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ABSTRACT

Genome-wide association studies (GWAS) have given an essential
contribution to the study of neuroblastoma genetic basis by identifying common
risk variants that activate cancer-related biological processes. The risk locus
11p11.2 detected in our previous GWAS on 2101 neuroblastoma cases and 4202
controls of European American origin, remains to date functionally unexplored.

The present study aims to functionally characterize the 11p11.2
neuroblastoma predisposition locus by evaluating how its regulatory variant and
target gene may affect neuroblastoma development.

To detect functional variants, we annotated candidate SNPs inside the
11p11.2 locus using data regarding chromatin accessibility, epigenetic features
and presence of transcription factor binding motifs from neuroblastoma cell
lines, and identified rs2863002 as the functional variant of the locus 11p11.2.
The enhancer activity of the regulatory variant was validated by in vitro
luciferase assays, demonstrating that the C allele of rs2863002 acts as enhancer.
Searching for the presence of transcription factors binding sites in the genetic
region surrounding the candidate variant, we found that the rs2863002 C allele
alters a GATAZ3 transcription factor binding motif and we assessed GATA3
differential allele binding through in vitro ChlIP g-PCR experiments.

Public Hi-C data from neuroblastoma cells and expression quantitative
trait loci (eQTL) analysis were used to identify the most likely target gene of the
locus activity. Then, to evaluate the target gene proto-oncogenic role in
neuroblastoma, we correlated gene expression to clinical and prognostic
parameters. The C allele of rs2863002 showed to be associated with increased
HSD17B12 expression and risk of neuroblastoma development, and higher
HSD17B12 expression correlated with poor prognostic features and poor
survival in neuroblastoma tumors. In vitro proliferation and invasion cellular

assays following HSD17B12 silencing were performed, demonstrating that



HSD17B12 silencing significantly impairs proliferation and invasion capacities
of neuroblastoma cells.

Finally, the biological activity of HSD17B12 was investigated by
targeted Lipidomic analysis and RNA-sequencing. Impairment of HSD17B12
expression proved to alter lipid metabolism in neuroblastoma cells, leading to a
decrease in lipid species related to energy production and to changes in
membranes composition and properties. This lipid metabolic stress seemed to
activate in neuroblastoma cells silenced for HSD17B12 different response
processes, such as Interferon-induced inflammation and Endoplasmic Reticulum
stress response.

In conclusion, the functional investigation of the 11p11.2 risk locus
supports the role of HSD17B12 as a susceptibility gene in neuroblastoma. We
dissected the molecular mechanism by which the candidate variant rs2863002 at
11p11.2 risk locus regulates HSD17B12 oncogenic expression. Moreover, our
results indicated that HSD17B12 promotes neuroblastoma tumorigenesis by
altering the availability of lipid energy sources and the properties of cellular
membranes through its involvement in lipid metabolism.

Altogether, the present study demonstrated that post-GWAS strategies are
essential for the identification of causal functional variants at cancer-risk loci

and for the detection of predisposition genes with key roles in tumor biology.



Background

1. BACKGROUND

1.1  Neuroblastoma
1.1.1 Clinical presentation and pathogenesis

Neuroblastoma (NB) is the most common extra cranial solid tumor in
childhood and accounts for approximately 15% of all pediatric oncology deaths
(Takita 2021). The prevalence of this tumor is 10.7 cases per million children
under 15 years of age (Colon and Chung 2011) and approximately 700 new cases
of neuroblastoma each year in the United States (Chung et al. 2021). Most
children are diagnosed under the age of five years, with a median age at diagnosis
of 17 months (Ponzoni et al. 2022, Lerone et al. 2021). Rarely, there are cases
observed in utero or in patients older than 19 years, with much poorer outcomes
in this age group (London et al. 2005, Zeineldin, Patel, and Dyer 2022).

Neuroblastoma is also classified as embryonic tumor, as it derives from the
malignant transformation of neural crest-derived precursors of the sympathetic
nervous system during the fetal life (Aygun 2018, Takita 2021). During
embryogenesis, neural crest cells undergo an epithelial-mesenchymal transition
acquiring the ability to delaminate, migrate, and differentiate into various cell
types (Fig. 1.1) (Cheung and Dyer 2013). In physiological conditions, sympatho-
adrenal progenitor cells differentiate to form sympathetic ganglion cells and
adrenal chromaffin cells, the catecholamine-secreting cells of the adrenal
medulla (L'Abbate et al. 2014).

There is extensive evidence that dysregulation of the sympatho-adrenal
lineage precursors migration and cell differentiation result in neuroblastoma
initiation and progression (Takita 2021). Recently, transcriptional profiling of
NB tumors has identified two distinct cell identities that represent divergent
differentiation states and exhibit distinct expression patterns in core regulatory
circuitry-related genes (Takita 2021): the more undifferentiated mesenchymal

(MES) subtype and the committed adrenergic (ADRN) one, able to interconvert
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by epigenetic reprogramming and to confer intra-tumoral heterogeneity and high
plasticity to neuroblastoma (Ponzoni et al. 2022).
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Figure 1.1 Neuroblastoma developmental origin. Neural crest cells can give rise to
many cell types and anatomical structures. They undergo epithelial-to-mesenchymal
transition, which enables neural crest cells to delaminate and migrate from the neural
tube. Histone modifications, DNA methylation and the expression of bone
morphogenetic proteins and transcription factors regulate the delamination process.
Some neural crest cells migrate to the dorsal aorta, where they differentiate into
sympatho-adrenal progenitor cells, which eventually give rise to cells of the peripheral
nervous system, including sympathetic ganglia and the adrenal gland, the main sites in
which neuroblastoma arises. Adapted from Matthay et al. Neuroblastoma Nat Rev Dis
Primers 2, 16078 (2016).

Tumors can arise in adrenal glands or in sympathetic ganglia with metastatic
sites in bone marrow, lymph nodes, bone, liver, and orbital sites (Fig. 1.2).
(Lerone et al. 2021, Matthay et al. 2016) Clinical symptoms vary depending on
the location of the primary tumor and may include an abdominal mass,
abdominal pain, respiratory distress, or neurological symptoms from spinal cord
involvement (Angstman, Miser, and Franz 1990, Chung et al. 2021). In addition
to the early age of onset, these neuroendocrine tumors exhibit unique clinical
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features as the high frequency of metastatic disease at diagnosis and the tendency
for spontaneous regression of tumors in infancy (Matthay et al. 2016). Indeed,
neuroblastoma prognosis ranges from spontaneous regression to progression,
metastasis, and death with 5-year overall survival of more than 90% in the low-
risk group, and about 40-50% in high-risk (HR) group patients (Lerone et al.
2021, Bosse and Maris 2016, Matthay et al. 2016).

in children - Sympathetic
ganglion

o ) 1N
Primary === ".“.t’;\\ Cervical
P et - =
distribution of ‘/;ﬂ I - “), - \,\_‘\‘,} vertebra
neuroblastomas A
L

Sympathetic
trunk

[ g e Rib

Abdomen

Pelvis

Lumbar

Figure 1.2. Clinical Presentations of Neuroblastoma. Adapted from American Society
of Clinical Oncology 2005.

1.1.2 Diagnosis and staging

Neuroblastoma diagnosis requires multiple tests, including laboratory tests,
radiographic imaging and histological assessment of the tumor (Matthay et al.
2016). Biopsy of the primary tumor or metastatic lesions is generally required to
establish the diagnosis, although, when the risk of tumor biopsy is considered
unacceptable, diagnosis can be made based on bone marrow involvement and
elevated urinary catecholamines or catecholamine metabolites, including
dopamine, homovanillic acid (HVA) and/or vanillylmandelic acid (VMA)
(Chung et al. 2021). Tumor stage and biology are determined at diagnosis,
following which patients are stratified for treatment according to the different
risk groups (Matthay et al. 2016).
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Patients are classified in different risk groups defined by several prognostic
factors including age at diagnosis, stage, histological features, and molecular
alterations (Ponzoni et al. 2022, Matthay et al. 2016). The international
neuroblastoma staging system (INSS), established in 1989, classifies
neuroblastoma patients into five stages, principally on the basis of extent of
surgical excision at diagnosis and metastases (Takita 2021). Stages 1 and 2 show
distinguished localized tumors, stage 3 is characterized by an advanced loco-
regional disease, and stage 4 or 4s comprise metastatic tumors (Table 1.1)
(Smith et al. 1989, Takita 2021).

Table 1: The international neuroblastoma staging system (INSS)

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

Stage 2A  Localized tumour with incomplete gross excision; representative ipsilateral nonadherent lymph nodes negative for
tumour microscopically.

Stage 2B Localized tumour with or without complete gross excision, with ipsilateral nonadherent lymph nodes positive for
tumour. Enlarged contralateral lymph nodes must be negative microscopically.

Stage 3 Unresectable unilateral tumour infiltrating across the midline (vertebral column) with or without regional lymph
node involvement; or localized unilateral tumour with contralateral regional lymph node involvement; or midline
tumour with bilateral extension by infiltration (unresectable) or by lymph node involvement

Stage 4 Any primary tumour with dissemination to distant lymph nodes, bone, bone marrow, liver, skin and/or other organs
(except as defined for stage 45).

Stage 4S Localized primary tumour (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).

Table 1.1 The international neuroblastoma staging system (INSS)

More recently, additional biological features and molecular markers have
been introduced to better define the risk groups and to predict prognosis and
disease recurrence (Lerone et al. 2021). The challenge has been to identify
children who may benefit from treatment reduction instead of intensified
therapies.

To this aim, the European International Society of Pediatric Oncology,
validated a set of surgical risk factors based on radiographic characteristics, that
could be used to assess tumor resectability and risk of developing postoperative
complications (Brodeur and Seeger 1986). These characteristics, renamed
image-defined risk factors (IDRFs), were incorporated together with clinical and
molecular criteria into the new International Neuroblastoma Risk Group Staging
System (INRGSS or INRG) (Table 1.2). INRGSS classifies neuroblastoma in
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four stages: localized disease without (L1) and with (L2) IDRFs, metastatic
disease (M) and metastatic disease in very young children that is limited to
specific sites (MS) (Chung et al. 2021, Takita 2021).

The INRG Task Force also developed the INRG Consensus Pretreatment
Classification Schema for pretreatment risk stratification (Chung et al. 2021). In
particular, the disease stage is combined with other prognostic factors, including
age at diagnosis, pathology and genomic characterization (including MYCN
amplification, 11q status and ploidy) to define pretreatment risk groups. This
system enables patients to be grouped into very-low, low, intermediate or high-
risk groups in terms of 5-year event-free survivals (Matthay et al. 2016, Chung
et al. 2021). These risk groups can be used to assign treatment recommendations
or assess a patient’s eligibility for participation in investigational studies
(Brodeur et al. 1987). Moreover, thanks to the higher resolution of modern
genomic techniques and the integration of next-generation sequencing at a DNA
and RNA level, it is likely that risk groups will be further refined based on the
tumor molecular profile, leading to an increasingly personalized medicine
(Matthay et al. 2016)

Table 2. International Neuroblastoma Risk Group Staging System (INGSS)

Risk group for  INRG IDRFs in Distant Age Histological category  Grade of MYCN  Genomic Ploidy
treatment stage primary umor  metastases  (month) differentiation starus profile
Very-low L1 Absent Absent Any GNB nodular, NB Any - Any Any
Llorl2 Any Absent Any GN, GNB intermixed ~ Any - Any Any
MS Any Present <12 Any Any - Favorable Any
Low L2 Present Absent <18 GNB nodular, NB Any - Favorable Any
L2 Present Absent 218 GNB nodular, NB Differentiating - Favorable Any
M Any Present <18 Any Any - Any Hyperdiploid
Intermediate L2 Present Absent <18 GNB nodular, NB Any - Unfavorable  Any
L2 Present Absent =18 GNB nodular, NB Differentiaring - Unfavorable  Any
12 Present Absent 218 GNB nodular, NB Poorly differentiated,  — Any? Any
undifferentiated
M Any Present <12 Any Any - Unfavorable and/or diploid
MS Any Present 12-18 Any Any - Favorable Any
MS Any Present <12 Any Any - Unfavorable  Any
High L1 Absent Absent Any GNB nodular, NB Any + Any Any
L2 Present Absent 218 GNB nodular, NB Poorly differentiated, + Any Any
undifferentiated
M Any Absent 12-18  Any Any - Unfavorable and/or diploid
M Any Present <18 Any Any + Any Any
M Any Present 218 Any Any Any Any Any
MS Any Present 12-18 Any Any - Unfavorable  Any
MS Any Present <18 Any Any + Any Any

*Some clinical trial group consider unfavorable pathology with Stige 12, aver 18 months of age. GN, ganglioneuroma; GNB, ganglioneuroblastoma.

Table 1.2 International Neuroblastoma Risk Group Staging System (INGSS).
Adapted from Nakagawara, Japanese Journal of Clinical Oncology, (2018).
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1.1.3 Therapy

The choice of the proper therapeutic regimen is based on the risk
classification of neuroblastoma. Non-high-risk NB is a heterogeneous group that
comprises patients with non-MYCN amplified localized tumors but also patients
with a metastatic disease. For this group the therapeutic regimen ranges from
surgical resection to chemotherapy for patients developing a relapse after the
resection or showing life or organ-threatening symptoms, such as spinal cord
compression or respiratory compromise (Mertens et al. 2001).

In young infants with favorable biology, many tumors spontaneously
regress without the need for treatment, even if they have metastatic disease
(Matthay et al. 2016). The surgical resection or the merely observation are
indicated for patients with small localized tumors, for which the overall survival
(OS) is excellent with values greater than 95%. By contrast, the outcomes for
high-risk patients remain poor although the many progresses over the years in
the treatment strategy (Tolbert and Matthay 2018). Modern protocols, including
induction chemotherapy, surgical resection, high-dose chemotherapy with
autologous stem cell rescue (ASCR), external beam radiotherapy (EBRT), and
immunotherapy or differentiating agents, have improved outcomes with 3-year
survival rates now exceeding 60% (Chung et al. 2021). Past treatments that used
less intensive chemotherapy resulted in 4-year survival rates of 10%-15%
(Chung et al. 2021).

The standard regimen includes 4 consecutive steps: induction
chemotherapy, local control, consolidation, and maintenance therapy. The most
used induction regimen includes a combination of anthracyclines, platinum-
containing compounds, alkylating agents and topoisomerase Il inhibitors. The
Society of Pediatric Oncology Europe Neuroblastoma Group (SIOPEN) has
utilized a rapid COJEC regimen that consists in combinations of vincristine,
carboplatin, etoposide, cyclophosphamide, and cisplatin (Smith and Foster
2018). The local control aims to prevent local recurrence of the disease and

includes surgical resection and a cycle of irradiation to the primary site and other

11
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sites of residual disease (Du et al. 2014). Consolidation therapy includes
myeloablative chemotherapy and autologous stem cell rescue (ASCR) that
confers to high-risk patients a statistically significant improvement in event-free
survival (EFS) (Yalcin et al. 2013).

The use of a synthetic 13-cisretinoic acid, isotretinoin, has shown its
efficacy as it reduces proliferation and induces differentiation in neuroblastoma
cells (Matthay et al. 2009). More recently, the use of monoclonal antibody
against the GD-2 ganglioside, a cell-surface marker expressed by NB cells, in
combination with cytokines granulocyte-macrophage colony-stimulating factor
(GM-CSF) and interleukin-2 (IL-2) have improved response rates for high-risk
neuroblastoma (Yu et al. 2010, Takita 2021). Another modern approach includes
the use of difluoromethylornithine (DFMO) as target of MYCN, and the
combination of chemotherapy with the ALK inhibitor Crizotinib for the
treatment of high-risk NB patients is currently under testing in clinical trials
(Zafar et al. 2021).

Despite the important achievements in improving the outcome of
neuroblastoma patients, only one-third of children with high-risk cases are
expected to be long-term survivors (Matthay et al. 1999). In fact, cancer cells are
able to tolerate DNA damages induced by chemotherapy and radiotherapy and
to exploit alternative DNA repairing systems, thus developing resistance to
cytotoxic drugs. Therefore, neuroblastoma remains a challenge in pediatric
oncology and the need of new therapies designed to target to specific genetic and
epigenetic alterations has become imperative to improve the outcome of high-
risk NB patients with refractory disease or chemo-resistant relapse. (Ponzoni et
al. 2022)

1.2 Genetic basis of neuroblastoma
The contribution of genetic predisposition is particularly important in
pediatric cancers. Neuroblastoma tumors, as well as other pediatric cancers,

present few recurrent somatic mutations but frequent chromosomic aberrations

12
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(Capasso and Diskin 2010) and about 10% of cases are associated with
pathogenic germline mutations in cancer genes (Grobner et al. 2018, Zhang et
al. 2015). In the last decades, linkage scans of families with the disease, genome-
wide association studies (GWAS) and next generation sequencing have gained
a more comprehensive understanding of neuroblastoma heritability (Tonini and
Capasso 2020).

1.2.1 Chromosomal copy number alterations and rearrangements
Chromosomal copy number changes are the most common genetic event
in neuroblastoma, with MYCN amplification, 17q gain, 1p deletion, and 11q
deletion as the more frequent (Capasso and Diskin 2010).
The genetic aberration most consistently associated with poor outcome is the
genomic amplification of MYCN, which occurs in about 20% of primary tumors
and it is strongly correlated with advanced stage disease and treatment failure
(Brodeur et al. 1984, Schleiermacher et al. 2011). MYCN is a master regulator of
transcription that can activate hallmark cancer genes and has a well-established
and crucial role in promoting tumor growth and progression. Moreover, MYCN
is to date one of the most important biomarker for neuroblastoma risk
stratification (Tonini, Boni, et al. 1997, De Bernardi et al. 2008). Gain of 17q
occurs in over half of NB cases (70%) and identifies unfavorable prognosis
(Vandesompele et al. 2005). Another frequent finding in neuroblastoma is the
loss of tumor suppressor regions, for example chromosome 1p loss of
heterozygosity (LOH) which correlates with poor prognosis, or 11q deletion
detected in 35%-40% of primary tumors (Takita 2021). Chromosomal
rearrangements can involve also the orphan receptor tyrosine kinase ALK,
normally expressed in the developing embryonic and neonatal central nervous
system. ALK is the most common somatically mutated gene in neuroblastoma
(Mosse et al. 2008) and, since it is located proximal to the MYCN locus, it can
be co-amplified with MYCN, even if solitary ALK amplification rarely occurs

(Takita 2021). Other copy number variations (CNVs) involved in neuroblastoma

13



Background

predisposition are deletion at 1g21.1, containing a gene belonging to the NB
breakpoint family (NBPF23), and a rare microdeletion at 16p11.2, containing
causal candidate genes SEZ6L2 and PRRT2 associated with NB development
(Tonini and Capasso 2020, Egolf et al. 2019). Loss-of-function genetic
alterations (somatic mutations, small indels, and single nucleotide variations) of
ATRX, which encodes chromatin remodeling proteins in the telomeric region,
have been detected in approximately 10% of patients with neuroblastoma (Peifer
et al. 2015, Valentijn et al. 2015). Moreover, rearrangements of the promoter
region of TERT encoding the catalytic subunit of telomerase were detected in
approximately 25% of neuroblastoma cases (Peifer et al. 2015, Valentijn et al.
2015). The presence of copy number variations (CNVs) in a tumor cell suggests
that the genome is instable and can be prone to replication errors or abnormal
mitosis. This condition is known as chromosome instability (CIN) and several
CIN associated genes have been discovered in the last years (Tonini and Capasso
2020). Numerical CNVs are largely present in localized NB and are associated
with a better prognosis, whereas structural CNVs are mainly represented in
advanced metastatic tumors (Schleiermacher et al. 2012, Stigliani et al. 2012).
The special stage 4S, which includes patients younger than 1 year with metastatic
disease, has tumor cells with primarily numerical CNVs, but few structural
CNVs (Coco et al. 2012). A lot of evidences suggest that CIN initiates in the
early phase of embryonic life just during NCCs migration, probably triggered by
the malfunction of the cellular systems dedicated to preserve the genome identity
(Tonini and Capasso 2020). Hence, CIN is widely recognized as one of the major

player in NB oncogenesis and tumor heterogeneity (Tonini 2017).

1.2.2 Familial neuroblastoma

Familial NB usually occurs at a young age and is more likely than sporadic
tumors to present with multiple primary tumor sites (Tonini and Capasso 2020).
Familial forms of neuroblastoma represent only 1-2% of cases and are inherited

in an autosomal dominant manner (Capasso and Diskin 2010). The first gene

14
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implicated in familial NB tumorigenesis was PHOX2B (Trochet et al. 2004, Perri
et al. 2005) which encodes a transcription factor driving neural crest
differentiation towards noradrenergic neurons (Pattyn et al. 1999) and has
already been associated with congenital central hypoventilation syndrome
(CCHYS) (Serra et al. 2008). PHOX2B germline mutations account for ~10% of
familial NB (Mosse et al. 2004, Raabe et al. 2008), and have also been observed
in up to 2% of sporadic cases (van Limpt et al. 2004, Serra et al. 2008). Recently,
an analysis of the NB super-enhancer landscape has demonstrated that PHOX2B
governs a regulatory circuit that confers a sympathetic noradrenergic identity to
tumor (Boeva et al. 2017), whereas functional studies showed that reduced
PHOX2B dosage, due to heterozygous deletion or dominant-negative mutations,
blocks differentiation of sympathetic neuronal precursors generating a cell
population more susceptible to secondary transforming events (Reiff et al. 2010,
Pei et al. 2013).

The second major susceptibility gene in familial neuroblastoma to be
identified was ALK, whose gain-of-function mutations account for 75% of
familial cases (Schimke, Collins, and Stolle 2010). Germline ALK mutations are
mainly located in the kinase domain of the encoded tyrosine kinase receptor and
show incomplete penetrance. In addition to its role in familial NB, ALK
represents also the most frequently somatically mutated gene in sporadic NBs
(10-12% of primary sporadic NB tumors) (Janoueix-Lerosey et al. 2008, Mosse
et al. 2008).

Despite significant advancement in understanding the genetic factors that
predispose to familial NB, a non-negligible portion of familial cases, about 15%,
remains currently unresolved (Capasso et al. 2020). Beyond ALK and PHOX2B,
no other mutated genes have been associated with familial NB. Mutations in
KIFIBp (Yehetal. 2008) and GALNT14 (De Mariano et al. 2015) and alterations
in 16p12-13 (Maris et al. 2002), 4p16 (Perri et al. 2002), and 1p loci (Lo Cunsolo
et al. 1999, Tonini, Lo Cunsolo, et al. 1997) have been reported in related

patients, but further validations are needed.
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1.2.3 Sporadic Neuroblastoma

Only a small proportion of sporadic NB cases carry an identifiable somatic
oncogenic mutation, suggesting that heritable genetic risk variants have a
relevant role in NB carcinogenesis (Pugh et al. 2013, Lasorsa et al. 2016,
Esposito et al. 2018). Furthermore, neuroblastoma is a very rare disease, making
the study of genetic susceptibility even more challenging. Whole-exome
sequencing approaches have allowed the identification of rare genetic variants
that are associated with neuroblastoma predisposition in patients who lack the
classic clinical criteria for a cancer predisposition syndrome. Candidate gene
studies and GWAS were also used to explore the contribution of prevalent

genetic variations.

1.2.4 Uncommon moderate-penetrance genetic variants

In recent years, different groups have identified genes enriched in rare
pathogenic germline variants in children with NB, which presumably have a
larger effect on genetic predisposition compared to common ones (Pugh et al.
2013, Lasorsa et al. 2016, Esposito et al. 2018). Pathogenic and likely
pathogenic variants were identified in predisposition genes such as ALK, AXIN2,
CHEK2, PINK1, TP53, PALB2, and BARD1 (Pugh et al. 2013, Lasorsa et al.
2016, Capasso et al. 2020) but also in candidate genes like APC, BRCAL,
BRCA2, LZTR1, SDHB and SMARCA4 (Parsons et al. 2016, Zhang et al. 2015,
Grobner et al. 2018). Specifically, TP53 variants discovered by a large GWAS
study on three independent case-control cohorts, very strongly associated with
NB predisposition (Diskin et al. 2014). It is interesting to note that most of the
rare germline variants reported involve genes crucial for DNA repair and
maintenance of genomic integrity.

Other rare risk variants are those associated with syndromic diseases in
which is observed recurrence of NB onset, such as NF1 in neurofibromatosis
type 1 (Origone et al. 2003), PTPN11 in Noonan syndrome (Mutesa et al. 2008),

16
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HRAS in Costello syndrome (Kratz et al. 2011), TP53 in Li Fraumeni syndrome
(Birch et al. 2001), EZH2 in Weaver syndrome (Tatton-Brown et al. 2013),
SDHB in familial paraganglioma/pheochromocytoma (Schimke, Collins, and
Stolle 2010), CDKN1C in Beckwith-Wiedemann syndrome (Maas et al. 2016),
and MSX1 in Wolf- Hirschhorn Syndrome (Ozcan et al. 2017). However, the
complete spectrum of rare germline variants predisposing to NB remains to be
defined.

1.2.5 Common low-penetrance genetic variants

Genome-wide association studies (GWAS) shed light on the genetic
complexity of neuroblastoma, disclosing common polymorphic alleles that can
influence tumor development and progression. Many highly significant
polymorphic alleles have been identified that can influence neuroblastoma
development (Bosse and Maris 2016) and although each association has a
modest individual effect on disease initiation, multiple alterations can cooperate
to promote malignant transformation during neurodevelopment.
Many GWAS-defined neuroblastoma susceptibility loci and genes have been
identified including CASC15 (Maris et al. 2008), BARD1 (Capasso et al. 2009),
LMO1 (Wang et al. 2011), HACEL, and LIN28B (Diskin et al. 2012) associated
with high-risk NB, whereas DUSP12, HSD17B12, DDX4, and IL31RA
associated with the low-risk NB group (Fig. 1.3) (Nguyen le et al. 2011, Capasso
et al. 2013).
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Figure 1.3 Genetic predisposition to neuroblastoma. ALK and PHOX2B mutant
alleles are very rare in the population, are inherited in an autosomal dominant Mendelian
manner and cause familial neuroblastoma with high penetrance. Other genes with
germline damaging mutations that can predispose to neuroblastoma have been identified
(such as TP53, NRAS and BRCA2), but the clinical relevance of many of these mutations
remains to be determined. Several common polymorphisms (such as BARD1 or LMO1)
with small individual effect on tumor, can cooperate to lead to sporadic neuroblastoma
tumorigenesis. Hundreds of others alleles are predicted to exist, which might explain
the heritability of neuroblastoma. CNV, copy number variant. Adapted from Matthay et
al. Neuroblastoma. Nat Rev Dis Primers 2, 16078 (2016).

The first GWAS on NB identified a susceptibility locus at chromosome
6p22 in a newly identified long noncoding RNA (IncRNA) annotated as CASC15
gene. (Maris et al. 2008, Russell et al. 2015). A SNP in CASC15 produces a
truncated isoform CASC15-S, whose reduced expression has been correlated
with the more aggressive high-risk NB subset (Russell et al. 2015). Loss of
another INcRNA, NBAT-1 (CASC14), also found at the 6p22 susceptibility locus,
causes proliferation and invasion (Pandey et al. 2014). Moreover, CACSC15 and
NBATL1 are particularly interesting since in normal conditions they favor the

differentiation of neuronal precursors through their regulatory interactions with
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important cancer-associated SOX9 and USP36 genes located on chromosome
17q, a region often gained in high-risk NB (Mondal et al. 2018).

A second GWAS analysis restricted to high-risk patients found different
predisposing SNPs in BARD1 at chromosome 2g35 (Capasso et al. 2009).
Diverse functional studies have elucidated the role of BARD1 and its variants in
NB development (Cimmino, Formicola, and Capasso 2017). A genetic variant
in the BARD1 promoter decreases the expression of the full-length form of
BARD1, which has oncosuppressor functions and protects NB cells from DNA
damage (Cimmino et al. 2018, Cimmino et al. 2020), whereas variants in introns
increase the expression of the oncogenic isoform BARD1f, (Bosse et al. 2012)
which can induce cell growth and stabilizes the Aurora kinases (Ryser et al.
2009, Bosse et al. 2012).

A third NB risk locus was identified at chromosome 11p15.4 close to
LMOL1 by using an expanded GWAS (Wang et al. 2011). LMO1 decreased
expression, caused by a variant in a super-enhancer element that ablated a
canonical GATA transcription factor binding site (Wang et al. 2011), was
associated with increased risk of aggressive NB forms (Wang et al. 2011, Zhu et
al. 2017). Two additional new genome-wide significant independent signals
were identified at chromosome 6916 within the genes LIN28B and HACE1
(Diskin et al. 2012). Functional investigations at this locus showed that the
activation of LIN28B due to genetic variants, enhances MYCN levels via let-7
microRNA suppression (Diskin et al. 2012, Molenaar et al. 2012, Powers et al.
2016) and have explained how LIN28B promotes malignant transformation in
NB (Powers et al. 2016, Schnepp et al. 2015, Molenaar et al. 2012, Corallo et al.
2020).

The genetic landscape of sporadic NB has been amplified with the
discovery of additional susceptibility variants at RSRC1/MLF1 (3925) and CPZ
(4p16) (McDaniel et al. 2017), HSD17B12 (11p11.2) (Capasso et al. 2013,
Nguyen le etal. 2011, Zhang et al. 2017), DUSP12 (1g23.3) (Capasso et al. 2013,
Nguyen le et al. 2011), SPAG16 (2934) (Gamazon et al. 2013), NEFL (8p21.2)
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(Capasso et al. 2014), and CDK1NB (12p13.1) (Capasso et al. 2017). In-depth
functional analyses of these loci are needed to define the biological role of the
found variants and the associated genes in the development of NB.

Genome-wide approaches have been also used to demonstrate
interactions between germline disease predisposing variants and somatically
acquired genomic aberrations, or to investigate other aspects relevant to the
disease management. Indeed, SNPs in MMP20 (Chang et al. 2017) and KIF15
(Hungate et al. 2017) have been associated with NB susceptibility only in
association with 11q deletion and MYCN amplification respectively, whereas
another study showed that specific mtDNA haplogroups can influence the risk
of NB (Chang et al. 2020). Instead, SNPs in PARP1 and IL6 seemed to be
predictive biomarkers of response to chemotherapy and prognosis (Totaro et al.
2013, Avitabile, Lasorsa, et al. 2020).

Finally, our recent works focused on another interesting aspect related to
NB genetics. We provided evidence that common genetic architecture can lead
to inter-individual susceptibility to diverse pathological conditions and in
particular that some risk loci can be shared between NB and other complex
diseases and tumors. We demonstrated that risk SNPs in 2qg35, 3925.32, and
4p16.2 were cross-associated with NB and congenital heart diseases (CHD) that,
similar to NB, originate from abnormal neural crests formation (Testori et al.
2019). Interestingly, some of these shared susceptibility loci regulate the
expression of relevant genes involved in neural crest cells formation and
developmental processes, such as BARD1, MSX1, and SHOX2 (Testori et al.
2019). Moreover, we found a genome-wide signal at locus 1p13.2 correlated
with decreased SLC16A1 expression, which showed cross-association with NB
and melanoma (Avitabile, Succoio, et al. 2020), demonstrating for the first time
that neural crest derived tumors share disease predisposing variants.

All of the above described studies have not only identified genetic risk loci

for NB but have unraveled novel biological processes underlying this

challenging disease. Additionally, these findings can have implications in the
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development of new therapeutic strategies, thus highlighting the importance of
performing GWAS studies and functional post-GWAS functional investigations.

1.3 Genome Wide Association Studies (GWAS) and post-GWAS studies

Over the last 10 years, the use of Genome Wide Association Studies (GWAS)
has allowed us to elucidate the genetic basis of predisposition to neuroblastoma.
GWAS is a high-throughput approach to genotype hundreds of thousands of
SNPs to identify across the entire human genome associations between common
single nucleotide polymorphisms (SNPs) and disease risk. The GWAS method
is thus particularly suitable to understand polygenic diseases where multiple
gene variants, each with a potentially small effect, act together to induce the
disease (Studies et al. 2007). Indeed, although each association may have a
modest individual effect on disease initiation, multiple alterations can cooperate
to promote malignant transformation.

The theoretical basis of GWAS is linkage disequilibrium (LD), since it

is possible to assume that there is a strong LD between the lead SNP of a risk
locus, that is the one mainly responsible for the genetic association with the
interested disease, and the true causal variant (Hinds et al. 2005).
The study design of a typical GWAS expects to genotype 1 million or more SNPs
in the entire human genome in a case-control setting. Then, differences in allele
frequency between cases and controls at each marker locus are evaluated for all
genetic markers (Fig. 1.4) (Hinds et al. 2005). To determine whether a SNP locus
is associated with a disease, its allelic frequency should be significantly different
between the case and the control groups.

Respect to single gene approaches, GWAS have greater statistical power
to detect variant with even small or modest effect sizes. Moreover, since
genomic technology has advanced and costs have decreased, GWAS have
become a popular and efficient way to study common genetic traits. Despite that,
one possible limitation to account for is that most of the found gene variations

are common mutations, mainly occurring in intron and intergenic regions, so
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they are loci that do not seem to correlate with disease/ trait examined. GWAS
meta-analysis may be a good solution to improve the power of these studies and
to investigate the consistency or heterogeneity of these associations across

diverse datasets and study populations (Oei et al. 2014).
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Figure 1.4 GWAS study design. A) The aim of a genome-wide association study
(GWAS) is to detect associations between allele or genotype frequency and a disease or
a trait. Every GWAS starts from the selection of an appropriate study population
depending on the trait or disease to investigate (for example, cases and controls for a
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disease, or an unselected population sample for a trait). The following step is the
Genotyping, which can be performed using single-nucleotide polymorphism (SNP)
arrays combined with imputation or whole-genome sequencing (WGS). Association
tests are used to identify regions of the genome associated with the phenotype of interest
at genome-wide significance. Usually, causal variants are not among the SNPs directly
genotyped but are in linkage disequilibrium with them. Meta-analysis can be performed
to increase the statistical power of the detected associations. B) Functional
characterization of genetic variants is often required to move from statistical association
to causal variants and genes, especially in the non-coding genome. Computational
methods are used to predict the regulatory effect of non-coding variants on the basis of
functional annotations. C) Target genes can be identified or confirmed using in vitro
assays, and experimentally validated using cell-based systems and model organisms. D)
A representation of the spectrum of the genetic variants allele frequencies and effect
sizes. eQTL, expression quantitative trait locus. Adapted from Tam et al., Nat Rev Genet
20, 467-484 (2019).

GWAS have been successful in uncovering thousands of genetic variants that
influence risk for complex human traits and diseases, and a notable number of
these loci are well-replicated, suggesting that they are true associations (Welter
et al. 2014, Gallagher and Chen-Plotkin 2018). However, several elements have
made it difficult to bridge the gap between the statistical associations that link
locus and trait, and a functional understanding of the biology underlying disease
risk (Gallagher and Chen-Plotkin 2018). For example, the association of a locus
with a trait does not specify which variant is actually the causal one or which
gene could be the causal variant target. Moreover, the majority of disease-
associated variants are located in non-coding genomic regions or are far away
from the nearest known gene (Schaub et al. 2012, Maurano et al. 2012). Overall,
while several thousand GWASs have been performed and many thousands of
loci have been confirmed as disease risk factors, the number of studies that have
functionally characterized candidate causal variants at a given locus is still low.
Moreover, functional investigation aims at identify the molecular functions of
the causal variants, which genes are affected by the causal variants and how
changes in the regulation of the causal genes lead to altered disease risk. For this

reason, post-GWAS characterization of already-identified GWAS loci, rather
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than a search for ever more GWAS loci, seems to be most likely to benefit
knowledge of pathophysiology.

1.4  HSD17B12, Hydroxysteroid 17-Beta Dehydrogenase 12

17B-Hydroxysteroid dehydrogenases (HSD17B) are a class of enzymes
known for their role in oxidation or reduction in position C17 of 17p-hydroxy or
17B-keto groups respectively, in C18 and C19 steroids (Hiltunen et al. 2019). In
mammals, HSD17Bs are represented by at least 14 different enzymes with amino
acid sequence similarities, all displaying catalytic activities towards 17f steroid
substrates, but with different non-steroid activities, depending on tissue
specificity and subcellular localizations, towards substrates including retinols,
cholesterol, secondary alcohols, xenobiotics and thioesters of various long-chain
carboxylic acids including fatty acids and their metabolites (Moeller and
Adamski 2006, Hiltunen et al. 2019).

HSD17B12, located at 11p11.2, encodes for a multifunctional isozyme
involved in estrone to estradiol conversion (Kemilainen et al. 2016) but also in
the elongation of long chain fatty acids (LCFA), particularly in the production
of arachidonic acid from the conversion of palmitate (Luu-The, Tremblay, and
Labrie 2006). Notably, Arachidonic acid is the precursor of prostaglandin E2, an
important mediator of inflammation, linking HSD17B12 expression levels to
inflammation and cancer (Harizi, Corcuff, and Gualde 2008, Hou, Yu, and Jiang
2022).

The fatty acids elongation pathway is a biological process that takes place at
the endoplasmic reticulum membranes and involves multiple enzymes that act
together as one physiological functional unit to produce Long-chain fatty acids
(LCFAs), containing more than 18 carbon atoms, and Very long-chain fatty acids
(VLCFAs), containing more than 22 carbons atoms (Mohamed et al. 2020, Sassa
and Kihara 2014, Kihara 2012). Fatty acids elongation occurs through a cycling
process made of four steps, respectively condensation, reduction, dehydration
and reduction, the second of which is catalyzed by HSD17B12 (Fig. 1.5). The
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first rate-limiting step is performed by the elongases ELOVL1-7, which exhibit
characteristic substrate specificity. HSD17B12, in the second step, catalyzes in
an NADPH-dependent manner the reduction of 3-ketoacyl-CoA in 3-
hydroxyacyl-CoA, and together with dehydratases (HACD1-4), reductase (TER)
and desaturases (FADS1-2) contribute to the generation of a variety of LCFAs
and VLCFAs differing in chain-length and number of double bonds (Sassa and
Kihara 2014, Kihara 2012). Saturated and monounsaturated LCFAs derive from
elongation of palmitic acid, whereas polyunsaturated fatty acids (PUFAS)
originate from two essential FAs, the linoleic acid (LA, C18:2) and a-linolenic
acid (ALA, C18:3) that generate the -6 and ®-3 FA series, respectively
(Tsachaki et al. 2020, Saini and Keum 2018).
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Figure 1.5 Mammalian fatty acids elongation cycle. The fatty acids elongation cycle
consists of four enzymatic reactions that take place at the Endoplasmic Reticulum
surface. In each cycle, acyl-CoA incorporates two carbon units from malonyl-CoA. The
enzymes involved in each step are illustrated. Adapted from J. Biochem.
2012;152(5):387-395

Mammals display a variety of distinct FAs with unique molecular

properties and cellular functions, for example in skin barrier formation, liver
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homeostasis, myelin maintenance, spermatogenesis, and anti-inflammation
(Kihara 2012, Tsachaki et al. 2020).

Analysis of the HSD17B12 mRNA level in mammalian tissues shows
that HSD17B12 gene is widely expressed (Saloniemi et al. 2012) and according
to the Human Protein Atlas database (https://www.proteinatlas.org/) the highest
HSD17B12 protein level is found in Kidney and in tissues involved in lipid
metabolism, including liver and muscle (Sakurai et al. 2006), but lower protein
levels are present in various mammalian tissues.

An elaborate transcriptomic study of 17 different cancer types in a total
of around 8000 patients was performed using data of the Cancer Genome Atlas
and the Human Protein Atlas Projects, and showed that HSD17B12 correlates
with either good or poor prognosis depending on the tumor type (Uhlen et al.
2017). For example, HSD17B12 emerged as a favorable prognostic gene in renal
cancer but unfavorable factor in liver cancer, or it showed different oncogenic
or oncosuppressor roles in different breast cancer cell lines (Uhlen et al. 2017,
Tsachaki et al. 2020). siRNA-mediated knockdown of HSD17B12 expression in
cultured breast cancer cells resulted in inhibition of cell proliferation and
migration, biological effects that have been linked to HSD17B12 participation in
metabolism of arachidonic acid (Nagasaki et al. 2009, Tsachaki et al. 2020).
HSD17B12 expression was significantly higher in breast tumor tissues than in
normal tissues, leading to an increased risk of recurrence and adverse clinical
outcome (Song et al. 2006, Nagasaki et al. 2009). Similarly, HSD17B12 weak
expression correlated with a better overall survival in ovarian cancer patients
(Szajnik et al. 2012), and immune-histochemical analyses indicated that
HSD17B12 cytoplasmic staining was enhanced along with the severity of
ovarian cancer, mimicking COX-2 expression and leading to increased
prostaglandin production during ovarian cancer progression (Kemilainen et al.
2018). In squamous cell carcinoma of the head and neck (SCCHN), elevated
expression of HSD17B12 mRNA is predictive of metastasis (Rickman et al.

2008). Moreover, HSD17B12 expression levels have been associated with
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adipocyte differentiation as well as embryogenesis and differentiation in mice
(Bellemare et al. 2009, Rantakari et al. 2010). Mice lacking HSD17B12
(HSD17B12 KO) showed early embryonic lethality and reduced-size embryos
with severely disrupted organogenesis (Rantakari et al. 2010, Bellemare,
Phaneuf, and Luu-The 2010). Finally, HSD17B12 involvement in inflammatory
processes is strongly supported by the numerous reports from the literature that
link the activity of this gene to the production of Prostaglandin E2 (PGE2), a
potent inflammatory mediator that cancer cells produce and release into the
extracellular environment to suppress infiltrating immune cells (Tsachaki et al.
2020, Song et al. 2009, McNerney et al. 2020). Indeed, it has been extensively
demonstrated that Prostaglandin E2 promotes tumor cell proliferation, migration
, and invasion, boosting an inflammation-enriched microenvironment directed
toward evasion from the immune system (Wang and Dubois 2010, Hu, Fromel,
and Fleming 2018, Hou et al. 2022).

1.5 Lipid metabolism in neuroblastoma and related therapeutic strategies

Metabolic reprogramming is considered a hallmark of malignant tumors,
since it confers cancer cells the ability to survive, proliferate and metastasize (Li
and Zhang 2016, Koundouros and Poulogiannis 2020, Bansal, Gupta, and Ding
2022, Tao et al. 2022). Cancer cells own the ability to rewire their lipid
metabolism to sustain the production of metabolic substrates for energy storage,
membrane-building components, and signaling transduction molecules, which
have been shown to be strongly associated with cancer prognosis (Rohrig and
Schulze 2016, Agostini et al. 2022).

Neuroblastoma and especially high-risk NB cases are among the tumors in
which lipid metabolic reprogramming covers a central role in cancer initiation
and progression. In fact, positron emission tomography of cancer patients shows
that NB tumors have high glucose uptake and a high rate of lactic acid
production, indicating that these tumors rely on oxidative phosphorylation rather

than glycolysis for the production of energy (Agostini et al. 2022). Moreover,
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reprogramming of lipid metabolism in cancer cells includes changes in fatty acid
transport, de novo fatty acid synthesis, storage as lipid droplets, and fatty acid -
oxidation to generate Acetyl-CoA for driving the TCA cycle and ATP
production (Fig. 1.6) (Rohrig and Schulze 2016, Carracedo, Cantley, and
Pandolfi 2013, Bansal, Gupta, and Ding 2022).
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Figure 1.6 Schematic representation of cellular lipid metabolism. Cancer cells can
obtain fatty acids (FAs) from de novo lipogenesis or from the exogenous uptake. The
exogenous uptake of FAs from the surrounding microenvironment is facilitated by
specialized transporters, including CD36, FATPs and FABPpm. FAs and their
derivatives can be stored in lipid droplets, and used for energy production through f-
oxidation. Cancer cells rely on glucose, glutamine and acetate to synthesize citrate,
which is ultimately used to generate Palmitate through the enzymatic activities of ACLY,
ACC and FASN, and can subsequently be de-saturated and elongated to form a diverse
group of lipid species. An alternative pathway for palmitate desaturation exists, which
generates sapienate through FADS2, instead of palmitoleate. Abbreviations: GLUTL,
glucose transporter 1; MCT, monocarboxylate transporter; CD36, cluster of
differentiation 36; FATPs, fatty acid transport proteins; FABPpm, fatty acid-binding
protein; GLS, glutaminase; IDH1/2, isocitrate dehydrogenase; ACLY, ATP-citrate
lyase; ACSS2, acyl-CoA synthetase short-chain family member 2; ACC, acetyl-CoA
carboxylase; FASN, fatty acid synthase; MUFASs, monounsaturated fatty acids; PUFAs,
polyunsaturated fatty acids; SCD, stearoyl-CoA desaturase-1; FADS2, fatty acid
desaturase 2; ELOVLs, elongation of very long-chain fatty acid protein; PA,
phosphatidic  acid; TAG, triacylglycerol; DAG, diacylglycerol;  PE,
phosphatidylethanolamine; PG, phosphatidylglycerol; PS; phosphatidylserine.
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Adapted from British Journal of Cancer (2020) 122:4-22

An important aspect that must be considered when discussing general
and lipid metabolic alterations in neuroblastoma is the amplification of MYCN,
which is the most robust clinical biomarker of the poor clinical outcome in NB
and is present in about 40% of high-risk cases (Brodeur et al. 1984). It has been
shown that MYCN is able to promote glycolysis (Oliynyk et al. 2019),
lipogenesis (Ruiz-Perez et al. 2021, Moreno-Smith et al. 2021) and metabolism
of glutamine (Oliynyk et al. 2019, Ren et al. 2015), serine (Xia et al. 2019), and
polyamine (Gamble et al. 2019) to enhance macromolecular biosynthesis and
energy production. Indeed, MYCN amplification enhances oxidative
phosphorylation in NB cells and it is associated with elevated expression of key
enzymes involved in glycolysis, Krebs cycle, and electron transport chain
proteins. These genes have been linked to patients’ poor overall survival
(Oliynyk et al. 2019). Moreover, inhibition of MYCN and its downstream
signaling pathway results in intracellular lipid droplet accumulation in NB cells
as a consequence of mitochondrial dysfunction (Zirath et al. 2013).

To date, inhibition of lipid metabolism has been explored as a novel
therapeutic strategy to improve clinical outcome of neuroblastoma treatment
(Agostini et al. 2022). Some of the strategies most used up to now and which are
giving promising results are the inhibitions of fatty acids oxidation and of de
novo fatty acid synthesis. A recent approach used in preclinical studies and
aimed at targeting f-oxidation, is the treatment with Etomoxir, a small-molecule
that works as irreversible inhibitor of Carnitine palmitoyl-transferase la
(CPT1a). CPT1a is the B-oxidation rate-limiting enzyme and its high expression
correlates with poor prognosis in NB patients (Oliynyk et al. 2019). Etomoxir
treatment was able to reduce in vivo tumor growth of MYCN-amplified NB cells,
but in phase Il clinical trials showed hepatic toxicity and was suspended
(Oliynyk et al. 2019). Notably, Ruiz-Pérez et al. demonstrated that the inhibition
of de novo fatty acids synthesis was able to reduce neuroblastoma growth in vitro
and in vivo, and to induce neural differentiation through ERK activation (Ruiz-

29



Background

Perez et al. 2021). In this work, the authors tested five available small-molecule
inhibitors of key enzymes in fatty acid synthesis. In detail, they used TOFA and
Soraphen A, which target Acetyl- CoA carboxylase (ACACA), and Cerulenin,
Orlistat, and UBO006 that target fatty acid synthase (FASN) (Ruiz-Perez et al.
2021). Of note, the observed antitumor effects were independent from MYCN
status. A further lipid pathway which is gaining more and more attention and
which is also closely connected to HSD17B12 is the production of eicosanoids,
and in particular of Prostaglandin E2. Prostaglandin E2 is a well-known
inflammatory player which promotes tumor cell proliferation, migration and
invasion (Wang and Dubois 2010, Hu, Fromel, and Fleming 2018, Hou et al.
2022). Very recently, Hou and colleagues provided proof-of-concept evidence
that prostaglandin receptor PGE2 (PTGER2) represent a promising anti-
inflammatory target for the treatment of NB with various high-risk factors
including 11q deletion and MYCN amplification (Hou et al. 2022).
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2. AIMS

Over the last decades, the analysis of the neuroblastoma genetic landscape
led to important clinical progresses. Disease-linked SNPs found by GWAS often
represent regulatory elements with a small effect on fitness and viability, but a
relatively large effect on the analyzed disease. Thus, the investigation of
neuroblastoma-associated SNPs may provide new and interesting insights that
will enrich our current knowledge about the genetic and biological landscape of
this complex cancer.

The aim of this project is to functionally characterize the 11p11.2
neuroblastoma predisposition locus, to identify new molecular regulatory
mechanisms underlying neuroblastoma tumorigenesis. In addition, we aim to
identify novel causative biological pathways, which may in the future yield
opportunities to discover new therapeutic agents or targets and to identify
biomarkers to monitor disease progression or treatment response. Moreover, the
results obtained in the present study could be included in the calculation of
Polygenic Risk Scores, which help to understand how combinations of variants
work together, ultimately allowing to better define the risk of developing
neuroblastoma. Deepening the knowledge regarding neuroblastoma genetic
predisposition through functional characterization studies could also permit to
improve or anticipate patients’ diagnosis, and to better stratify patients into risk

groups.
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