survival was demonstrated. Moreover, hematological toxicity has been observed. 
However, these side effects have been used to propose this drug in hematological diseases. A 
phase II study evaluating the activity of imetelstat in patients with essential thrombocythemia 
or polycythemia vera is in progress. However, the actual mechanism of action of this molecule 
is still to be determined. For now, no clinical trials have been performed on NBL.

Regarding NBL, perhaps future attempts could be to target specifically N-MYC protein in 
patients who have NBL with MYCN amplification. However, the lack of specificity of the 
strategies targeting directly transcription factors is still a major concern. Bromodomain and 
extra terminal (BET) inhibitors, as JQ1 to specifically downregulate MYCN expression, are 
at the preclinical stage of evaluation [156]. Small molecules have been identified to inhibit 
c-Myc/Max interaction as well as decrease c-Myc protein levels and inhibit cell growth [157]. 
It has been shown that these molecules also interfere with N-MYC/Max interaction resulting 
in cell cycle arrest in MYCN-overexpressing NBL cell lines [158]. The consequences on hTERT 
expression have not been investigated yet.

The recent identification of ATRX mutations associated with their consequences on telomere 
structure in a specific group of high-risk NBL patients suggests that G-quadruplex stabilizers 
could be a potential therapeutic strategy to partially reverse the effects of ATRX mutations.

Telomerase expression was proposed as a selectively targetable mechanism for retinoids and 
specifically all trans retinoic acid (ATRA), an already clinically relevant drug used to stimulate 
differentiation of APL. Indeed, in a APL cellular model, it has been shown that retinoids can 
induce transcriptional repression of hTERT gene not only in differentiation of sensitive cells 
but also in cells resistant to ATRA-induced differentiation [159–161]. As the mechanism of 
hTERT repression occurs at the level of gene transcription, all the functions of telomerase can 
thus be targeted. Therefore, it is worth considering this antitelomerase property of retinoids 
in combination with more conventional therapies to target NBL. A recent study reporting the 
efficacy of a combination therapy, using retinoids and epigenetic modulators, in reducing 
NBL cell growth supports this idea [162].

5. Conclusions

Several potential chemotherapy strategies based on telomerase and telomere biology have 
been developed and explored by pharmaceutical and biotechnology companies [163]. 
However, in spite of ever-growing knowledge on telomere and telomerase biology, a number 
of questions remain to be answered as most of these numerous strategies are not yet clinically 
available because of a weak efficiency and/or a high toxicity. Therefore, to develop agents that 
will be effective, we need a sharper picture of how the enzyme functions and how we can 
manage to target specifically and destabilize telomeres in cancer cells. Epigenetic therapies 
aimed at counteracting the genetic alterations (mutations) are emerging alternatives against 
aggressive tumors.
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Telomerase regulation is highly complex, involving the interplay between numerous biologi-
cal and molecular processes. Despite the extensive studies that have been already done, a 
lot more is necessary to unravel the mechanisms underlying the switching off/on of hTERT 
gene during cell differentiation and cell transformation. However, progress in this direction is 
hampered by the absence of standardized methods to measure hTERT expression and telom-
erase activity and the lack of suitable tools in the study of telomere/telomerase biology.

First, telomerase repeated amplification protocol (TRAP) assay is a rather artificial assay to 
quantify telomerase activity; it is based on a quantitative real-time polymerase chain reac-
tion (PCR) method that measures only the capacity of the telomerase reverse transcriptase to 
elongate artificial telomeric substrates without giving any measurement of the other functions 
of this protein. To date, no assay exists to evaluate the non-conventional functions of hTERT.

Second, hTERT expression is generally quantified using also a quantitative real-time PCR; 
however, in most cases it is not clearly known which hTERT isoform (full-length or specific 
splice variants) is detected. This would explain why, sometimes, comparison between telom-
erase activity and hTERT transcripts yielded contradictory results. Indeed, generally exhaus-
tive measurements using different primer sets for the detection of various hTERT isoforms 
are not usually done. The detection and quantification of splice variants can be of interest for 
clinical outcome and prognosis. Moreover, further studies are also required to define pre-
cisely the functions of these variants.

Third, hTR is rarely quantified; however, it is also a limiting factor in telomere homeostasis.

Finally, due to the low expression of telomerase even in cancer cells, the detection of telom-
erase by western blot or fluorescence is puzzling. In addition, commercially available anti-
hTERT antibodies are still a problem with specificity [164]. Because of these limitations, 
several published studies used overexpressed hTERT protein (generally tagged). However, 
the unusually high concentration of the protein due to the overexpression could alter the 
dynamic and the localization of the protein compared to the endogenous protein leading to 
misinterpretations.

Since the first paper published in 1995 [5], very few scientific advances have been done on a 
potential involvement of telomere/telomerase in NBL biology. However, the recent findings 
highlighting the role of telomere/telomerase biology in high-risk NBL will definitely impact 
the research in this pathology as well as in other cancers and help to develop new therapeutic 
strategies.
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Abstract

Neuroblastoma is an embryonal extracranial solid tumor originating from undifferentiated 
neural crest cell and it is the most common among children. Neuroblastoma is highly het-
erogeneous, and on these bases different outcomes are observed across the subtypes. Its 
clinical impact (~13% of all pediatric cancer mortality) has made this aggressive malignancy 
the focus of a considerable translational research effort. New insights into tumor biology are 
leading to the development of novel therapeutic approaches, which include small-molecule 
inhibitors as well as epigenetic approaches, noncoding-RNA, and cell-based immunologic 
therapies. Recently, chromatin immunoprecipitation with high-throughput sequencing 
and RNA-sequencing studies have demonstrated that epigenetic changes contribute to the 
aggressive pathophysiology of pediatric neuroblastoma disease. Epigenetic abnormalities 
are feature of human cancer cells and the epigenetic alterations may be the key toward 
tumorigenesis. In particular, the increase of deacetylation has been involved in epigeneti-
cally mediated tumor-suppressor gene silencing. In addition, several studies evaluated the 
5-methylcytosine (5 mC) distribution patterns, which distinguish cancer cells from normal 
cells, and how CpG methylation contributes to the oncogenic phenotype.

In particular, histone changes and DNA methylation are fundamental biological pro-
cesses representing versatile candidates for pharmacological manipulation with impor-
tant therapeutic advantages.

Keywords: neuroblastoma, epigenetics, histone marks, DNA methylation, proteasome 
inhibitors

1. Introduction

Neuroblastoma is an embryonal extracranial solid tumor originating from undifferentiated 
neural crest cell and it is the most common among children. Neuroblastomas are highly 



heterogeneous, and on these bases different outcomes are observed across the subtypes 
from the spontaneous regression, asymptomatic tumors, as well as metastasized tumors to 
rapid progression and resistance to therapy. Its clinical impact (~13% of all pediatric cancer 
mortality) has made this aggressive malignancy the focus of a considerable translational 
research effort. Recent literature suggests that alterations in gene transcription programs 
drive disease-specific gene expression, thus highlighting the significance of transcription as 
a major mechanism for driving tumor growth and neoplastic transformation. In this chapter, 
the sophisticated language of the epigenetic code emerges as promising target for cancer 
therapy. It is generally accepted that epigenetic abnormalities are feature of human cancer 
cells and that epigenetic alterations may be the key toward tumorigenesis. Briefly, in eukary-
otic nuclei, DNA is wrapped around an octameric histone (H) unit, which is composed of 
H2A, H2B, H3, and H4. This basic structure known as a nucleosome is repeated along the 
double-stranded DNA, with a fifth type of histone (the linker histone H1) bridging together 
consecutive nucleosomes (Figure 1). Based on the level of compaction, we can distinguish 
two main forms of chromatin: the euchromatin is the transcriptionally active form character-
ized by permissive marks such as the acetylation of different lysine residues; the heterochro-
matin is the transcriptionally silent configuration and contains repressive epigenetic marks 
[1]. These forms differ biochemically with respect to the presence of specific markers at the 
histone tails (see Figure 2) and to the binding of structural proteins.

Gene transcription in eukaryotic utilizes multiple mechanisms and it is mainly regulated by four 
families of the ATP-dependent chromatin-remodeling complexes (switching defective/sucrose 
non-fermenting = SWI/SNF; imitation-switch = ISWI; Mi-2/nucleosome remodeling and histone 
deacetylation = Mi-2/NuRD; inositol 80 = INO80), named “remodelers” [3–6]. A growing body 

Figure 1. Schematic representation of the nucleosome. The nucleosome core is composed of a histone octamer [(H2A-
H2B)×2, (H3-H4)×2]. The DNA double helix is wrapped around (~1.7 times) the histone octamer. With nuclease 
digestion, 146 bps of DNA are tightly associated with the nucleosome but ~200 bps of DNA in total are associated with 
the nucleosome [2].
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of evidence suggests that the dysregulation of chromatin remodelers such as activating muta-
tion, homozygous deletion, epigenetic silencing, and overexpression has a crucial role in cancer 
development and in its progression [7–10]. Advances in genomic technologies have allowed a 
better understanding of genomic signatures underlying human cancer.

1.1. Histone modifications

Histone tails are subject to different post-translational modifications (PTMs), including acety-
lation, methylation, and phosphorylation. The best characterized chromatin PTM is the histone 
acetylation, which results from a dynamic balance of the activity of two enzymatic families: 
histone acetyl-transferases (HATs) and histone deacetylases (HDACs) [11, 12]. Alterations in 
the balance of these enzyme activities lead to a disruption of cellular integrity and are fre-
quently observed in different tumors. In particular, the increase of deacetylation has been 
involved in epigenetically mediated tumor-suppressor gene silencing; thus, HDACs represent 
a promising class of anticancer drug targets [13] (Figure 2).

Methylation of histone proteins is generally found on arginine and lysine residues. Three dif-
ferent forms of methylation have been observed on the lysine residues (mono-, di-, and tri-
methylation), whereas arginine can be mono-methylated and symmetrically or asymmetrically 
di-methylated; these modifications play different functions in gene transcription [14] (Figure 2). 
In fact, methylation of histones can either increase or decrease gene transcription, depending on 
which amino acids on the histones are methylated, and how many methyl groups are attached.

For example, trimethylation of lysine 4 on histone H3 (H3K4me3) is abundant at active gene 
promoter, whereas trimethylation of lysine 9 on histone H3 (H3K9me3) is associated with tran-
scriptionally repressed gene promoters [15]. Histone methylation process is catalyzed by three 
distinct families of methyltransferase enzymes namely the SET-domain containing protein 

Figure 2. All histones are subject to post-transcriptional modifications (PTMs) which mainly occur on the histone tails. 
The main PTMs are depicted in this figure: acetylation (ס), methylation (●), phosphorylation (□) and ubiquitination (Ub). 
The number under each amino acid [K = lysine (Lys), R = arginine (Arg) and S = serine (Ser)] represents its position in 
the sequence (Adapted from  Zhang and Reinberg, 2001) [16]. In addition, the position K4, K9, K27, K36 and  K79 can be 
mono-/di-/ or trimethylated.
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family, the non-SET domain protein family, and the protein arginine methyltransferase family 
1 (PRMT1) [17]. Changes in histone methylation status take part in various physiological and 
pathological processes, including cancer.

1.2. DNA methylation

The understanding of DNA methylation contribution to cancer-specific alterations and the 
exact consequences of these mutations, in the key steps of tumorigenesis, will represent a useful 
tool in epigenetics therapy. In mammals, DNA methylation occurs predominantly at cytosine in 
CpG islands, and their methylation acts as a relatively stable gene-silencing mechanism. Over 
the last 40 years, several studies evaluated the 5-methylcytosine (5 mC) distribution patterns, 
which distinguish cancer cells from normal cells, and how CpG methylation contributes to the 
oncogenic phenotype.

DNA methylation is regulated by a family of DNA methyltransferases (DNMTs) which catalyze 
the transfer of methyl groups from S-adenosyl-L-methionine to the 5′ position of cytosine bases 
in the CpG dinucleotide. DNMT3A and DNMT3B establish new DNA methylation patterns 
early in development [19].

During replication, the original DNA methylation pattern is mainly maintained by DNMT1 
activity, which prefers hemi-methylated DNA over non-methylated DNA as a substrate 
[20] and it is therefore responsible for the maintenance of methylation patterns during cell 
division, with some participation by DNMT3A and DNMT3B [21]. DNMT1, DNMT3A, and 
DNMT3B are often overexpressed in various cancers and they may contribute to the abnormal 
hypermethylation [18, 22].

In this view, it is interesting to note that the global DNA hypomethylation [18–20], the 
abnormal hypermethylation in promoter CpG islands [23–25] and the exact mutagenesis of 
sequences containing 5 mC [26, 27] may occur simultaneously suggesting that altered homeo-
stasis of epigenetic mechanisms is central to the evolution of human cancer and plays an 
active role in increasing chromosomal fragility.

2. Epigenetics landscape in mammalian development

Notwithstanding the neuroblastoma, tumorigenesis arise from the disrupted development of 
neural crest precursors, no single genetic or epigenetic mutation has been found after the DNA 
and RNA sequencing of over 1000 cases [28]. Recently, chromatin immunoprecipitation with 
high-throughput-sequencing and RNA-sequencing studies have demonstrated specific epigen-
etic patterns which distinguish neuroectoderm, neural crest, and more mature neural states, 
since a cardinal property of neural stem cells (NSCs) is their ability to adopt multiple fates upon 
differentiation [29]. Fascinating studies focused their attention on the epigenome as indicator of 
cell fate, and numerous observations highlight significant alterations within chromatin struc-
ture during mammalian development [30, 31]. In this frame, the developmental epigenetic regu-
lation is the most deeply documented in the embryonic stem cell (ESC) research. Even though 
many promoters of developmental genes in ESCs contain permissive as well as repressive 
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epigenetic marks, they are transcriptionally silent and maintained in a transcriptionally silent 
state until differentiation [32]. Analogously, the NSCs differentiation is a unidirectional process 
tightly regulated to ensure the acquisition of specific neuronal phenotypes [33]. A novel chro-
matin modification pattern known as “bivalent domains” may explain these processes. Mainly, 
genes that are active in cells throughout development originally have active promoters which 
are characterized by the presence of the bivalent histone modification pattern consisting of 
H3K4me3 (permissive mark), trimethylation of lysine (K) 27 on histone H3 (H3K27me3, repres-
sive mark), and a lack of DNA methylation. Genes enriched for K27me3 in ESC include those 
involved in early embryonic development, organogenesis, and cell fate decisions. In fact, genes 
that become transcriptionally active lose much of their polycomb-mediated repressive H3K27 
methylation, conversely those that become silenced lose their H3K4 methylation or increases 
the polycomb-mediated repressive chromatin mark [32, 34]. However, recent works suggest 
that the loss of H3K27me3 is not sufficient to lead the increased transcription of all genes.

In the same direction, it has been shown that during the differentiation of ESC-derived NSCs, 
to immature GABAergic interneurons, all non-GABAergic promoters maintain the H3K27me3 
repressive monovalency mark, whereas GABAergic promoters maintain the H3K4me3 mark 
(permissive monovalency) [29].

However, little is still known about the overall genomic distribution of K4 rather than K27 
methylation in ESCs; the hypothesis is that bivalent domains consist of large regions of K27 
methylation which hid smaller regions of K4 methylation. This bivalence condition is usually 
lost during ESC differentiation and in the differentiated cells [32].

Besides histone modification, the DNA methylation is equally essential for mammalian develop-
ment and it is also linked to tumorigenesis [35, 36]. Unlike bivalent domains, cytosine methyla-
tion provides a methylated genome which can self-protect from environment changes due to the 
ability to repress specific promoters [37]. Among the three active DNA cytosine methyltransfer-
ases, identified in human and mouse [38, 39], the DNMT1 is responsible for copying the paren-
tal-strand methylation pattern onto the daughter strand after each round of DNA replication; 
DNMT3A and DNMT3B are strongly expressed in ESCs where they are essential for the de novo 
methylation and in maintaining methylation patterns [36, 40]. In 2003, it has been reported that 
the inactivation of both DNMT3A and DNMT3B results in progressive loss of methylation in 
various repeats and single-copy genes in ESCs. Moreover, the introduction of DNMT isoforms 
into highly demethylated mutant ESCs showed that the DNMT3A, DNMT3A2, and DNMT3B1 
restore genomic methylation patterns, whereas DNMT1 and DNMT3B3 failed to restore DNA 
methylation patterns due to their inability to catalyze de novo methylation in vivo [41].

3. Novel therapeutic approaches in neuroblastoma

3.1. Epigenetic therapy

Since neuroblastoma is a complex disease, driven by multiple genetic and epigenetic altera-
tions, it is subject of intensive ongoing genomic research. In particular, during tumor initiation 
and progression the epigenome goes through multiple alterations. Promoter hypermethylation 
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of tumor-suppressor genes [42], together with promoter methylation of several DNA repair 
genes and histone modifications [43], is commonly observed in cancer cells. Neuroblastoma 
is frequently associated with numerous genetic alterations and in this regard it has been 
reported that the restored expression of the zinc-finger transcription factor castor (human cas-
tor gene: CASZ1) inhibits cell proliferation in vitro and decreases tumor growth in vivo [44]. In 
addition, the expression of CASZ1 appears significantly decreased in aggressive phenotype of 
patients with unfavorable prognoses [45], thus indicating CASZ1 as a tumor-suppressor gene 
in neuroblastoma tumor. However, the absence of consistent CpG methylation of CASZ1 in 
neuroblastoma excludes a gene-silencing mechanism due to DNA methylation [46]; on the 
contrary, it seems that trichostatin A, a histone deacetylase inhibitors, induces CASZ1 expres-
sion in neuroblastoma cells [46], suggesting an epigenetic mechanism mainly dependent on 
histone regulation. In addition, histone modifications may affect the recruitment of transcrip-
tion factors and of other components of the transcription machinery, thereby contributing 
to aberrant gene expression [21]; notably, altered histone modifications have been found in 
neuroblastoma tumors and have been correlated to tumor aggressiveness [45, 47]. Despite 
this evidence, the epigenetic changes, which contribute to the aggressive pathophysiology of 
neuroblastoma, are still poorly known. In this frame, preclinical studies have demonstrated 
that the DNA methylation appears to play a role in angiogenesis inhibitor thrombospondin-1 
(TSP-1) regulation [48]. Neuroblastoma growth might be closely related to angiogenesis, since 
the angiogenesis inhibitors downregulation has been observed in highly malignant neuro-
blastoma cells and the administration of antiangiogenesis agents successfully inhibits neu-
roblastoma growth in vivo [49, 50]. In this regard, Yang and colleagues tested the efficacy of 
5-Aza-dC (a demethylating agent) to restore the TSP-1 transcription in the TSP-1-negative 
neuroblastoma cell lines confirming that the silencing of this gene was triggered by a methyla-
tion process (Figure 3) [48]. Therefore, demethylating agents may be effective candidates for 
neuroblastoma-affected children.

Because epigenetic changes caused by DNA methylation are critical for the initiation and 
for the cancer progression, it has been also demonstrated that aberrant splicing of DNMTs 
is frequently exhibited in cancer cells [22, 51]. Notably, it has been suggested that high levels 
of truncated DNMT3B7 isoform alter DNA methylation and might be related to embryonic 
development and a less aggressive clinical neuroblastoma phenotype [52]. To test this hypoth-
esis, Ostler and colleagues forced the expression of DNMT3B7 isoform in neuroblastoma cells 
to evaluate its effects on DNA methylation, tumor growth, and angiogenesis. They observed 
an increase of global DNA methylation, the decrease of aggressive neuroblastoma growth, and 
the suppression of angiogenesis, respectively, consistent with a nonmalignant phenotype [52].

3.2. Combined therapy with proteasome inhibitor

The presence of cancer stem cell population in the neuroblastoma increases the migratory prop-
erties of cancer cells, and this is a major concern in cancer therapeutics since the relapse of tumor 
and resistance to therapy are due to the self-renewing cancer cells [53, 54]. Doxorubicin (Dox), 
a Food and Drug Administration (FDA)-approved chemotherapeutic agent widely used in 
numerous cancer type, would benefit neuroblastoma patients and lead to better outcomes [55]. 
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However, Dox induces nuclear factor-κB (NF-κB) activation which is believed to contribute to 
the development of chemoresistance [56]; thus, a viable option in cancer therapy could be the 
inhibition of NF-κB activation to overcome the chemoresistance. Among various biological sys-
tems exploited to obtain therapeutic benefits, the ubiquitin-proteasome system has been associ-
ated with tumor cell survival [57]. Notably, pharmacological inhibition of proteasome activity 
by small-molecule inhibitors shows anti-tumor efficacy in various cancer types [57]; proteasome 
activity has been also reported to be involved in NF-κB activation by promoting the degradation 
of its inhibitor IκBα [58].

Therefore, in order to improve therapeutic outcomes, the ability of Ixazomib to suppress 
neuroblastoma cell proliferation and to induce cell apoptosis has been recently reported. 
Ixazomib is a selective second-generation proteasome inhibitor able to enhance the Dox cyto-
toxicity (Figure 4) and capable to inhibit Dox-induced NF-κB activation [59]. Li and colleagues 
demonstrated the anti-tumor efficacy of Ixazomib in combination with Dox corroborating the 
hypothesis that combination therapies of proteasome inhibitors and chemotherapeutic agents 
will achieve better outcomes in neuroblastoma therapy. Similar results were also obtained 
using another second-generation proteasome inhibitor, the Carfilzomib [60] indicating the 
relevance of proteasome machinery in the therapeutic strategy for treating neuroblastoma 
patients.

Figure 3. Reinstatement of TSP-1 after treatment with 5-Aza-dC. (A) TSP-1 gene expression levels were detected 
by RT-PCR analysis in NBL-W-S cells treated with vehicle or 1 or 5 μM of 5-Aza-dC for 60h; (B) time-dependent 
re-expression of TSP-1 following exposure to exposed to 1 μM of 5-Aza-dC; (C) Western blot analysis of TSP-1 expression 
after treatment with 5-Aza-dC (image from Yang et al., 2003) [48].
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4. Clinical trials for neuroblastoma

Since epigenetic dysregulation is a fundamental process underlying the pathogenesis of pedi-
atric brain tumors, the use of epigenetic modifiers is currently under evaluation in the early 
phase of clinical trials. Epigenetic modifiers FDA approved mainly comprise two classes of 
agents: HDACs inhibitors (Vorinostat, Romidepsin, and Valproic Acid) and DNA methyla-
tion inhibitors (5-azacytidine and Deoxyazacytidine (Decitabine)).

Figure 4. Cell viability results after Dox plus ixazomib (1 or 5 μM) for 48 h; data showed that Ixazomib enhances dox-
induced cytotoxicity in different types of Neuroblastoma cell lines. (a–f) IMR-32 (a) NGP (b) NB-19 (c) SH-SY5Y (d) 
SK-N-AS (e) and LA-N-6 (f) cells were seeded in 96-well plates (Li et al., 2016) [59].
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In November 2015, a phase I trial aiming to test the toxicity of Vorinostat in combination with 
Isotretinoin and to see how well they work in treating patients with high risk of refractory or 
recurrent neuroblastoma has been completed. Results showed that Vorinostat may stop the 
growth of tumor cells by blocking some of the enzymes needed for cell growth; in addition, 
Isotretinoin may help Vorinostat to work better making tumor cells more sensitive to the 
drug. The deduction aroused from results has been that Vorinostat together with Isotretinoin 
may be an effective treatment for neuroblastoma [61]. Simultaneously, another study tested 
the efficacy of Vorinostat and Iobenguane I 131 (131-I MIBG) to treat patients with resistant or 
relapsed neuroblastoma. The results demonstrated that the association of Vorinostat together 
with 131-I MIBG kills more tumor cells, since 131-I MIBG is a radioactive drugs which carry 
radiation directly to the tumor cells [62, 63].

A phase I study on Decitabine with Doxorubicin in children with neuroblastoma, and other 
solid tumors, revealed dose-limiting hematologic toxicities which were experienced by chil-
dren [64]. It is still controversial whether drug toxicity and response rates to HDAC and DNA 
methylation inhibitors are strictly determined by the somatic tumor genotype or whether 
heritable germline factors may also contribute to the final outcomes [65]. Thus, it will be cru-
cial to establish the optimal dose and treatment schedule of available drugs, especially con-
sidering heavily pretreated patients. To this end, biomarkers of drug efficacy should be used 
to ascertain whether pharmacological agents, such as epigenetic modifiers, have the predicted 
biologic effect. Subsequently, tissue availability should be essential for pathologic assessment 
of the response whenever new epigenetically targeted agents are introduced into the clinical 
setting.

Currently, a cohort observational study is ongoing and still recruiting participants at the 
St. Jude Children’s Research Hospital of Memphis, Tennessee (US). The aim of the study 
is to characterize the molecular, cellular, and genetic properties of primary and metastatic 
neuroblastoma, osteosarcoma, and other solid tumors. The isolated cells will be used for 
gene expression analysis, genomic analysis by single nucleotide polymorphism (SNP), 
comparative genomic hybridization, and next-generation sequencing. Epigenetic studies 
will be also performed investigating at the methylation profile of these cells [66].

At present, there are approximately 500 ongoing clinical trials for neuroblastoma using dif-
ferent therapeutic strategies [67], and only two of these comprise an epigenetic approach [68]. 
By contrast, as regard the use of proteasome inhibitors there are approximately 80 and 130 
ongoing clinical trials, respectively, on Ixazomib and Carfilzomib, to test the side effects and 
best dose in different cancer conditions [69], but none of these is exclusive for patients affected 
by neuroblastoma disease [70].

5. Taking advantage of neuroblastoma cells: versatile model for 
neurobiology studies

The ability to produce in vitro cultures of neuronal cells has been crucial for the understanding 
of central nervous system (CNS) function regulation. The neuronal cell ability to  proliferate, 
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as well as to differentiate, makes them an excellent in vitro system for several studies. The 
 secondary cell lines derived from neuronal tumors are usually immortalized; they have the 
advantage to grow easily, to give unlimited proliferation in vitro, and to minimize variabil-
ity between cultures. Cell lines are often induced to display a more neuronal phenotype by 
manipulations of the culture conditions, for example, through the addition of specific differ-
entiation factors such as retinoic acid.

Neuroblastoma SH-SY5Y cells retain the ability to differentiate into neuronal cell types by 
all-trans-retinoic acid treatment which causes substantial alterations in the abundance of dis-
tinct G protein subunits [71]. In this regard, they have been used to examine the relationships 
between proliferation, differentiation, and apoptosis and this feature has been useful for the 
development of therapeutic strategies.

Neuroblastoma cells are extensively used for testing neurotoxicity of putative drugs, and also 
for understanding neuroplasticity phenomena, such as those evoked by the exposure of drugs 
of abuse. In particular, studies conducted in human neuroblastoma SH-SY5Y cells demon-
strated that ethanol exposure influences epigenetic regulation through histone acetylation, 
hence regulating DNA transcription at specific portions of the genome [72]. Drugs of abuse 
have also been associated with proteasome inhibition which seems to be a key player in epi-
genetic mechanisms underlying the accumulation of oxidatively damaged histones [73]. In 
this frame, recent finding showed that ethanol exposure reduced intracellular 20S proteasome 
chymotrypsin-like activity in SH-SY5Y cells [74], in agreement with findings obtained in liver 
and brain demonstrating that ethanol decreased proteasome activity by interfering with 20S-
CP (core particle) and 19S-RP (regulatory particle) assembly [75, 76]. By contrast, cocaine has 
been reported to exert an opposite effect on the 20S proteasome, since the chymotrypsin-like 
activity [74] increases.

Although some studies failed to demonstrate the correlation between the increased risk of 
neuroblastoma in offspring and parental alcohol or tobacco use [77, 78], neuroblastoma cell 
cultures currently represent a useful tool for the study of neuroplasticity phenomena.

6. Highlights and conclusions

In the last decades, a great variety of novel therapeutic strategies have become available for 
cancer. These therapies often are very specific and effective only in subsets of cancer patients, 
thus increasing the needs for the clinician to choose specific therapeutic strategy. This situa-
tion exerts a notable impact on the methods in diagnostic tumor pathology, since it requires 
precise tumor characterization to support the clinical management of the individual case. In 
this frame, epigenetic changes are important for the initiation and progression of cancers, 
including neuroblastoma. New insights into tumor biology are driving the development of 
novel therapeutic approaches which include small-molecule inhibitors as well as epigenetic 
approaches. The reversible nature of epigenetic modifications, the better knowledge of mech-
anisms underlying these changes and the consequent alterations of regulatory networks, may 
provide an interesting opportunity for the development of clinically relevant therapeutics. In 
particular, histone changes and DNA methylation are fundamental biological processes and 
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they seem to be promising candidates for pharmacological manipulation with encouraging 
therapeutic advantages.
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Appendices

Histone H (H1, H2A, H2B, H3, H4)

K lysine

R arginine

S serine

SWI/SNF switching defective/sucrose non-fermenting

ISWI imitation-switch

Mi-2/NuRD Mi-2/nucleosome remodeling and histone deacetylation

INO80 inositol 80

PTMs posttranslational modifications

HATs histone acetyl-transferases

HDACs histone deacetylases

tri-methylation me3

PRMT1 protein arginine methyltransferases

5mC 5-methylcytosine

DNMTs DNA methyltransferases (DNMT1, DNMT3A, DNMT3A2, DNMT3B, 
DNMT3B1, DNMT3B3, DNMT3B7)

NSCs neural stem cells

ESCs embryonic stem cells

TSP-1 angiogenesis inhibitor thrombospondin-1

Dox Doxorubicin

NF-κB Nuclear factor kappa B transcription factor

IκBα Nuclear factor kappa B inhibitor, alpha

CP proteasome core particle

RP proteasome regulatory particle

PRMT1 protein arginine methyltransferases family 1

CASZ1 zinc-finger transcription factor castor (human castor gene)

SNP Single nucleotide polymorphism
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Abstract

Neuroblastoma (NB) is one of the major challenges of pediatric oncology with a 5‐year 
survival rate of less than 40% despite intense therapy. The aggressiveness of the dis‐
ease has been recently correlated to the degree of myeloid cells infiltrating the tumor. 
Together with the tumor cells and immunosuppressive cytokines (e.g., IL‐10 and TGF‐β), 
these cells hamper the generation of an efficient antitumor immune response and, there‐
fore, favor tumor growth and metastasis. Novel therapeutic approaches are designed 
to target immune cells instead of cancer cells. To improve their efficacy, recent cancer 
immunotherapy strategies have focused on the depletion, blockade, or reprogramming 
of these tolerogenic immune effectors. Therefore, the principal clinical challenge is cur‐
rently to identify therapeutic strategies which could overcome the primary and secondary 
resistances to these cancer immunotherapies. In this review, we discuss the dialogue of 
immune microenvironment of neuroblastoma and the immunotherapeutic strategies to 
cure neuroblastoma.

Keywords: immunotherapy, immune checkpoint modulators, microenvironment, 
inflammation, TWIST1

1. Introduction

Our immune system is continuously monitoring our tissues and recognizes the abnormal can‐
cer cells to kill them. The immune cells originate from hematopoietic stem cells inside the bone 
marrow that give birth to two different lineages: the myeloid and lymphoid progenitor cells. 
The different populations derived from myeloid progenitor cells are monocytes, macrophages, 
neutrophils, basophils, eosinophils, erythrocytes, dendritic cells (DC), and megakaryocytes  



(or platelets). The population driven from lymphoid progenitor cells is T and B lymphocytes, 
natural killer (NK) cells, and other innate lymphoid cells. These different populations are the 
principal actors of innate and adaptive immune system. The innate immunity populations 
include the natural killer cells, granulocytic cells, such as neutrophil, and antigen presenting 
cells (APC), such as DC and macrophages. These cells provide the first line of self‐defense 
against foreign pathogens as well as cellular damages and cancers. The innate immune 
response is very rapid but has no antigen specificity and immunological memory. In contrast to 
the innate immune response, adaptive immune responses are highly specific to the particular 
antigen and provide a long‐lasting protection through induction of memory. The two popula‐
tions of adaptive immunity are T lymphocyte populations (T helper and cytotoxic T cells) and 
B lymphocytes (plasma cells which are capable to secrete the antibodies).

The fact that tumors arise from self‐tissues expressing antigens which induced immune tol‐
erance implies the lack of immunogenicity and lack of immune control of the tumor. Latter 
based on different studies, the concept of immune editing emerged [1]. This process con‐
tains three phases: elimination, equilibrium, and escape. Elimination is the classical concept 
of immune surveillance, whereas the Darwinian natural selection of tumor variant develop‐
ing the mutations which make them resistant to immune attacks occurs in the equilibrium 
phase. This process can lead to immune escape of immune resistant tumor variants and the 
formation of clinically apparent tumors [2]. It is now accepted that the immune system has a 
primary role in the prevention of tumors.

In high‐risk neuroblastoma (HRNB), amplification of MYCN oncogene leads to an important 
oncogenic stress that normally drives to the induction of a program allowing the elimination 
of proliferating cells by cell death, apoptosis, or replicative senescence.

Usually, apoptotic or necrotic bodies are uptaken by antigen presenting cells (APC) allowing 
their elimination by the immune system leading to an adaptive immune response. Therefore, 
immune editing is a crucial step in tumor development. However, neuroblastoma (NB) is a 
pediatric tumor and from an immunological point of view, children age clearly determines 
the status and capacities of an adaptive immune response. Children less than 1 year of age 
with immature immune system, with innate cells preferentially, have better prognosis than 
children more than 1 year of age with a more mature immune system. These paradoxical 
observations reflect the functional duality of immune system harboring both the antitumoral 
and protumoral abilities.

Interestingly, metastatic tumors diagnosed in children at age ≥18 months had higher expres‐
sion of inflammation‐related genes than those in patients diagnosed at age <18 months. These 
data suggest that these inflammatory cells in the tumor microenvironment may contribute 
to the clinical metastatic neuroblastoma phenotype and reveal a novel rational for immuno‐
therapy of neuroblastoma (NB) [3].

2. Immunotherapy of neuroblastoma

Checkpoint inhibitors, such as ipilimumab (anti‐CTLA4) or pembrolizumab (anti‐PD1), dem‐
onstrated spectacular benefit in some adult cancers, but lack of activity in pediatric cancers, 
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likely due to the rarity of neoantigens [4]. Neoantigens are uniquely present on the tumor and 
not expressed by normal tissue, in contrast to different molecules overexpressed on tumors 
that are also present on normal prenatal or postnatal tissues, which induce immune toler‐
ance. In fact, many adult tumors arise in response to environmentally mediated genotoxic 
damage and bear large numbers of mutations. In contrast, pediatric tumors typically display 
few mutations but mostly translocations or gene amplifications. In NB, MYCN amplifica‐
tion, activating mutations, or rearrangements of ALK (observed in 8–10% of sporadic tumors) 
preexist in prenatal tissues and might be responsible for immune tolerance [5]. Therefore, NB 
(and others pediatric cancers) can be compared with resistant to immune checkpoint inhibi‐
tors in adult cancers and need to be treated as such. First, while pediatric tumors demon‐
strate low mutation burdens at diagnosis, increases in mutation frequency can be enhanced 
after exposure to chemotherapy or radiotherapy [6, 7]. In addition to increase neoantigens, 
radiation may increase immune response to checkpoint blockade as localized radiation along 
with checkpoint blockade resulted in an abscopal effect with regression of metastatic lesions 
outside of the radiation field [8]. Using agents that induce tumor cell death or tissue differ‐
entiation might lead to release or expression of new tumor‐associated antigens (TAA) or dif‐
ferentiation antigens. Therefore, combining checkpoint inhibitors with agents that augment 
innate and/or adaptive immunity could provide effective antitumor responses in children 
despite low inherent immunogenicity [9].

Synthetic immunotherapies, such as monoclonal antibodies (Mabs) and chimeric antigen receptor 
(CAR) T cells, harbor such characteristics. This is probably one reason of their impressive effects 
against childhood cancers in general. The only clinically available mAbs in neuroblastoma cells 
is dinutuximab, a chimeric, human‐murine, anti‐disialoganglioside GD2 overexpressed on NB 
tumors. Dinutuximab was approved in combination with granulocyte/monocyte‐colony stimulat‐
ing factor (GM‐CSF), aldesleukin (interleukin‐2 [IL‐2]), and isotretinoin (13‐cis‐retinoic acid [RA]) 
for maintenance treatment of patients with high‐risk neuroblastoma who respond at least to first‐
line multimodality therapy [10]. In phase III trials, dinutuximab increased 2‐year event‐free survival 
(EFS) and overall survival (OS) compared to standard treatment. It was shown that major mecha‐
nism of action of dinutuximab passes though the induction of antibody‐dependent cell‐mediated 
cytotoxicity (ADCC) and complement‐dependent cytotoxicity (CDC) leading to tumor cells lysis 
and TAA release [11]. Therefore, combination of dinutuximab with immune checkpoint inhibi‐
tors, such as anti‐PD1/PDL1 Mabs, might increase effective adaptive antitumor immune response 
leading to better survival. Since serious adverse reactions have been reported with the dinutux‐
imab‐containing regimen, with infusion reactions and neuropathy prompting the Food and Drug 
Agency (FDA) to issue boxed warnings, this combination could be a very promising issue.

Another promising way to stimulate immune system consists in the development of bispecific 
antibody targeting GD2 and CD3 expressed on T cells. The idea to bridge activated T cells 
(ATC) to GD2‐positive neuroblastomas provides preclinical rationale for immunotherapy 
using this bispecific antibody in children with neuroblastoma [12].

Another novel approach recently developed to improve the current anti‐GD2 immunother‐
apy is based on NK cell stimulation using Toll‐like receptor (TLR) activated plasmacytoid 
dendritic cells (pDCs). NK activation by pDCs led to a NK‐cell phenotype characterized by 
increased surface expression of tumor necrosis factor‐related apoptosis‐inducing ligand 
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(TRAIL), CD69 on CD56dim cytotoxic cells, and strong interferon‐γ production. These data 
suggest that children with HRNB may benefit from NK‐cell stimulation by activated pDCs 
to increase NK‐cell lytic functions against NB cells [13].

In fact, NK cells impact on the normal immune surveillance of HRNB. Quantification of serum 
concentration of soluble B7‐H6, ligand of NKp30 activation molecule, correlated with the 
downregulation of NKp30, bone marrow metastasis, and chemoresistance [14]. Thus, interac‐
tion between NKp30 and B7‐H6 may contribute to neuroblastoma immunosurveillance and 
both NKp30 expression on circulating NK cells and the serum concentration of soluble B7‐H6 
may represent biomarkers for risk stratification [14].

Although adoptive transfer of T cells expressing chimeric antigen receptors (CARs) target‐
ing hematopoietic lineage demonstrated impressive response in chemorefractory pediatric 
patients, in solid tumors, lack of efficacy seems multifactorial and includes the suppressive 
tumor microenvironment [15, 16].

Pule et al. reported partial response in patients with refractory neuroblastoma using first‐gen‐
eration GD2‐CAR (e.g., TCR zeta signaling endodomains without additional costimulation) 
incorporating the scFv shared with dinutuximab [17]. Efforts to add both CD28 and OX40 as 
costimulatory domains were disappointing with no improved objective response [18].

CD171 (L1‐CAM) is another abundant cell surface molecule expressed on neuroblastomas, 
which is detectable at the diagnosis and relapse time independently on patient clinical risk. 
The CE7R CAR targeting CD171 demonstrated activation of tumor cell lysis and Th1 cyto‐
kine production [19, 20]. Infusion of autologous CD8(+) cytolytic T lymphocyte clones coex‐
pressing CE7R and the selection suicide expression enzyme HyTK in children with recurrent/
refractory neuroblastoma was the first‐in‐humans pilot study that set the stage for clinical tri‐
als employing adoptive transfer in the context of minimal residual disease. No overt toxicities 
to tissues known to express L1‐cell adhesion molecule (e.g., central nervous system, adrenal 
medulla, and sympathetic ganglia) were observed.

Finally, a large panel of primarily resected neuroblastoma samples demonstrated expression 
of the cancer‐testis antigen (NY‐ESO‐1) in 23% of the samples. NY‐ESO‐1 is expressed by 
many solid tumors and has limited expression by mature somatic tissues, making it a highly 
attractive target for tumor immunotherapy. Transgenic TCR (tTCRs combined with HLA‐A2+ 
neuroblastoma cell lines) targeting NY‐ESO‐1 has been shown to slow the progression of both 
local and disseminated disease, and significantly enhanced animal survival providing ratio‐
nal for therapeutic option for patients with neuroblastoma [21].

Again, as proposed for therapeutic Mabs, the combination of CAR T cells with immune 
checkpoint modulators could bring a profit in terms of antitumoral response and remain to 
be evaluated.

Recent studies have shown that MYCN nonamplified metastatic neuroblastomas have higher 
infiltration of Tumor Asociated Macrophages (TAM) myeloid CD163+ cells than locoregional 
tumors. Macrophage‐colony stimulating factor (M‐CSF) or colony stimulating factor (CSF‐1) 
is known to be essential for the differentiation and survival of these myeloid cells [22]. It is 
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associated with poor survival in various human cancer and CSF‐1R (CSF‐1 receptor) targeting  
strategies have been explored [23]. In NB, it has been shown that CSF‐1R+ myeloid cells pre‐
dict poor survival in patients and, as a consequence, combining CSF‐1R inhibitor (BLZ945) 
with PD‐1/PD‐L1 blocking agents induce robust antitumor effects against established aggres‐
sive tumors in the TH‐MYCN murine neuroblastoma model [24].

Cytokine‐induced killer (CIK) cells, immune effector cells that have the properties of T lymphocyte 
and NK cells, capable to recognize malignant cells in the absence of Major Histocompatibility 
Complex (MHC), also have provided encouraging results in clinical studies. IL‐15‐activated 
CIK cells have revealed synergistic antitumor effects in combination with standard therapy 
and higher toxicity in comparison with IL‐2‐stimulated NK cells [25].

3. New prospects in immunotherapy

A very promising therapy currently in development in adult cancer consists in the combina‐
tion of oncolytic viruses (OVs) with immune checkpoint inhibitors. Oncolytic viruses can infect 
cancer cells and induce cell death to produce the new viruses. Some oncolytic viruses, such 
as parvovirus, reovirus, Newcastle disease virus (NDV), mumps virus, or Moloney leukemia 
virus, have natural preference to replicate into cancer cells leading to the destruction of the 
cells [26]. Viruses such as measles virus, adenovirus, vesicular stomatitis virus (VSV), vaccinia 
virus (VV), and herpes simplex virus (HSV) can be engineered to confer them cancer specific‐
ity [26]. Some were engineered to directly target unique cell surface receptors expressed by 
cancer cells such as adenovirus to target CAR [27] and measles virus to express a single‐chain 
antibody that recognizes carcinoembryonic antigen (CEA) [28]. Others are deficient viruses 
like E1B mutant adenovirus which preferentially replicate in p53 inactivated cells [29].

There are already two engineered OVs approved in clinic in adults: E1B‐deleted adenovirus 
and talimogene laherparepvec virus (T‐VEC). T‐VEC is based on herpes simplex virus type 1 
deleted for ICP 34.5 gene (neurovirulence factor), ICP47 (block antigen presentation in HSV 
infected cell), overexpressed US11 (viral RNA binding proteins), and inserted for GM‐SCF 
[30]. T‐VEC is approved by the FDA for the treatment of melanoma [31]. Others are under 
active development.

Most oncolytic viruses can induce cancer cell death and directly eliminate tumor cells but 
they also initiate systemic immune responses through different mechanisms such as induc‐
ing an immunogenic cell death, releasing danger‐associated molecular patterns (DAMPs) 
and tumor‐associated antigens (TAA) from virus‐infected cells. They also release viral patho‐
gen‐associated molecular patterns (PAMPs) contributing APCs maturation that conduct 
the activation of antigen‐specific CD4+ and CD8+ T cell responses. Once activated, CD8+ T 
cells become cytotoxic effector cells that traffic to tumor sites, where they mediate antitumor 
immunity upon antigen recognition [32]. Combining checkpoint inhibitors to virotherapies 
might ultimately prove beneficial for neuroblastoma resistance to immune checkpoint block‐
ade antibody therapy.
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4. Twist1 targeted therapy

In correlation with MYCN amplification (NMA), we previously reported that TWIST1 was 
constantly overexpressed in neuroblastoma with NMA and highlighted in vivo cooperation 
between TWIST1 and MYCN for primary cells transformation through inhibition of apoptosis 
and differentiation [33]. Based on different clinical data tumor sets, we demonstrated that 
TWIST1 overexpression was associated not only with NMA but also with MYCN or MYC 
overexpression and highlighted TWIST1 as a direct MYC transcriptional target [34].

We previously showed that inhibition of TWIST1 expression restores the apoptotic properties 
of NB cells overexpressing MYCN [33]. Based on the observation that stage 4S NB with higher 
levels of N‐Myc proteins are more prone to spontaneous regression by apoptosis [35] or neu‐
ronal differentiation [36], it has been speculated that MYCN not only mediates malignant pro‐
gression, but is also involved in spontaneous regression in favorable NB [37]. We, and others, 
have demonstrated that inhibition of MYCN leads to MYC upregulation [38]. For all these rea‐
sons, both MYC family members have to be simultaneously targeted. Restoration of MYCN 
or MYC proapoptotic properties though TWIST1 inhibition is, therefore, a promising concept.

In many other tumor types, Twist1 has been associated to  Epithelial–Mesenchymal Transition 
(EMT) and cancer stem cell phenotype (CSC) [39]. There are different drugs currently in devel‐
opment targeting the cancer stem cells associated with Twist1 deregulation. Some show prom‐
ising results from preclinical trials like Salinomycin able to effectively eliminate CSCs and to 
induce partial clinical regression of heavily pretreated and therapy‐resistant cancers [40, 41].

5. TWIST1, MYC, and immune system

Recent papers suggest that oncogenes playing key role in transformation might also play a 
role in protumoral microenvironment properties [42]. This is true for TWIST1 since its over‐
expression was reported correlated with increased vascularization in breast carcinoma [43]. In 
fact, Twist1 does not directly induce vEGF production by tumor cells but rather chemokines 
like CCL2 that are attractive for vEGF‐producer macrophages. Their homing in tumor micro‐
environment site and production of vEGF contribute to metastasis [42]. In aggressive NMA 
neuroblastoma, it was shown that TAMs are correlated to bad prognosis [10]. Macrophages 
are key players in maintaining the tissue homeostasis, shaping adaptive immune response, 
inflammation, and tissue repair [44]. In response to signals from the microenvironment, 
macrophages are polarized into distinct phenotypic subtypes, referred as proinflammatory 
macrophages M1 and anti‐inflammatory M2 subtype [45]. Macrophages that reside within a 
tumor, often referred as TAMs, display M2‐like phenotypes with immunosuppression regu‐
latory functions to support tumor development [46]. Interestingly, it was shown that Twist1 
inhibition in tumor cells lead to TAM decrease and vascularization regression. Once more, 
Twist1 was shown to directly produce immunosuppressive cytokines attracting immunosup‐
pressive Gr1+CD11b+ myeloid‐derived suppressive cells (MDSC) in tumor microenvironment 
that can be reversible after Twist1 inhibition [47]. Therefore, the role of inflammatory cells 
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in tumor microenvironment may contribute to the clinical metastatic neuroblastoma pheno‐
type, improve prognostication, and reveal novel ratio for immunotherapy of neuroblastoma. 
Interestingly, MYCN has also been recently revealed as the most highly upregulated gene 
in macrophages upon the treatment of immune suppressive soluble factors that are released 
from apoptotic cells [48]. Once more, it was shown that inhibition of MYC in macrophages 
attenuates the protumor function of TAM and suppresses tumor growth [49].

These studies implicate MYC and MYCN as a key player in regulating macrophage func‐
tions and suggest that MYC inactivation may suppress tumor growth in a cancer cell‐
extrinsic manner. Therefore, MYC and MYCN may not only regulate proliferation but also 
exert immune modulatory functions in macrophages, therefore, on immunosuppressive 
microenvironment.

Therefore, strategies aiming to inactivate Twist1 and/or Myc proteins might be of interest 
both on tumor cells survival capacities but mostly in reprogramming the tolerogenic immune 
effectors within the microenvironment.

For example, Twist1 inhibition might lead from one hand, by inducing tumor cell death or tis‐
sue differentiation, to release of tumor‐associated antigens or differentiation antigens, and on 
the other hand, to reprogrammation of inflammatory myeloid cells within tumoral microen‐
vironment. Combination of both events might contribute to efficient destruction of tumors by 
reactivation of immune system leading to an efficient antitumoral adaptive immune response. 
Combination with immune checkpoint inhibitors needs to be further analyzed.

6. Conclusion

Despite recent advancement in the understanding of molecular pathways that drive the 
development of neuroblastoma, insights have not fundamentally changed the therapeu‐
tic approach, which still consist in nonspecific, cytotoxic chemotherapy. Chemoresistant 
and relapse make that neuroblastoma always represents 15% of all pediatric cancer deaths. 
Innovative treatment approaches are, therefore, needed. Intense efforts are underway to 
enhance the effectiveness of immunotherapies through combination with agents designed to 
selectively attack the tumor cells and amplify immune responses.

Based upon the results with dinutuximab, immunotherapy has already demonstrated impres‐
sive benefit to children with neuroblastoma. Checkpoint inhibitors administered alone or in 
combination have not yet been studied in childhood cancer, although they will not be suffi‐
cient as single agents. CAR T cells have shown unprecedented results in pediatric hematologi‐
cal cancer but showed limited efficacy in solid tumors to date.

The ultimate goal would rather be to deliver a specific innovative tumor destruction sys‐
tem permitting the release of TAA, and local induction of inflammation, in order to provide 
immune priming and amplification of the immune response after combination with immune 
checkpoint modulators. Therefore, strategies that target both tumor cells and microenviron‐
ment are focusing interest.
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In the race of improving immunotherapy for pediatric cancer, oncolytic viruses might find 
a very important issue. OVs have many features that make them advantageous for cancer 
immunotherapy: (1) there is a very low probability for the generation of resistance to virus 
(not seen so far), because OVs often target multiple oncogenic pathways and induce cytotox‐
icity in different ways, (2) they are nonpathogenic, replicate, and destroy cancer cells, (3) virus 
dose in the tumor increases with time due to in situ virus amplification, which is opposite to 
classical drug pharmacokinetics that decreases with time, and (4) OVs can be manipulated to 
include safety features such as drug and immune sensitivity allowing to control them [50]. 
Intratumoral delivery of the OVs can be a good strategy to minimize the sequestration of the 
virus in the spleen and liver as well as antiviral response [26].

Targeting oncogenes that control both tumor cells survival and proliferation and immunosup‐
pressive microenvironment might also bring new hope in the treatment of HNRB. Twist1 and 
MYC might be suitable for that purpose. Since Twist1 expression is restricted to tumor cells, 
it represents a very interesting target. Efforts to develop specific drugs or inactivation system 
remain to be done, even some are promising [41].

In fact, the take home message would be to target the microenvironment rather than the tumor. 
Few killing of tumor cells, allowing release of specific TAA, could be sufficient to induce a 
massive antitumoral immune response when done in combination with reprogrammation of 
the immunosuppressive inflammatory microenvironment into an antitumoral inflammatory 
microenvironment. Many believe that combining different approaches will ultimately induce 
the broadest and most effective immune response to cure HNRB.
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