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Simple Summary: Neuroblastoma is one of the most diffuse and the deadliest cancer in children.
While many advances have been made in the last few decades to improve patients’ outcome, high-risk
neuroblastoma (HR-NB) still shows a very aggressive pattern of development and poor prognosis,
with only a 50% chance of 5-year survival. Moreover, while many factors contribute to defining the
high-risk condition, MYCN status is well established as the major element in pathology disclosure.
The aim of this review is to describe the current knowledge in the diagnosis, prognosis and therapeutic
approaches of HR-NB, particularly in relation to MYCN. The review highlights how MYCN influences
the HR-NB scenario and the new therapeutic approaches that are currently proposed to target it, in
consideration of MYCN as a highly relevant target for HR-NB patient management.

Abstract: Among childhood cancers, neuroblastoma is the most diffuse solid tumor and the deadliest
in children. While to date, the pathology has become progressively manageable with a significant
increase in 5-year survival for its less aggressive form, high-risk neuroblastoma (HR-NB) remains
a major issue with poor outcome and little survivability of patients. The staging system has also
been improved to better fit patient needs and to administer therapies in a more focused manner in
consideration of pathology features. New and improved therapies have been developed; nevertheless,
low efficacy and high toxicity remain a staple feature of current high-risk neuroblastoma treatment.
For this reason, more specific procedures are required, and new therapeutic targets are also needed
for a precise medicine approach. In this scenario, MYCN is certainly one of the most interesting
targets. Indeed, MYCN is one of the most relevant hallmarks of HR-NB, and many studies has been
carried out in recent years to discover potent and specific inhibitors to block its activities and any
related oncogenic function. N-Myc protein has been considered an undruggable target for a long time.
Thus, many new indirect and direct approaches have been discovered and preclinically evaluated for
the interaction with MYCN and its pathways; a few of the most promising approaches are nearing
clinical application for the investigation in HR-NB.

Keywords: MYCN; high-risk neuroblastoma; pediatric tumor; neuroblastoma therapeutics;
undruggable targets

1. Introduction

Neuroblastoma is one of the most diffuse neoplasia in children (<14 years), preceded
only by leukemia, lymphomas and central nervous system neoplasms. In 2021, a total
of 10,500 children in the USA were diagnosed with cancer, and 6% of these cases were
neuroblastoma [1]. Notably, in the last fifteen years the 5-year survival rate has increased
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from 72% to 81%, highlighting an important advancement in the treatment and therapy of
the pathology [1,2], but the problem still remains. In particular, high-risk neuroblastoma
(HR-NB) patients, accounting for about half of the overall cases, can be considered more
fragile and meaningful due to the poor outcome associated with this condition. In fact,
patients affected by HR-NB normally show a strong reduction in 5-year survival with a
mean of 50%, in comparison with low and intermediate-risk patients that reach about
90–85% [3]. HR-NB patients normally show mutations in major risk biomarkers such as
MYCN amplification [4] and common segmental chromosomal aberration (SCA) [5]. The
age of the patient at the pathology diagnosis is considered another important factor, and
for this reason a proper evaluation of the tumor is fundamental not only for the treatment
of the pathology, but also for better outcomes assessment.

The neuroblastoma risk classification system underwent modification in past decades,
from the Evans staging system in 1971 to the most recent International Neuroblastoma Stag-
ing System (INSS) or International Neuroblastoma Risk Group Staging System (INRGSS),
which was used for the first time in 2005 [6]. Recently, the Children’s Oncology Group re-
vised this system, (Table 1) aiming to improve the correspondence between patient therapy
and stage assignation and more highly considering the impact of the risk biomarkers [3].
The re-assignation of patients from INRGSS classes of risk [7] to newly identified classes
highlighted that HR patients were well assigned using the previous version of INRGSS
(only 3.4% of non-HR shifted to HR), and that MYCN is one of the most relevant factors
occurring in a majority of case scenarios in the HR-NB patients [3].

Table 1. International Neuroblastoma Risk Group Staging System revised and updated by the
Children’s Oncology Group in 2021.

INRGSS Age MYCN Amp SCA at 1 p or 11 q Ploidy INPC Differentiation Risk Group

L1
No

Any Any Any
LR

AMP LR or HR

L2

<18 months No
Absent DI > 1 FH IR

Any Any Any IR

AMP Any Any Any HR

18 months–5 years No Any Any
FH IR

UH HR

≥5 years No Any Any UH
Differentiating IR

Undifferentiated or
poorly differentiated HR

M

<12 months
No

Any Any Any
IR

AMP HR

12 to <18 months No

Absent DI > 1 FH IR

Present Any Any HR

Any

DI = 1 Any HR

Any
UH HR

Any NA

At least 1 feature Unfavorable HR

AMP Any Any Any HR

≥18 months Any Any Any Any HR

MS <12 months

No bx No bx No bx No bx LR or IR

No

Absent DI > 1 FH LR or IR

Present Any Any IR

Any
DI = 1 Any IR

Any UH IR

AMP Any Any Any HR

Abbreviation: AMP, amplification; bx, biopsy; SCA, segmental chromosome aberration; DI, DNA index; INPC,
International Neuroblastoma Pathology Classification; FH, favorable INPC histology; UH unfavorable INPC
histology; LR, low-risk; IR, intermediate-risk; HR, high-risk; NA, not applicable. Note: Any included unknown.
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MYCN amplification occurs in almost 25% of all neuroblastoma cases and correlates
with HR-NB and poor prognosis [8–10]. Interestingly, despite the expectations, MYCN am-
plification does not always result in a higher expression of mRNA or protein [11–13], high-
lighting that more complex interaction should be considered in HR-NB disclosure [14,15].
While the relevance of the correlation between MYCN amplification and over-expression
is still under discussion, the role of N-Myc oncoprotein as a potential target for therapy
is well established [16–18]. In the same way, the prediction potential of MYCN amplifica-
tion is considered a standard tool to distinguish tumors subtype and patient prognosis in
medical practice [19,20]. For this reason, MYCN emerges as a key component of HR-NB in
diagnostic, prognostic and medical procedures, such as in pharmaceutical research.

2. Diagnosis of High-Risk Neuroblastoma

A proper diagnostic evaluation can be relevant to perform the best patient assignation
to a risk group and to select the best therapy available. The most common and used
methods for NB assessment include a combination of histological observation with imaging
features and multiple laboratory tests such as fluorescence in situ hybridization (FISH),
polymerase chain reaction polymerase chain reaction (PCR), multiplex ligation-dependent
probe amplification (MLPA) or array comparative genomic hybridization (aCGH) [4,21,22].
In a similar manner to laboratory tests, imaging also offers a broad spectrum of techniques
that have been developed or improved over the years, in order to provide reliable tools to
assess neuroblastoma staging and follow-up [23,24].

For example, anatomical imaging techniques such as computed tomography (CT)
and magnetic resonance imaging (MRI) represent the diagnostic standard for the precise
localization of primary tumor mass and provide anatomical details for consequent loco-
regional staging [25,26]. Interestingly, the modern CT-based approach has shown the ability
to predict MYCN amplification (MNA) status in neuroblastoma through the generation
of radiomics profiles of tumors [27], highlighting the great potential of this technique. In
contrast, functional imaging analysis, using positron emission tomography (PET) or the
combined approach PET/CT, is less useful when approaching the primary tumor, but it is
more reliable for distant metastasis disclosure and proper tumor evaluation after anatomical
distortions induced by surgery or radiation [24,28]. Moreover, the use of different tracers in
PET, such as 123I-MIBG, 18F-FDG, and 99mTc-MDP, may allow us to obtain the best imaging
performance on neuroblastoma tumors, differing in biological and molecular characteristics
and further improving the value of this tool [28].

With the advancement of new technologies, the cellular, molecular, genetic and anatom-
ical features of NB become constantly more fast and accessible for analysis, allowing proper
patient assignation [3,29]. In particular, MNA status is considered the strongest indicator
for both HR-NB assignation and poor prognosis [29–31], and a fast diagnosis can be partic-
ularly relevant in consideration of the increase in risk with the age of the patient [3,32,33].

Circulating Free DNA and Circulating Free Cells

Most of the tests for NB assessment require bioptic material. The biopsy procedure
needed for the analysis is an invasive procedure and the tumor mass is not always ac-
cessible for recovery and analysis. Moreover, the analysis of a tumor with an abundance
of non-malignant cells [34] can be confounding and show MNA heterogeneous pattern
results [35,36]. For this reason, a new approach was developed involving the use of circu-
lating free DNA (cfDNA) that was isolated from plasma or serum [37]. Using this so called
“liquid biopsy” approach, it is possible to overcome the problem related to the invasiveness
of the surgical procedure and the genetic heterogeneity found in solid tissue [38]. The
technique is fast and fully reliable for the assessment of MYCN copy number using a
PCR based analysis [39–41]. Moreover, it was demonstrated that cfDNA can be used in
combination with specifically quantitative PCR (q-PCR) to perform an MNA analysis with
high sensitivity and specificity in patients with advanced disease [42,43].
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Interestingly, circulating messenger RNA (mRNA), circulating tumor cells (CTCs) and
circulating NB exosomes can also be found in biological fluids and used as biomarkers for
diagnosis and prognosis assessment [44]. In particular, CTCs can provide comprehensive
tumor profiling involving RNA, protein and/or metabolic information, while cfDNA only
contains a genomic statement [45,46]. Of course, this method is more expensive and slower
than cfDNA use [47], but it can be extensively considered as complementary in HR-NB
evaluation, as suggested in other cancer studies [48,49].

3. Current Therapies of High-Risk Neuroblastoma

Current NB therapy in the majority of countries is constituted by three phases: in-
duction, consolidation and maintenance therapies (Figure 1), and lasts approximately
18 months, varying by the patient risk [50,51]. Treatment strategies for each phase may
include chemotherapy, surgical resection, high-dose chemotherapy with autologous stem
cell rescue, radiation therapy, immunotherapy and isotretinoin, but the modality of the ad-
ministration of the single procedures mostly depends on patient risk status [52]. Low- and
intermediate-risk patients, for example, show high overall survival with minimal therapy
approach, involving only surgical resection alone or combined with small chemotherapy
administration in the induction phase [53–55]. On the other hand, the high-risk group
need a more aggressive approach, and each phase is involved in the management of the
pathology with the administration of any possible therapy available [52,56–58], being more
challenging not only for the efficacy assessment, but also for the safety of the patient.
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Figure 1. Neuroblastoma therapies are reported in relationship to risk group. Each treatment
is collected in its own neuroblastoma therapy phase from induction to maintenance. Low- and
intermediate-risk patients only receive the induction phase, while high-risk patients receive all
treatments.

3.1. Surgical Resection

Surgical resection is considered the first lane of treatment for neuroblastoma and is
mostly relevant in HR patients [59]. In particular, the surgical approach may vary from
complete tumor resection to gross tumor resection or biopsy only, and this can have a heavy
impact on therapy outcome. Complete or gross tumor resection is not always possible
but showed better outcome in comparison to less aggressive strategies such as partial
resection or biopsy only in HR patients [60–62]. More in detail, tumor resection >90%
was specifically associated with better EFS than more partial resection [63]. Unfortunately,
surgery cannot be considered an independent procedure and to establish the proper timing
for resection in function of chemotherapy is not clear [64,65]. In HR-NB, for example,
preoperative chemotherapy is highly suggested for the management of an unresectable
tumor [66,67]. More in general, despite many studies reporting that patient treatments with
neo-adjuvant chemotherapy prior to surgery may facilitate tumor removal and improve
post-surgery outcomes [59,68,69], the impact of surgical timing in primary tumor resection
remains controversial and challenging [70]. In particular, defining proper chemotherapy
strategies in terms of compound and the number of cycles to administer prior to and
post-surgery is still a major issue [65]. While surgical procedure remains fundamental, the
location of the primary tumor and the experience of the surgeon, such as the post-operative
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care of the patients, may impact the results of the therapy outcome. In the same way,
amplification of the resection extent may increase both intra-operative and post-operative
complication and reduce the therapy compliance or lead to the abandonment of such a
life-saving procedure [62].

3.2. Multi-Agent Chemotherapy

Multimodal chemotherapies treatment strategies for HR-NB patients may vary from
place to place, but they always involve a combination of chemotherapy and both high
dose and frequent administration strategies. The most used North American model, for
example, involves the use of a five-cycle strategy consisting in the administration of topote-
can/cyclophosphamide for cycles 1 and 2, cisplatin/etoposide for cycles 3 and 5, and vin-
cristine/doxorubicin/cyclophosphamide for cycle 4 [51], while the well-established COJEC
system (cisplatin [C], vincristine [O], carboplatin [J], etoposide [E] and cyclophosphamide
[C]) uses another mix of chemotherapy rapidly administered every 21 or 10 days [71,72].
Of course, the use of chemotherapy at a high concentration and frequency inevitably
leads to a broad spectrum of side effects, and although the community effort is focused
on increasing patient compliance, long-term toxicity still remains a major issue in HR
patients [73]. The most common side effects include growth failure, thyroid dysfunc-
tion [74], hearing loss [75,76], ovarian/testicular failure [77], diabetes mellitus, pulmonary
dysfunction [73,78], cardiac dysfunction [79,80], renal dysfunction, subsequent malignant
neoplasm [81,82] and physiologic impairment [83]. Interestingly, endocrinopathies are one
of the most prevalent complications after the treatment of HR-NB using modern thera-
pies [78,84]. This condition is particularly relevant in consideration of the young age of the
patient and can strongly impair growth and fertility in the adulthood [85].

3.3. Autologous Stem Cell Transplantation

An increase in chemotherapy drug dosage was postulated as a strategy for tumor
treatment, highly in consideration of the advancement of support therapy. Preclinical
studies on the dose-response of cytotoxic agents demonstrated how it is possible to maintain
a linear range, highlighting the possibility of effectively increasing the dose and, thus,
the effect [86,87]. Unfortunately, chemotherapy has many side effects and, particularly,
myelotoxicity has been evaluated as the most dose-limiting toxicity for chemotherapeutic
agents [88]. For this reason, the possibility of rescuing the stem cells from the patient and
performing autologous stem cell transplantation (ASCT) after high-dose treatment could
highly impact therapy outcome [89,90]. Many studies demonstrated how single [56,91]
or more recent tandem transplantation [92] post-chemotherapy can increase event-free
survival compared to chemotherapy alone, having a particular impact on HR-NB patients’
outcome. While ASCT remains as one of the most important advancements for HR-NB
treatment, the procedure itself is not totally without risk. Infection management [93,94]
such as stem cell availability, sorting procedure and processing [95] may be challenging,
and advancements are needed to safely improve patient healthcare [89].

3.4. Radiation Therapy

Similar to surgery and chemotherapy, radiotherapy (RT) is considered one of the most
relevant and common parts of the treatment of HR-NB in the multimodal approach [96,97].
While its function in supporting primary tumor removal is well established [98,99], its
role in metastasis management after induction chemotherapy is still uncertain [100,101].
Many advancements were achieved to upgrade this technology, increasing performance
both in dose shaping and specificity [102], for example, with the administration of proton
therapy [100,103], or 131I-MIBG [104–106] instead of standard photon RT. Considering the
improvement in HR-NB treatment and the increase in patient survival, more attention is
paid to radiotherapy’s toxic effect. This effect may include growth and developmental
failure, hypothyroidism, gastrointestinal dysfunction, neurocognitive defects, pulmonary
and cardiac abnormalities, infertility and secondary cancers. The most frequent side effects
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are musculoskeletal abnormalities followed by the growth impairment of bones, includ-
ing scoliosis, kyphosis or short stature [107–109], as well as general growth impairment
effects [84,110]. Less frequently, sensorineural hearing loss, cardiac dysfunction and sec-
ondary malignancies can be observed [84,107], underlining a broad spectrum of toxic effects
that must be properly taken into account for patient safety [111].

3.5. Anti-GD2 Immunotherapy

Immunotherapy and, in particular, the use of monoclonal antibody in cancer has
increased in past years [112–114]. Unfortunately, pediatric tumors normally show few
tumor-specific antigens, and for this reason immunotherapy is less frequent compared
to adult counterparts [115]. Interestingly, neuroblastoma represents an exception; in fact,
almost all tumorigenic cells show the expression of aberrant gangliosides [116,117]—such
as disialoganglioside GD2—which are nearly absent in the majority of normal tissue [118].
Gangliosides are sialic acid-containing glycolipids [119] that are able to stimulate the im-
mune response, and their use in immunotherapy was demonstrated to improve the outcome
in a patient with HR-NB [114,120–122]. Dinutuximab, for example, is a commercial chimeric
anti-GD2, successfully used for many years for the treatment of HR-NB [123–125]. Recently,
a new humanized anti-GD2 antibody known as naxitamab has been approved by the Food
and Drug Administration for the treatment of neuroblastoma and other GD2-related can-
cers [126,127]. However, anti-GD2 treatment was also found to be associated with several
side effects. Significant neuropathic pains can be found in almost all patients treated with
anti-GD2 [128,129], while mydriasis, light accommodation impairment [130] and severe
demyelinating polyneuropathy are reported more rarely [131]. Moreover, anaphylactic
reaction can occur in association with the development of circulating antibodies [132]. New
strategies are in development to overcome this issue [133], but in general, less aggressive
approaches appear to be less effective in immune stimulation [134].

3.6. Isotretinoin

Isotretinoin (13-cis-retinoic acid; 13-cisRA) is a retinoid that was first approved in 1982
by the Food and Drug Administration for the treatment of severe acne [135]. Despite its
native application, isotretinoin has found many other applications, such as maintenance
therapy in HR-NB [96,136]. In fact, it was demonstrated that 13-cis-retinoic acid is able to
induce both cell differentiation and the arrest of proliferation in neuroblastoma [137–139].
Unfortunately, a major issue is represented by the development of tumor resistance by HR-
NB relapsed patients [140,141], resulting in this therapy’s great limitation. Cheilitis or dry
lips are the major adverse effects found in almost all the patients treated with isotretinoin,
but sun sensitivity, xerosis and xerostomia are also very common [142]. While minimum
side effects occur, the efficacy of isotretinoin alone is under discussion, and more frequently,
combination treatment overcomes its use as a single agent [121,143–145].

4. MYCN as Prognostic Indicator in High-Risk Neuroblastoma

Despite the advancement in medical standard therapy for the treatment of HR-NB,
there is no specific therapy for MNA patients [92,146,147], but this aspect of the pathology
becomes increasingly relevant in consideration of its prognostic effect. For example, the
prognostic impact of MNA is particularly relevant in infants with stage M disease where
both event-free survival (EFS) and overall survival (OS) are higher in an MYCN non-
amplified tumor, that shows better outcomes in comparison with MNA patients (EFS and
OS: 82.5% and 90.8% versus 36.9% and 44.8%) [3]. In a similar manner, the behavior of
an L2 and MS stage tumor is mostly impacted by MYCN status. EFS and OS are lower
at any age when MYCN is amplified, while the absence of amplification correlates with
better survivability results for the patients [3]. Interestingly, MNA association with worse
prognosis appears more pronounced in the context of other favorable prognostic features
and can be considered as an indicator for aggressive intervention [148], highlighting how
MYCN gene status impacts therapy selection and medical decision making.
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While MNA is considered a staple in neuroblastoma diagnosis, as mentioned before,
MYCN over-expression has a more controversial role; in a similar manner, MYCN expres-
sion has the same prognostic behavior. Some studies reported that MYCN expression is
valuable for prognostic purpose, but only in a specific pathology context. In particular, a
patient cohort showed that the lowest value in MNA cases has a more negative outcome
when MYCN and mRNA levels are higher, in comparison to patients with higher MNA
levels where mRNA expression cannot be considered as prognostic [11]. Otherwise N-Myc
protein expression shows different prognostic value, being reported as an indicator of
poor outcome regardless of MNA status [31]. These findings together suggest that deep
investigation on how and when MNA or MYCN expression are predictors of patients’
outcomes needs to be improved, but their value as key elements of prognosis assessment is
undeniable, remaining so in the establishment of HR-NB therapy administration.

5. MYCN Determines High-Risk Neuroblastoma

Despite MYCN amplification being the first discovered genetic mechanism in neu-
roblastoma, its role in driving the pathology is not fully understood [149–151]. In fact,
MYCN amplification leads to deep remodeling of the cancer cell, influencing its apoptosis
resistance, its undifferentiated status, its metabolic landscape and immune evasion.

Different studies showed that MYCN over-expression is an obstacle to neuronal differ-
entiation. High-risk and MYCN amplified neuroblastoma present a different transcriptional
profile, where different pathways and genes related to differentiation are particularly al-
tered [152]. Indeed, MYCN amplified neuroblastoma cell lines fail to differentiate in
response to 13-cis-retinoic acid [8]. The concomitant inhibition of MYCN and the adminis-
tration of RA is able to reverse this block [152]. Moreover, the ectopic expression of MYCN
in precursor cells blocks the differentiation in chromaffin cells.

In addition, MYCN controls both proliferation and apoptosis: many studies showed
that over-expression disrupts the cell cycle, leading to maintained apoptosis inhibition and
induced proliferation [153]. In fact, blocking MYCN leads to G1 phase cell accumulation
and slows down the transition to S phase and PI3K repression (which is known to promote
cell growth and proliferation) [154–158]. MYCN also positively affects the expression
of other key cellular regulator such as E2 factor (E2F) and inhibitor of differentiation 2
(ID2), which are also involved in cell cycle progression [155,159,160]. As an additional
mechanism, MYCN amplification is also associated to TERT expression and telomere
anomalies [161,162].

Interestingly, MYCN can promote apoptosis and/or sensitizes cancer cells to cytotoxic
drugs [163,164]. MYCN is able to promote the expression of phorbol-12-myristate-13-
acetate-induced protein 1 (NOXA), which is a pro-apoptotic regulator. Moreover, E-box
elements are present in the promoter of p53, which is the most known onco-suppressor able
to stop cell proliferation and induce apoptosis (even if in a significant part of neuroblastoma
p53 is found mutated) [164]. As it is known, the murine double minute 2 (MDM2) is a
negative regulator of p53 and is over-expressed in different human malignant tumors [165].
In particular, MDM2 is able to reduce p53 levels using the mechanism of binding to p53 with
consequent ubiquitination and proteosomal degradation [166,167]. However, MDM2 also
promotes the stability of MYCN, while the latter induces MDM2 transcription [168–170].
Thus, MYCN can induce the transcription of p53 and MDM2, regulating the balance
between proliferation and apoptosis. Over-expression is thought to alter this precarious
equilibrium, inducing MDM2 expression and p53 blocking [168–170].

Early studies showed how metabolism is deeply altered in cancer cells. In fact, cancer
cells are skewed towards rapid ATP production, which is generally obtained through
the “Warburg Effect”, where cells rely on glycolysis and mitochondrial respiration is
impaired [171–174]. Cancer cells then use the fatty acids and glutamine as a source for
biosynthesis and ultimately sustain the cell growth and proliferation. Moreover, this
alteration in the mitochondria leads to reactive oxygen species (ROS) production, while
the fatty acid oxidation is used to replenish the NADPH pool in order to prevent excessive
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oxidative stress [175,176]. Neuroblastoma and, in particular, MYCN amplified tumors are
heavily dependent in glutamine, and blocking MYCN leads to the arrest of glutamine
transport [177,178]. In addition, MYCN promotes the glycolysis and fatty acid uptake and
leads to mitochondria alteration [178,179]. MNA tumors also present different metabolic
alterations, leading to an increase in iron uptake. For instance, it has recently been shown
that MYCN induces massive lipid peroxidation and cysteine depletion. This leads MNA to
be sensible to oxidative stress and especially to ferroptosis [180]. In this context, blocking
MYCN in MNA neuroblastoma leads to ROS production (through TRAP1 decrease), which
the cancer cell fails to handle, consequently undergoing apoptosis [181]. In addition,
MYCN also blocks autophagy and mitophagy (an autophagy sub-pathway used by the
cell to recycle damaged mitochondria), and it has been shown in inducible MYCN cell line
(TET21N) that the MYCN blocking restores this pathway (OPTN transcription) [181]. All
these studies show a strong rewiring of the metabolism by MYCN expression and the fine
grain regulation of the redox equilibrium.

Different studies showed the role of the phosphatidylinositol 3-kinase (PI3K)/mTOR
pathway in neuroblastoma [156,182,183]. In fact, the mTOR pathway is known to stabilize
N-Myc, and its blocking affects cell growth. Moreover, retinoic acid has been described as
being capable of mTOR inhibition. While the N-Myc protein is stabilized by the mTOR com-
plex, it also regulates the expression of different MTOR genes in a positive loop [152,184].
Indeed, MNA cell lines have a higher expression of mTOR genes, and they are more re-
sistant to mTOR inhibitors. Furthermore, it has been shown that mTOR is also negatively
associated to the prognosis [152].

MYCN amplification impact is not limited to the cancer cell itself but also to the
tumor microenvironment. In fact, MNA cancers remodel the external environment to
sustain their growth and the immune evasion [185]. A significant portion of MNA tumors
present PD-L1 expression and MHC I complex down-regulation, leading to a suppressive
micro-environment [186,187]. In addition, MNAs are also enriched in M2 macrophages and
CD4+ T helper 2 cells [185]. Macrophages are also responsible for maintaining a hypoxic
environment and lead to the transcription of hypoxia inducible factor (HIF 2α), which
ultimately leads to vascularization and metastasis spreading. Indeed, HR-NB that are fast
growing are high in the immunostaining for HIF2 [188]. However, neuroblastoma also
exploits other strategies such as expressing other immune-suppressive molecules (such as
CD276), miRNAs and exosomes release [189]. Overall, both innate and adaptive immune
systems seem to be down-regulated [185]. This complex landscape is probably at the origin
of the fact that immune-therapy has shown modest results [185,190,191].

MYCN amplification also leads to extracellular matrix (ECM) modification. ECM is
often altered in HR-NB with anomalous collagen I deposit and often correlates with bad
prognosis [192–195]. These alterations are also promoted by the hypoxic and inflamed state
of the tumor microenvironment [196–198]. Collagen I inhibition has shown a promising
effect, allowing better chemotherapy delivery [199]. Moreover, different matrix metal-
loproteinases (MMPs) are altered in neuroblastoma which are linked to bad prognosis,
angiogenesis and metastasis promotion [200–202].

HIF2 expression, ECM alteration and VEGF expression in HR-NB also lead to new
vascularization. These tumors show more aggressive features such as more immature states
and more easily spreading metastasis [203–208]. Moreover, there is evidence that PI3K
kinases promote VEGF expression via MYCN [209,210]. Interestingly, blocking PI3K by
SF1126 in neuroblastoma led to reduced MYCN expression, cell death and angiogenesis
block, while temporarily increasing the macrophages’ M1 to M2 ratio, showing how all
these mechanisms are interconnected [211–214].

Furthermore, the neuroblastoma tumor microenvironment presents an enrichment
of cancer-associated fibroblasts (CAFs) and mesenchymal stromal cells (MSCs). This
enrichment correlates with progression and it is important to sustain the tumor growth,
micro-vessels formation and progression, showing correlation with poor outcome [215–217].
In fact, CAF produces TGFβ (a cytokine with immunosuppressive property) and CCL2,
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which recruit TAM to neuroblastoma [218–220]. In addition, studies have highlighted that
the CAF area extension correlates with MYCN amplification [221–223]. MSCs are also
involved in inducing an immune suppressive environment, leading to the recruitment of
ulterior suppressive cells (T regulatory cells and macrophages).

Other than the direct action of MYCN on cellular process leading to neuroblastoma,
in the past few years, many epigenetic mechanisms have been discovered regulating
MYCN with a specific role in HR-NB development [224]. Micro RNAs (miRNAs) are small
single-stranded RNA molecules that function as post-transcriptional RNA regulators [225].
MiRNAs targeting MYCN were found to be particularly important in regulating its ex-
pression in neuroblastoma in different ways [8,226]. Some miRNAs targeting MYCN, such
as the let-7 family, work as inhibitors [227] and are down-regulated in neuroblastoma,
inducing N-Myc protein expression [228–230]. These miRNA types are considered the
most common, but other miRNAs were found to work with the opposite mechanism. For
instance, miRNAs such as the family of miR-17-92 are substantially employed as MYCN
up-regulators. Interestingly N-Myc is able to stimulate the expression of miR-17-92 cluster,
suggesting the presence of a positive feedback mechanism of regulation between MYCN
and the miR-17-92 cluster itself [230–232].

Moreover, the natural antisense transcript was found to be able to regulate MYCN
expression. In particular, MYCN locus is able to generate an antisense transcript known as
MYCNOS (or N-cym) [233]. This transcript originates from the opposite strand of the locus
and regulates MYCN as either regulatory long non-coding RNA (lncRNA) or protein. In
fact the lncRNA of MYCNOS regulates MYCN promoter through the recruiting of protein
in this site [234], while the MYCNOS-encoded protein works as an inhibitor of glycogen
synthase kinase 3 β (GSK3beta), stabilizing in this way the NMYC protein [235]. For
this reason, high levels of MYCNOS can be found relative to MYCN over-expression and
correlate with poor outcome in neuroblastoma [13,236]. Furthermore, MYCNOS itself was
found to be regulated from some non-coding RNAs such as lncUSMycN [237] that are able
to suppress its expression and indirectly regulate MYCN [234].

Methylation is another regulatory system used by cells to define gene expression and
cellular function. While the correlation between MYCN and its methylation status in neurob-
lastoma is still unclear, many other genes involved in neuroblastoma transformation were
well characterized in both MYCN amplified and non-amplified tumors [224,238]. Extensive
methylation was found in many onco-suppressor genes with no particular correlation to
MYCN status [239]. In particular, miRNAs were reported to be methylated in neuroblastoma
cell lines, highlighting their role in tumor progression and poor prognosis [240].

6. MYCN as Therapeutic Target

Despite current therapeutic advances and ongoing clinical trials, NB remains a complex
medical challenge, especially in the high-risk cases, and the discovery of new therapeutic
approaches is needed to improve patient welfare and outcome (Table 2) [241].

Table 2. Summary of current therapies and the new therapeutic approach in the treatment of
neuroblastoma and high-risk neuroblastoma.

Therapy Therapeutic Strategy Availability

Surgical Resection Tumor mass removal by surgical resection Standard Medical Practice
Multimodal Chemotherapy Tumor cell elimination using non-specific chemical agents Standard Medical Practice

Autologous stem cell transplantation Stem cell reinfusion after high dose chemotherapy Standard Medical Practice
Radiation Therapy Tumor mass removal by radiations Standard Medical Practice

Anti-GD2 Immunotherapy Induction of immune system stimulation Standard Medical Practice
Isotretinoin Induction of tumor cell differentiation and proliferation arrest Standard Medical Practice

BET Inhibitors Inhibition of specific molecular pathway related to MYCN Clinical Studies
HDACs Inhibitors Inhibition of specific molecular pathway related to MYCN Clinical Studies

PI3K/mTOR Inhibitors Inhibition of specific molecular pathway related to MYCN Clinical Studies
Aurora Kinase-A Inhibitors Inhibition of specific molecular pathway related to MYCN Clinical Studies

MDM2 inhibitors Inhibition of specific molecular pathway related to MYCN Clinical Studies
MYCN direct inhibitor Specific MYCN expression inhibition or N-Myc protein degradation Preclinical Studies
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In this scenario, MYCN certainly represents an ideal therapeutic target given its corre-
lation with rapid tumor progression, poor prognosis and the limited expression in normal
cells and tissue, suggesting high tolerability for an MYCN-specific approach [8,242]. Many
attempts and investigations have been made to develop specific inhibitors for N-Myc pro-
tein, but both direct or indirect N-Myc modulators (Figure 2) failed to result in an efficient
or reliable N-Myc-specific therapy [243]. Unfortunately, N-Myc targeting shows a different
issue. Some of these issues can resemble any transcription factor, while some challenges
are more peculiar and reside in the lack of specific interaction site on the protein [244,245]
or in the homology with the MYC family oncogene, increasing the difficulty of preserving
the physiological function of c-Myc protein in normal tissue [153,246]. For this reason,
new strategies have been proposed in the hope of overcoming the failure of the precedent
attempt to make MYCN a fully available target for HR-NB [8,18,153,247].
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Figure 2. Schematic representation of drugs directly or indirectly targeting MYCN. Drugs are
marked in red and reported as class, named on mechanism of action. Abbreviation: MDM2, murine
double minute 2; PI3K, Phosphoinositide 3-kinases; PI3Ki, Phosphoinositide 3-kinases inhibitor; BETi,
bromodomain and extra-terminal domain family inhibitor; BRD4, bromodomain-containing protein
4; mTORC1, mammalian target of rapamycin complex 1; mTORC2, mammalian target of rapamycin
complex 2; mTORi, mammalian target of rapamycin inhibitor; PROTACs, proteolysis-targeting
chimeras; MIZ1, MYC-interacting zinc-finger protein 1; HDAC, histone deacetylase; HDACi, histone
deacetylase inhibitor; E3, E3 ubiquitin ligase; E2, E2 ubiquitin-conjugating enzyme; AURKA, Aurora
kinase A; AURKAi, Aurora kinase A inhibitor; Ub, ubiquitin.
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6.1. BET Inhibitors

Bromodomain and extra-terminal domain family (BET) is a group of epigenetic regula-
tors that consist of four elements, BRD2, BRD3, BRD4 and BRDT [248]. These proteins can
bind DNA and recruit P-TEFb complex to start the elongation of the transcription process,
activating the RNA pol II and so regulating gene expression [249–251]. Interestingly, these
factors are required for both MYCN transcription and MYCN-driven transcription, so that
their inhibition can have a double effect [153,252,253].

Many BET inhibitors capable of inhibiting MYC or MYCN in vitro were discovered in
the past few years [254,255] with a specific function in NB [252,256], but their application
with clinical purpose was unsuccessful. However, new BET inhibitors, BMS-986158, BMS-
986378 (NCT03936465) and GSK525762 (NCT01587703) are currently in clinical trial phase I
with specific application in neuroblastoma (Table 3), maintaining the interest in this class of
compound.

Table 3. Inhibitor drugs under clinical studies for neuroblastoma treatment are reported
(ClinicalTrials.Gov, updated 1 August 2022). Drug inhibitor target, clinical phases, trial status
and ID are reported.

Drug Name Target Clinical Phase Status NTC Number

Vorinostat HDAC Phase1|Phase2 Recruiting|Completed|No
longer available

NCT01019850|NCT03561259|
NCT01838187|NCT01132911|
NCT02559778|NCT03332667|
NCT02035137|NCT01208454|

NCT04308330

Panobinostat HDAC Phase 2 Terminated NCT04897880

BMS-986158 BET Phase 1 Recruiting NCT03936465

BMS-986378 BET Phase1 Recruiting NCT03936465

GSK525762 BET Phase1 Completed NCT01587703

SF1126 PI3K/mTOR Phase 1 Terminated NCT02337309

Samotolisib PI3K/mTOR Phase 2 Recruiting NCT03213678

ALRN-6924 Dual
MDM2/MDMX Phase 1 Recruiting NCT03654716

LY3295668 Aurora-A Kinase Phase 1 Active, no recruiting NCT04106219

Alisertib (MLN8237) Aurora-A Kinase Phase 1|Phase 2 Complete NCT02444884|NCT01601535|
NCT01154816

Abbreviation: HDAC, histone deacetylase; BET, bromodomain and extra-terminal motif; PI3K Phosphoinositide
3-kinases; mTOR, mechanistic target of rapamycin.

6.2. HDACs Inhibitors

It is known that MYCN can modify the genome in many ways [257]. One of these is rep-
resented by the ability to induce the transcriptional repression of tumor suppressor genes by
N-Myc protein binding to the MIZ1 and SP1 transcriptional activators and resulting in the
recruitment of histone deacetylases (HDACs) [258–260]. For this reason, HDACs inhibitors
are considered a viable route to target MYCN-amplified neuroblastomas [8,261]. These
inhibitors can modulate both histone and non-histone proteins inhibiting cancer-related
processes, while stimulating the immune response and chemotherapy sensitivity [262,263].
The Food and Drug Administration has approved different HDAC inhibitors such as
vorinostat, romidepsin, belinostat and panobinostat, mostly for hematological cancer types
such as T-cell lymphoma or multiple myeloma [264–266]. In particular, in neuroblastoma,
the HDAC-8 appears to correlate with poor prognosis, and many attempts were made to
inhibit its function. The specific inhibitors 1-naphthohydroxamic acid (Cpd2) and PCI-
34051, for example, showed potential HDAC-8 inhibitory activity and thereby decreased
the neuroblastoma cell viability [267]. However, more common HDACs inhibitors such as

ClinicalTrials.Gov
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vorinostat or parabinostat (NCT04897880) are currently in clinical trials for neuroblastoma
and have successfully reached clinical phase 2 (Table 3).

6.3. PI3K/mTOR Inhibitors

Protein stabilization is fundamental for the correct function of proteins. Affecting
this process represents a possibility to deregulate protein function and, therefore, the
cellular process. In cerebellar neuron precursor for example, N-Myc protein stability is
regulated by Phosphoinositide 3-kinases (PI3K) through AKT and glycogen synthase ki-
nase 3β (GSK3β) [268,269], suggesting its possible role in inhibiting upstream N-Myc
signaling. In a similar manner, N-Myc is also indirectly regulated upstream by mam-
malian target of rapamycin complexes (mTORC), which modulates cell growth and protein
synthesis [270,271].

For this reason, several inhibitors interacting with this key element for protein function
were developed in the past decade to increase protein degradation and limit their biological
effects [272,273]. First generation inhibitors of mammalian target of rapamycin (mTOR), a
core protein of mTORC, showed high efficacy in reducing cell viability and N-Myc level
in MYCN-amplified NB cells [274]. More interestingly, compounds such as NVP-BEZ235
(dactolisib) and INK128 (sapanisertib) were found to be able to inhibit the activation of
entire PI3K/mTOR pathway in specific MYCN tumors, further promoting their role in
N-Myc down-regulation [182,275]. Several mTOR inhibitors have already been approved
for the therapeutic treatments of different types of cancer [276,277], while in neuroblastoma
new clinical trials are ongoing (NCT02337309, NCT03213678) making mTOR inhibition a
very promising therapeutic avenue for MYCN-deregulated childhood cancers (Table 3).

6.4. Aurora Kinase-A Inhibitors

Aurora kinase A (AURKA) belongs to a family of serine/threonine kinases, named
Aurora, mostly involved in cell division process through the regulation of centrosome
formation, chromatin condensation and chromosome microtubule interaction [278]. AU-
RKA expression was found to be altered in many cancers, making it a good candidate for
therapy [279,280]. In neuroblastoma, N-Myc is able to interact with AURKA, leading to
N-Myc stabilization and the limitation of cell cycle arrest in G2/M [281]. On the contrary,
AURKA inhibition induces N-Myc degradation and stimulates cell death [282,283]. In
combination, the use of AURKA and BRD4 inhibitors can reduce cell viability in a syner-
gistic way in HR-NB cells [284,285], as well as in glioblastoma cells [286]. Despite the well
described efficacy of AURKA inhibitors in combination, clinical trials are also available
for a single agent. The selective inhibitor LY3295668 [287] for example is actively under
examination alone in a clinical phase 1 study (Table 3) in relapse/refractory neuroblastoma
(NCT04106219).

6.5. MDM2 Inhibitors

Tumor suppressor p53 is a critical protein for the regulation of apoptosis, cell cycle arrest
or DNA damage repair process in response to DNA damage and cellular stress [288–290].
This protein has been reported to be mutated in almost 50% of human cancer [291], with
related impairment of transcriptional activity [292,293]. In neuroblastoma, TP53 is rarely
mutated [294], but it is normally associated with HR-NB and poor outcome [295,296]. The
MDM2 oncogene is amplified and/or over-expressed in numerous human malignancies,
including neuroblastoma [297,298], showing poor prognosis in this conditions [299]. MDM2
was discovered to be a negative regulator of p53 through a mechanism involving both
transcription repression [300] or protein ubiquitination and degradation [301]. Interestingly,
MDM2 may interact with N-Myc in a similar manner to p53 in neuroblastoma, resulting
in MYCN mRNA stabilization and translation increase [302,303]. For this reason, the
p53-MDM2-N-Myc pathway is very interesting as a target for new therapies [17,304]. For
example, the MDM2 inhibitor DS-3032b was able to reactivate both in vitro and in vivo
TP53 signaling in MYCN-amplified neuroblastoma [296]. A new dual MDM2/MDMX
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inhibitor ALRN-6924 [305] is under testing (NCT03654716) in a clinical phase 1 trial for
neuroblastoma (Table 3), raising new hope for HR-NB treatment using TP53 reactivation.

6.6. MYCN Direct Inhibitor

Despite the difficulties in directly targeting the N-Myc protein, advances in chemistry
and chemical genomics have created new instruments to overcome this issue in different
ways [247,271,306]. Proteolysis targeting chimeras (PROTACs) induce protein degrada-
tion by exploiting the ubiquitination mechanism, resulting in viability for undruggable
targets [307]. From a structural point of view, PROTACs are heterobifunctional molecules
composed of an E3 ubiquitin ligase, covalently linked to another ligand with the ability to
recognize the target and to drive the ubiquitination process [307,308]. As small molecules,
10058-F4 and 10074-G5 successfully showed in vitro the ability to bind N-Myc [309] and
may be used to develop PROTACs. Further, the use of such molecules provides a new
opportunity for screening strategy in MYCN therapeutics [310].

Directly targeting MYCN mRNA or MYCN gene at the level of DNA using MYCN-
specific oligonucleotides is another highly promising and valuable approach for the specific,
effective and safe treatment of MYCN-related HR-NB and other MYCN-expressing tumors.
In recent years, different synthetic oligonucleotides have been developed for the specific si-
lencing of target genes, making this technology always more affordable for both pre-clinical
and clinical studies in cancer therapies [311,312]. An in vitro study on neuroblastoma cells
with and without MYCN amplification showed that treatment with specific anti-MYCN
small interfering RNAs (siRNAs) targeting the MYCN mRNA may cause cell growth arrest,
the activation of apoptosis, and differentiation [313]. Moreover, synthetic miRNAs have
recently been developed and showed in vitro the ability to stably interact with MYCN
mRNA, which is promising for further biological study [314].

An innovative strategy consists in the specific gene expression inhibition at the level
of the DNA of the MYCN gene through an antigene peptide nucleic acid (agPNA) oligonu-
cleotide that is specific for MYCN [315]. Blocking the level of transcription by the antigene
oligonucleotide strategy has shown pharmacological advantages over the translation block
by antisense oligonucleotides. The chemical modification of peptide nucleic acids (PNAs)
confer resistance to the degradation of the oligonucleotide by proteasome and nuclease and
the ability to potently and specifically target DNA and resulted in relevant pharmacological
optimal properties for the antigene strategy [316–318]. Antigene oligonucleotide therapy by
targeting MYCN transcription has been demonstrated by the novel MYCN-specific agPNA
BGA002 [152] in the preclinical treatment of neuroblastoma, and has also great potential
in treating other aggressive MYCN-expressing tumors. BGA002 showed higher efficacy
compared with MYCN antisense oligonucleotides [152]. BGA002 is able to specifically
target a unique sequence on the human MYCN gene [152], resulting in a dose-dependent
decrease in MYCN mRNA and protein. This effect causes a potent decrease in viability in a
panel of 20 NB cell lines, in a block of different MYCN tumorigenic alterations and in the
anti-tumor efficacy of BGA002 in vivo in a MNA NB mouse model [152]. Moreover, the
block of MYCN by the anti-MYCN BGA002 is able to reactivate and restore the effectiveness
of natural killer immune cells against NB, reverting the role of MYCN as a driver of a
tumor immunosuppressive environment which impacts survival in several MYCN-positive
tumors [156]. While MNA-NBs are generally resistant to retinoic acid (RA) treatment, the
specific inhibition of MYCN expression by BGA002 has been shown to restore the RA
response in MNA-NB, leading to a significant increase in survival in an MNA-NB mouse
model [123]. The restoration of RA treatment could be beneficial not only for MNA-NB,
but also for the treatment of different MNA tumors. BGA002 has been granted orphan
drug designation from the European Medicines Agency (orphan registry: EU/3/12/1016)
and from the Food and Drug Administration (orphan registry: DRU-2017-6085). Preclinical
regulatory safety profile package studies also showed that BGA002 is well-tolerated, and it
is now moving to phase I clinical trials in neuroblastoma patients.
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Finally, regulating MYCN expression at the DNA amplification level was found to
be possible. CRISPR/Cas9 technology is an editing tool that allows the cutting and/or
addition of genomic fragments as needed [319]. Studies on cellular and animal models
have shown that the CRISPR/Cas9 technique can be effective in treating cancers [320]. For
this reason, several clinical trials are underway to evaluate the efficiency of this technology
in treating cancers [321,322]. While no treatment is available using this system, a recent
study showed that decreasing MYCN copy number by using MYCN-A3 alkylating agent
can down-regulate MYCN expression and suppress NB growth in vitro and in a xenograft
mouse model [323]. While this approach could be a new method of intervention, safety
and toxicity aspects related to the unspecific genomic activities of CRISP/Cas9 technology
should be further investigated.

7. Challenge

There are many challenges in managing neuroblastoma and especially HR-NB, begin-
ning from diagnosis to prognosis.

7.1. Rarity of This Cancer

To address the low number of patients, a number of recent collaborations have sought.
These organizations have run clinical trials on an international basis, including the Interna-
tional Society of Pediatric Oncology-Europe Neuroblastoma Association (SIOPEN) [324];
the Children’s Oncology Group (COG) in North America [325]; the European Neuroblas-
toma Study Group (ENSG) [72]; the German Pediatric Hematology and Oncology Group
(GPOH) [7,326]; and the Neuroblastoma Committee of the Japanese Society of Pediatric
Oncology (JNBSG) [327].

7.2. Diverse Prognosis

The clinical behavior of neuroblastoma is very heterogeneous with cases of sponta-
neous regression and fatal progression. Treatment is adjusted according to the combination
of many prognostic variables, with the intensity of therapy guided by a risk assessment of
the projected behavior of the disease. Any prognostic variable that can reliably guide risk
group stratification and avoid the potential late effects following unnecessarily aggressive
treatment in patients with a more favorable prognosis is highly desirable.

7.3. Initial Response Rates Are Not Optimal

The aim of induction therapy is to reduce the primary tumor size to facilitate successful
surgery and to diminish the metastatic tumor load burden. A good response to initial
induction therapy has been correlated with a better outcome [328], but it is difficult to
compare initial response rates for the different response criteria used.

7.4. Risk of Relapse

Those high-risk patients that demonstrate a good response to induction and consoli-
dation therapies are still at a significant risk of relapse, and this is due to the presence of
minimal residual disease (MRD). The maintenance phase of treatment at the end of therapy
aims to eradicate MRD.

7.5. Measurement of Disease Extent

The existence of residual disease is predictive of a poor outcome. The standardized
operating procedures for detecting MRD by immunocytology using disialoganglioside
GD2, and quantitative reverse transcriptase-PCR using tyrosine hydroxylase mRNA pub-
lished by INRG, should facilitate the comparison of results [329]. Survival after relapse is
poor, with no universally effective regime at present. According to the data of the Italian
neuroblastoma registry, for stage 4 patients who had progressed or relapsed, the 10-year
OS was only 2% [330].
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7.6. CNS Relapse

Though CNS site in neuroblastoma at diagnosis is rare, it is a site of disease relapse.
This could be due to the inability of many chemotherapy agents to cross the blood–brain
barrier. Generally, CNS relapse is fatal; however, the outcome could be improved with the
early recognition of disease at this site. Moreover, mIBG does not cross the intact blood–
brain barrier and so diagnostic and surveillance mIBG imaging can miss CNS disease.

7.7. Minimizing Treatment-Related Morbidity

In the group of low- and intermediate-risk neuroblastoma, the aim has been to reduce
treatment intensity for reducing toxicity and long-term effects. Neuroblastoma patients
without MYCN gene amplification and even those with unresectable disease and no MYCN
amplification have had OS rates of 95–100%. However, the treatment of these patients
could induce long-term toxicity. The Childhood Cancer Survivor Study (CCSS) calculated
the incidence of secondary neoplasms, which was 3.5% at 20 years and 7% at 30 years after
diagnosis [331].

7.8. Distribution of Age of Patients

Approximately 3–4% of neuroblastoma cases occur in older children, adolescents and
young adults [332,333]. Neuroblastoma in this age group has a different biology and clinical
course and different responses to therapy [334]. As the number of patients in this group is
small, the results of the studies are difficult to compare to the other groups.

7.9. Access to New Drugs

The prognosis of high-risk neuroblastoma is poor, so many research groups are search-
ing for innovative therapeutic approaches. However, novel agents are mainly tested within
clinical trials, as safety and efficacy data are required by continental and national drug
regulatory authorities before the agents can be licensed and made commercially available.
Pharmaceutical companies have little incentive for the development of new drugs for
low-incidence diseases such as neuroblastoma where, even if a new drug was found to be
effective, there would be little regain of the development costs.

8. Conclusions

Many advancements have been made in the last few decades from diagnostic to
patient management and drug discovery in high-risk neuroblastoma. Improvements in
outcome and general patient welfare are undeniable. New diagnostic procedures and our
better understanding of biological markers and their role in determining the pathology
enhance the incidence of entire treatment improving lifespan and quality of life. Despite
all the advancements we have described, effectively targeting high-risk neuroblastoma
remains challenging. Many new specific inhibitors are designed to specifically inhibit
MYCN expression and its oncological effect, in consideration of its predominant role in
defining high-risk designation and poor outcome.

Currently, while many of these inhibitors are in use for different type of tumors, only
clinical trials for high-risk neuroblastoma that remains “orphan” from its own therapeutic
agent are reported. Medical science needs to make many other efforts to overcome the
issue linked to aggressive tumor and target therapy, especially in the field of genes and
transcription factors such as MYCN. The availability of a more personalized medicine
approach is always more concrete and provides us with new possibilities and insights on
treating aggressive tumors such as HR-NB.

Author Contributions: D.B., L.M., S.R. and S.L. conducted data acquisition, statistical analysis, and
manuscript writing and design; D.B. assembled the figures; A.P. and P.H. participated in manuscript
revision and study supervision; R.T. performed study design and conceptualization, funding acquisi-
tion, manuscript revision and study supervision. All authors have read and agreed to the published
version of the manuscript.



Cancers 2022, 14, 4421 16 of 29

Funding: A. Pession, P. Hrelia and R. Tonelli are funded by the University of Bologna (ECOITONELL).
D. Bartolucci and S. Lampis are funded by Biogenera SpA. L. Montemurro is funded by AGEOP. S.
Raieli is funded by Oncodesign SA.

Data Availability Statement: Publicly available datasets at https://www.clinicaltrials.gov/ (ac-
cessed on 1 August 2022) were used in this study.

Conflicts of Interest: A. Pession and R. Tonelli are Biogenera shareholders. The authors declare no
potential conflict of interest. The companies had no role in the design of the study; in the collection,
analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish
the results.

References
1. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer Statistics, 2021. CA Cancer J. Clin. 2021, 71, 7–33. [CrossRef]
2. Siegel, R.; Ward, E.; Brawley, O.; Jemal, A. Cancer Statistics, 2011: The Impact of Eliminating Socioeconomic and Racial Disparities

on Premature Cancer Deaths. CA Cancer J. Clin. 2011, 61, 212–236. [CrossRef]
3. Irwin, M.S.; Naranjo, A.; Zhang, F.F.; Cohn, S.L.; London, W.B.; Gastier-Foster, J.M.; Ramirez, N.C.; Pfau, R.; Reshmi, S.; Wagner,

E.; et al. Revised Neuroblastoma Risk Classification System: A Report from the Children’s Oncology Group. J. Clin. Oncol. Off. J.
Am. Soc. Clin. Oncol. 2021, 39, 3229–3241. [CrossRef]

4. Ambros, P.F.; Ambros, I.M.; Brodeur, G.M.; Haber, M.; Khan, J.; Nakagawara, A.; Schleiermacher, G.; Speleman, F.; Spitz,
R.; London, W.B.; et al. International Consensus for Neuroblastoma Molecular Diagnostics: Report from the International
Neuroblastoma Risk Group (INRG) Biology Committee. Br. J. Cancer 2009, 100, 1471–1482. [CrossRef] [PubMed]

5. Pinto, N.; Mayfield, J.R.; Raca, G.; Applebaum, M.A.; Chlenski, A.; Sukhanova, M.; Bagatell, R.; Irwin, M.S.; Little, A.; Rawwas, J.;
et al. Segmental Chromosomal Aberrations in Localized Neuroblastoma Can Be Detected in Formalin-Fixed Paraffin-Embedded
Tissue Samples and are Associated with Recurrence: Segmental Chromosomal Aberrations in Localized Neuroblastoma. Pediatr.
Blood Cancer 2016, 63, 1019–1023. [CrossRef] [PubMed]

6. Sokol, E.; Desai, A. The Evolution of Risk Classification for Neuroblastoma. Children 2019, 6, 27. [CrossRef] [PubMed]
7. Cohn, S.L.; Pearson, A.D.J.; London, W.B.; Monclair, T.; Ambros, P.F.; Brodeur, G.M.; Faldum, A.; Hero, B.; Iehara, T.; Machin, D.;

et al. The International Neuroblastoma Risk Group (INRG) Classification System: An INRG Task Force Report. J. Clin. Oncol.
2009, 27, 289–297. [CrossRef]

8. Huang, M.; Weiss, W.A. Neuroblastoma and MYCN. Cold Spring Harb. Perspect. Med. 2013, 3, a014415. [CrossRef]
9. Maris, J.M.; Hogarty, M.D.; Bagatell, R.; Cohn, S.L. Neuroblastoma. Lancet 2007, 369, 2106–2120. [CrossRef]
10. Rubie, H.; Hartmann, O.; Michon, J.; Frappaz, D.; Coze, C.; Chastagner, P.; Baranzelli, M.C.; Plantaz, D.; Avet-Loiseau, H.; Bénard,

J.; et al. N-Myc Gene Amplification is a Major Prognostic Factor in Localized Neuroblastoma: Results of the French NBL 90 Study.
Neuroblastoma Study Group of the Société Francaise d’Oncologie Pédiatrique. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 1997, 15,
1171–1182. [CrossRef]

11. Tang, X.X.; Zhao, H.; Kung, B.; Kim, D.Y.; Hicks, S.L.; Cohn, S.L.; Cheung, N.-K.; Seeger, R.C.; Evans, A.E.; Ikegaki, N. The MYCN
Enigma: Significance of MYCN Expression in Neuroblastoma. Cancer Res. 2006, 66, 2826–2833. [CrossRef]

12. Nisen, P.D.; Waber, P.G.; Rich, M.A.; Pierce, S.; Garvin, J.R.; Gilbert, F.; Lanzkowsky, P. N-Myc Oncogene RNA Expression in
Neuroblastoma. J. Natl. Cancer Inst. 1988, 80, 1633–1637. [CrossRef] [PubMed]

13. Jacobs, J.F.M.; van Bokhoven, H.; van Leeuwen, F.N.; Hulsbergen-van de Kaa, C.A.; de Vries, I.J.M.; Adema, G.J.; Hoogerbrugge,
P.M.; de Brouwer, A.P.M. Regulation of MYCN Expression in Human Neuroblastoma Cells. BMC Cancer 2009, 9, 239. [CrossRef]
[PubMed]

14. Scott, D.; Elsden, J.; Pearson, A.; Lunec, J. Genes Co-Amplified with MYCN in Neuroblastoma: Silent Passengers or Co-
Determinants of Phenotype? Cancer Lett. 2003, 197, 81–86. [CrossRef]

15. Schwab, M. MYCN in Neuronal Tumours. Cancer Lett. 2004, 204, 179–187. [CrossRef]
16. Gherardi, S.; Valli, E.; Erriquez, D.; Perini, G. MYCN-Mediated Transcriptional Repression in Neuroblastoma: The Other Side of

the Coin. Front. Oncol. 2013, 3, 42. [CrossRef]
17. Zafar, A.; Wang, W.; Liu, G.; Xian, W.; McKeon, F.; Zhou, J.; Zhang, R. Targeting the P53-MDM2 Pathway for Neuroblastoma

Therapy: Rays of Hope. Cancer Lett. 2021, 496, 16–29. [CrossRef] [PubMed]
18. Wolpaw, A.J.; Bayliss, R.; Büchel, G.; Dang, C.V.; Eilers, M.; Gustafson, W.C.; Hansen, G.H.; Jura, N.; Knapp, S.; Lemmon, M.A.;

et al. Drugging the “Undruggable” MYCN Oncogenic Transcription Factor: Overcoming Previous Obstacles to Impact Childhood
Cancers. Cancer Res. 2021, 81, 1627–1632. [CrossRef]

19. Yue, Z.-X.; Huang, C.; Gao, C.; Xing, T.-Y.; Liu, S.-G.; Li, X.-J.; Zhao, Q.; Wang, X.-S.; Zhao, W.; Jin, M.; et al. MYCN Amplification
Predicts Poor Prognosis Based on Interphase Fluorescence in Situ Hybridization Analysis of Bone Marrow Cells in Bone Marrow
Metastases of Neuroblastoma. Cancer Cell Int. 2017, 17, 43. [CrossRef]

20. Campbell, K.; Gastier-Foster, J.M.; Mann, M.; Naranjo, A.H.; van Ryn, C.; Bagatell, R.; Matthay, K.K.; London, W.B.; Irwin, M.S.;
Shimada, H.; et al. Association of MYCN Copy Number with Clinical Features, Tumor Biology, and Outcomes in Neuroblastoma:
A Report from the Children’s Oncology Group. Cancer 2017, 123, 4224–4235. [CrossRef]

https://www.clinicaltrials.gov/
http://doi.org/10.3322/caac.21654
http://doi.org/10.3322/caac.20121
http://doi.org/10.1200/JCO.21.00278
http://doi.org/10.1038/sj.bjc.6605014
http://www.ncbi.nlm.nih.gov/pubmed/19401703
http://doi.org/10.1002/pbc.25934
http://www.ncbi.nlm.nih.gov/pubmed/26864375
http://doi.org/10.3390/children6020027
http://www.ncbi.nlm.nih.gov/pubmed/30754710
http://doi.org/10.1200/JCO.2008.16.6785
http://doi.org/10.1101/cshperspect.a014415
http://doi.org/10.1016/S0140-6736(07)60983-0
http://doi.org/10.1200/JCO.1997.15.3.1171
http://doi.org/10.1158/0008-5472.CAN-05-0854
http://doi.org/10.1093/jnci/80.20.1633
http://www.ncbi.nlm.nih.gov/pubmed/2461451
http://doi.org/10.1186/1471-2407-9-239
http://www.ncbi.nlm.nih.gov/pubmed/19615087
http://doi.org/10.1016/S0304-3835(03)00086-7
http://doi.org/10.1016/S0304-3835(03)00454-3
http://doi.org/10.3389/fonc.2013.00042
http://doi.org/10.1016/j.canlet.2020.09.023
http://www.ncbi.nlm.nih.gov/pubmed/33007410
http://doi.org/10.1158/0008-5472.CAN-20-3108
http://doi.org/10.1186/s12935-017-0412-z
http://doi.org/10.1002/cncr.30873


Cancers 2022, 14, 4421 17 of 29

21. Swift, C.C.; Eklund, M.J.; Kraveka, J.M.; Alazraki, A.L. Updates in Diagnosis, Management, and Treatment of Neuroblastoma.
Radiogr. Rev. Publ. Radiol. Soc. N. Am. Inc. 2018, 38, 566–580. [CrossRef] [PubMed]

22. Zhan, Y.; Shi, S.; Ehlerding, E.B.; Graves, S.A.; Goel, S.; Engle, J.W.; Liang, J.; Tian, J.; Cai, W. Radiolabeled, Antibody-Conjugated
Manganese Oxide Nanoparticles for Tumor Vasculature Targeted Positron Emission Tomography and Magnetic Resonance
Imaging. ACS Appl. Mater. Interfaces 2017, 9, 38304–38312. [CrossRef] [PubMed]

23. Bar-Sever, Z.; Biassoni, L.; Shulkin, B.; Kong, G.; Hofman, M.S.; Lopci, E.; Manea, I.; Koziorowski, J.; Castellani, R.; Boubaker, A.;
et al. Guidelines on Nuclear Medicine Imaging in Neuroblastoma. Eur. J. Nucl. Med. Mol. Imaging 2018, 45, 2009–2024. [CrossRef]
[PubMed]

24. Kroiss, A.S. Current Status of Functional Imaging in Neuroblastoma, Pheochromocytoma, and Paraganglioma Disease. Wien.
Med. Wochenschr. 2019, 169, 25–32. [CrossRef]

25. Sarioglu, F.C.; Salman, M.; Guleryuz, H.; Ozer, E.; Cecen, E.; Ince, D.; Olgun, N. Radiological Staging in Neuroblastoma:
Computed Tomography or Magnetic Resonance Imaging? Pol. J. Radiol. 2019, 84, e46–e53. [CrossRef]

26. Sofka, C.M.; Semelka, R.C.; Kelekis, N.L.; Worawattanakul, S.; Chung, C.J.; Gold, S.; Fordham, L.A. Magnetic Resonance Imaging
of Neuroblastoma Using Current Techniques. Magn. Reson. Imaging 1999, 17, 193–198. [CrossRef]

27. Wu, H.; Wu, C.; Zheng, H.; Wang, L.; Guan, W.; Duan, S.; Wang, D. Radiogenomics of Neuroblastoma in Pediatric Patients:
CT-Based Radiomics Signature in Predicting MYCN Amplification. Eur. Radiol. 2021, 31, 3080–3089. [CrossRef]

28. Sharp, S.E.; Parisi, M.T.; Gelfand, M.J.; Yanik, G.A.; Shulkin, B.L. Functional-Metabolic Imaging of Neuroblastoma. Q. J. Nucl.
Med. Mol. Imaging 2013, 57, 6–20.

29. Campbell, K.; Shyr, D.; Bagatell, R.; Fischer, M.; Nakagawara, A.; Nieto, A.C.; Brodeur, G.M.; Matthay, K.K.; London, W.B.; DuBois,
S.G. Comprehensive Evaluation of Context Dependence of the Prognostic Impact of MYCN Amplification in Neuroblastoma: A
Report from the International Neuroblastoma Risk Group (INRG) Project. Pediatr. Blood Cancer 2019, 66, e27819. [CrossRef]

30. Yanishevski, D.; McCarville, M.B.; Doubrovin, M.; Spiegl, H.R.; Zhao, X.; Lu, Z.; Federico, S.M.; Furman, W.L.; Murphy, A.J.;
Davidoff, A.M. Impact of MYCN Status on Response of High-Risk Neuroblastoma to Neoadjuvant Chemotherapy. J. Pediatr. Surg.
2020, 55, 130–134. [CrossRef]

31. Chan, H.S.; Gallie, B.L.; DeBoer, G.; Haddad, G.; Ikegaki, N.; Dimitroulakos, J.; Yeger, H.; Ling, V. MYCN Protein Expression as a
Predictor of Neuroblastoma Prognosis. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 1997, 3, 1699–1706.

32. Van Heerden, J.; Esterhuizen, T.M.; Hendricks, M.; Poole, J.; Büchner, A.; Naidu, G.; du Plessis, J.; van Emmenes, B.; Uys, R.;
Hadley, G.P.; et al. Age at Diagnosis as a Prognostic Factor in South African Children with Neuroblastoma. Pediatr. Blood Cancer
2021, 68, e28878. [CrossRef] [PubMed]

33. Sokol, E.; Desai, A.V.; Applebaum, M.A.; Valteau-Couanet, D.; Park, J.R.; Pearson, A.D.J.; Schleiermacher, G.; Irwin, M.S.; Hogarty,
M.; Naranjo, A.; et al. Age, Diagnostic Category, Tumor Grade, and Mitosis-Karyorrhexis Index are Independently Prognostic in
Neuroblastoma: An INRG Project. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2020, 38, 1906–1918. [CrossRef] [PubMed]

34. Mathew, P.; Valentine, M.B.; Bowman, L.C.; Rowe, S.T.; Nash, M.B.; Valentine, V.A.; Cohn, S.L.; Castleberry, R.P.; Brodeur,
G.M.; Look, A.T. Detection of MYCN Gene Amplification in Neuroblastoma by Fluorescence in Situ Hybridization: A Pediatric
Oncology Group Study. Neoplasia 2001, 3, 105–109. [CrossRef] [PubMed]

35. Squire, J.A.; Thorner, P.A.; Marrano, P.A.; Parkinson, D.I.; Ng, Y.K.; Gerrie, B.L.; Chilton-Macneill, S.; Zielenska, M. Identification
of MYCN Copy Number Heterogeneity by Direct FISH Analysis of Neuroblastoma Preparations. Mol. Diagn. 1996, 1, 281–289.
[CrossRef]

36. Marrano, P.; Irwin, M.S.; Thorner, P.S. Heterogeneity of MYCN Amplification in Neuroblastoma at Diagnosis, Treatment, Relapse,
and Metastasis. Genes Chromosom. Cancer 2017, 56, 28–41. [CrossRef]

37. Marrugo-Ramírez, J.; Mir, M.; Samitier, J. Blood-Based Cancer Biomarkers in Liquid Biopsy: A Promising Non-Invasive Alternative
to Tissue Biopsy. Int. J. Mol. Sci. 2018, 19, 2877. [CrossRef]

38. Namløs, H.M.; Boye, K.; Mishkin, S.J.; Barøy, T.; Lorenz, S.; Bjerkehagen, B.; Stratford, E.W.; Munthe, E.; Kudlow, B.A.;
Myklebost, O.; et al. Noninvasive Detection of CtDNA Reveals Intratumor Heterogeneity and is Associated with Tumor Burden
in Gastrointestinal Stromal Tumor. Mol. Cancer Ther. 2018, 17, 2473–2480. [CrossRef]

39. Combaret, V.; Audoynaud, C.; Iacono, I.; Favrot, M.-C.; Schell, M.; Bergeron, C.; Puisieux, A. Circulating MYCN DNA as a
Tumor-Specific Marker in Neuroblastoma Patients. Cancer Res. 2002, 62, 3646–3648.

40. Combaret, V.; Bergeron, C.; Noguera, R.; Iacono, I.; Puisieux, A. Circulating MYCN DNA Predicts MYCN-Amplification in
Neuroblastoma. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2005, 23, 8919–8920; author reply 8920. [CrossRef]

41. Trigg, R.M.; Turner, S.D.; Shaw, J.A.; Jahangiri, L. Diagnostic Accuracy of Circulating-Free DNA for the Determination of MYCN
Amplification Status in Advanced-Stage Neuroblastoma: A Systematic Review and Meta-Analysis. Br. J. Cancer 2020, 122,
1077–1084. [CrossRef] [PubMed]

42. Gotoh, T.; Hosoi, H.; Iehara, T.; Kuwahara, Y.; Osone, S.; Tsuchiya, K.; Ohira, M.; Nakagawara, A.; Kuroda, H.; Sugimoto, T.
Prediction of MYCN Amplification in Neuroblastoma Using Serum DNA and Real-Time Quantitative Polymerase Chain Reaction.
J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2005, 23, 5205–5210. [CrossRef] [PubMed]

43. Iehara, T.; Yagyu, S.; Gotoh, T.; Ouchi, K.; Yoshida, H.; Miyachi, M.; Kikuchi, K.; Sugimoto, T.; Hosoi, H. A Prospective Evaluation
of Liquid Biopsy for Detecting MYCN Amplification in Neuroblastoma Patients. Jpn. J. Clin. Oncol. 2019, 49, 743–748. [CrossRef]
[PubMed]

http://doi.org/10.1148/rg.2018170132
http://www.ncbi.nlm.nih.gov/pubmed/29528815
http://doi.org/10.1021/acsami.7b12216
http://www.ncbi.nlm.nih.gov/pubmed/29028311
http://doi.org/10.1007/s00259-018-4070-8
http://www.ncbi.nlm.nih.gov/pubmed/29938300
http://doi.org/10.1007/s10354-018-0658-7
http://doi.org/10.5114/pjr.2019.82736
http://doi.org/10.1016/S0730-725X(98)00102-7
http://doi.org/10.1007/s00330-020-07246-1
http://doi.org/10.1002/pbc.27819
http://doi.org/10.1016/j.jpedsurg.2019.09.067
http://doi.org/10.1002/pbc.28878
http://www.ncbi.nlm.nih.gov/pubmed/33484106
http://doi.org/10.1200/JCO.19.03285
http://www.ncbi.nlm.nih.gov/pubmed/32315273
http://doi.org/10.1038/sj.neo.7900146
http://www.ncbi.nlm.nih.gov/pubmed/11420745
http://doi.org/10.1016/S1084-8592(96)70010-3
http://doi.org/10.1002/gcc.22398
http://doi.org/10.3390/ijms19102877
http://doi.org/10.1158/1535-7163.MCT-18-0174
http://doi.org/10.1200/JCO.2005.04.0170
http://doi.org/10.1038/s41416-020-0740-y
http://www.ncbi.nlm.nih.gov/pubmed/32015512
http://doi.org/10.1200/JCO.2005.02.014
http://www.ncbi.nlm.nih.gov/pubmed/16051962
http://doi.org/10.1093/jjco/hyz063
http://www.ncbi.nlm.nih.gov/pubmed/31053863


Cancers 2022, 14, 4421 18 of 29

44. Pinzani, P.; D’Argenio, V.; del Re, M.; Pellegrini, C.; Cucchiara, F.; Salvianti, F.; Galbiati, S. Updates on Liquid Biopsy: Current
Trends and Future Perspectives for Clinical Application in Solid Tumors. Clin. Chem. Lab. Med. 2021, 59, 1181–1200. [CrossRef]
[PubMed]

45. Rifatbegovic, F.; Frech, C.; Abbasi, M.R.; Taschner-Mandl, S.; Weiss, T.; Schmidt, W.M.; Schmidt, I.; Ladenstein, R.; Ambros,
I.M.; Ambros, P.F. Neuroblastoma Cells Undergo Transcriptomic Alterations upon Dissemination into the Bone Marrow and
Subsequent Tumor Progression. Int. J. Cancer 2018, 142, 297–307. [CrossRef] [PubMed]

46. Reza, K.K.; Dey, S.; Wuethrich, A.; Wang, J.; Behren, A.; Antaw, F.; Wang, Y.; Sina, A.A.I.; Trau, M. In Situ Single Cell Proteomics
Reveals Circulating Tumor Cell Heterogeneity during Treatment. ACS Nano 2021, 15, 11231–11243. [CrossRef] [PubMed]

47. Lodrini, M.; Wünschel, J.; Thole-Kliesch, T.M.; Grimaldi, M.; Sprüssel, A.; Linke, R.B.; Hollander, J.F.; Tiburtius, D.; Künkele,
A.; Schulte, J.H.; et al. Circulating Cell-Free DNA Assessment in Biofluids from Children with Neuroblastoma Demonstrates
Feasibility and Potential for Minimally Invasive Molecular Diagnostics. Cancers 2022, 14, 2080. [CrossRef]

48. Beltran, H.; Jendrisak, A.; Landers, M.; Mosquera, J.M.; Kossai, M.; Louw, J.; Krupa, R.; Graf, R.P.; Schreiber, N.A.; Nanus, D.M.;
et al. The Initial Detection and Partial Characterization of Circulating Tumor Cells in Neuroendocrine Prostate Cancer. Clin.
Cancer Res. Off. J. Am. Assoc. Cancer Res. 2016, 22, 1510–1519. [CrossRef]

49. Shaw, J.A.; Guttery, D.S.; Hills, A.; Fernandez-Garcia, D.; Page, K.; Rosales, B.M.; Goddard, K.S.; Hastings, R.K.; Luo, J.; Ogle, O.;
et al. Mutation Analysis of Cell-Free DNA and Single Circulating Tumor Cells in Metastatic Breast Cancer Patients with High
Circulating Tumor Cell Counts. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2017, 23, 88–96. [CrossRef]

50. Smith, V.; Foster, J. High-Risk Neuroblastoma Treatment Review. Children 2018, 5, 114. [CrossRef]
51. DuBois, S.G.; Macy, M.E.; Henderson, T.O. High-Risk and Relapsed Neuroblastoma: Toward More Cures and Better Outcomes.

Am. Soc. Clin. Oncol. Educ. Book 2022, 42, 768–780. [CrossRef] [PubMed]
52. Tolbert, V.P.; Matthay, K.K. Neuroblastoma: Clinical and Biological Approach to Risk Stratification and Treatment. Cell Tissue Res.

2018, 372, 195–209. [CrossRef] [PubMed]
53. Baker, D.L.; Schmidt, M.L.; Cohn, S.L.; Maris, J.M.; London, W.B.; Buxton, A.; Stram, D.; Castleberry, R.P.; Shimada, H.; Sandler,

A.; et al. Outcome after Reduced Chemotherapy for Intermediate-Risk Neuroblastoma. N. Engl. J. Med. 2010, 363, 1313–1323.
[CrossRef] [PubMed]

54. Rubie, H.; de Bernardi, B.; Gerrard, M.; Canete, A.; Ladenstein, R.; Couturier, J.; Ambros, P.; Munzer, C.; Pearson, A.D.J.;
Garaventa, A.; et al. Excellent Outcome with Reduced Treatment in Infants with Nonmetastatic and Unresectable Neuroblastoma
without MYCN Amplification: Results of the Prospective INES 99.1. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2011, 29, 449–455.
[CrossRef]

55. Strother, D.R.; London, W.B.; Schmidt, M.L.; Brodeur, G.M.; Shimada, H.; Thorner, P.; Collins, M.H.; Tagge, E.; Adkins, S.;
Reynolds, C.P.; et al. Outcome after Surgery Alone or with Restricted Use of Chemotherapy for Patients with Low-Risk
Neuroblastoma: Results of Children’s Oncology Group Study P9641. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2012, 30,
1842–1848. [CrossRef]

56. Matthay, K.K.; Villablanca, J.G.; Seeger, R.C.; Stram, D.O.; Harris, R.E.; Ramsay, N.K.; Swift, P.; Shimada, H.; Black, C.T.; Brodeur,
G.M.; et al. Treatment of High-Risk Neuroblastoma with Intensive Chemotherapy, Radiotherapy, Autologous Bone Marrow
Transplantation, and 13-Cis-Retinoic Acid. Children’s Cancer Group. N. Engl. J. Med. 1999, 341, 1165–1173. [CrossRef]

57. Yanik, G.; Naranjo, A.; Parisi, M.T.; Shulkin, B.L.; Nadel, H.; Gelfand, M.J.; Ladenstein, R.; Boubaker, A.; Poetschger, U.; Valteau-
Couanet, D.; et al. Impact of Post-Induction Curie Scores in High-Risk Neuroblastoma. Biol. Blood Marrow Transplant. 2015, 21,
S107. [CrossRef]

58. Yanik, G.A.; Parisi, M.T.; Naranjo, A.; Nadel, H.; Gelfand, M.J.; Park, J.R.; Ladenstein, R.L.; Poetschger, U.; Boubaker, A.;
Valteau-Couanet, D.; et al. Validation of Postinduction Curie Scores in High-Risk Neuroblastoma: A Children’s Oncology Group
and SIOPEN Group Report on SIOPEN/HR-NBL1. J. Nucl. Med. Off. Publ. Soc. Nucl. Med. 2018, 59, 502–508. [CrossRef]

59. Rojas, Y.; Jaramillo, S.; Lyons, K.; Mahmood, N.; Wu, M.-F.; Liu, H.; Vasudevan, S.A.; Guillerman, R.P.; Louis, C.U.; Russell, H.V.;
et al. The Optimal Timing of Surgical Resection in High-Risk Neuroblastoma. J. Pediatr. Surg. 2016, 51, 1665–1669. [CrossRef]

60. Vollmer, K.; Gfroerer, S.; Theilen, T.-M.; Bochennek, K.; Klingebiel, T.; Rolle, U.; Fiegel, H. Radical Surgery Improves Survival in
Patients with Stage 4 Neuroblastoma. World J. Surg. 2018, 42, 1877–1884. [CrossRef]

61. Englum, B.R.; Rialon, K.L.; Speicher, P.J.; Gulack, B.; Driscoll, T.A.; Kreissman, S.G.; Rice, H.E. Value of Surgical Resection in
Children with High-Risk Neuroblastoma. Pediatr. Blood Cancer 2015, 62, 1529–1535. [CrossRef] [PubMed]

62. Qi, Y.; Zhan, J. Roles of Surgery in the Treatment of Patients with High-Risk Neuroblastoma in the Children Oncology Group
Study: A Systematic Review and Meta-Analysis. Front. Pediatr. 2021, 9, 1059. [CrossRef] [PubMed]

63. Von Allmen, D.; Davidoff, A.M.; London, W.B.; van Ryn, C.; Haas-Kogan, D.A.; Kreissman, S.G.; Khanna, G.; Rosen, N.; Park,
J.R.; la Quaglia, M.P. Impact of Extent of Resection on Local Control and Survival in Patients from the COG A3973 Study with
High-Risk Neuroblastoma. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2017, 35, 208–216. [CrossRef]

64. Brodeur, G.M.; Seeger, R.C.; Barrett, A.; Berthold, F.; Castleberry, R.P.; D’Angio, G.; de Bernardi, B.; Evans, A.E.; Favrot, M.;
Freeman, A.I. International Criteria for Diagnosis, Staging, and Response to Treatment in Patients with Neuroblastoma. J. Clin.
Oncol. Off. J. Am. Soc. Clin. Oncol. 1988, 6, 1874–1881. [CrossRef] [PubMed]

65. Ryan, A.L.; Akinkuotu, A.; Pierro, A.; Morgenstern, D.A.; Irwin, M.S. The Role of Surgery in High-Risk Neuroblastoma. J. Pediatr.
Hematol. Oncol. 2020, 42, 1–7. [CrossRef] [PubMed]

http://doi.org/10.1515/cclm-2020-1685
http://www.ncbi.nlm.nih.gov/pubmed/33544478
http://doi.org/10.1002/ijc.31053
http://www.ncbi.nlm.nih.gov/pubmed/28921546
http://doi.org/10.1021/acsnano.0c10008
http://www.ncbi.nlm.nih.gov/pubmed/34225455
http://doi.org/10.3390/cancers14092080
http://doi.org/10.1158/1078-0432.CCR-15-0137
http://doi.org/10.1158/1078-0432.CCR-16-0825
http://doi.org/10.3390/children5090114
http://doi.org/10.1200/EDBK_349783
http://www.ncbi.nlm.nih.gov/pubmed/35522915
http://doi.org/10.1007/s00441-018-2821-2
http://www.ncbi.nlm.nih.gov/pubmed/29572647
http://doi.org/10.1056/NEJMoa1001527
http://www.ncbi.nlm.nih.gov/pubmed/20879880
http://doi.org/10.1200/JCO.2010.29.5196
http://doi.org/10.1200/JCO.2011.37.9990
http://doi.org/10.1056/NEJM199910143411601
http://doi.org/10.1016/j.bbmt.2014.11.131
http://doi.org/10.2967/jnumed.117.195883
http://doi.org/10.1016/j.jpedsurg.2016.05.021
http://doi.org/10.1007/s00268-017-4340-9
http://doi.org/10.1002/pbc.25504
http://www.ncbi.nlm.nih.gov/pubmed/25810376
http://doi.org/10.3389/fped.2021.706800
http://www.ncbi.nlm.nih.gov/pubmed/34722415
http://doi.org/10.1200/JCO.2016.67.2642
http://doi.org/10.1200/JCO.1988.6.12.1874
http://www.ncbi.nlm.nih.gov/pubmed/3199170
http://doi.org/10.1097/MPH.0000000000001607
http://www.ncbi.nlm.nih.gov/pubmed/31599856


Cancers 2022, 14, 4421 19 of 29

66. Brodeur, G.M.; Pritchard, J.; Berthold, F.; Carlsen, N.L.; Castel, V.; Castelberry, R.P.; de Bernardi, B.; Evans, A.E.; Favrot, M.;
Hedborg, F. Revisions of the International Criteria for Neuroblastoma Diagnosis, Staging, and Response to Treatment. J. Clin.
Oncol. 1993, 11, 1466–1477. [CrossRef]

67. Chui, C. Effects of Preoperative Chemotherapy on Neuroblastoma with MYCN Amplification: A Surgeon’s Perspective. World J.
Pediatr. Surg. 2020, 3, e000129. [CrossRef]

68. Adkins, E.S.; Sawin, R.; Gerbing, R.B.; London, W.B.; Matthay, K.K.; Haase, G.M. Efficacy of Complete Resection for High-Risk
Neuroblastoma: A Children’s Cancer Group Study. J. Pediatr. Surg. 2004, 39, 931–936. [CrossRef]
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