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Tumori in età pediatrica:
la “dimensione” del problema

• Patologia rara con incidenza di 15 nuovi casi/100.000  
bambini compresi tra 0 e 14 aa/anno

• Ogni anno in Italia vengono diagnosticati circa 1400 
nuovi  casi di tumore tra i bambini

• La possibilità di ammalarsi di tumore in età pediatrica è 1:  
600

• Un pediatra diagnostica nella sua vita professionale 1-5 
casi  di tumori maligni o di leucemie.

Rapporto AIRTUM 2012 • TUMORI INFANTILIEpidemiol Prev 2013; 37 (1) suppl 1: 1-
296
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Diagnosi precoce:  il problema

• Patologie poco frequenti

• Sintomi e segni clinici relativamente non specifici e  
spesso riportabili ad altre patologie più comuni e 
meno  gravi

• Disponibilità di pochi markers tumorali

• Impossibilità di effettuare screening





Tumori pediatrici in Campania  (2013-
2014)



• ADULT CANCERS
not seen in children:

– Breast ca
– Lung ca
– Colon ca
– Testicular ca
– Prostate ca

• PEDIATRIC 
CANCERS not seen 
in adults:

– Wilms tumor
– Rhabdomyosarcoma
– Neuroblastoma

Differences in ped/adult cancers



I tumori sono 
sempre 

dovuti al 
contributo di 

più fattori



Sexual Reproduction 

Once an egg becomes 
fertilized, 
cellular divisions 
begins, eventually
producing a whole 
organism

All cells derived from the zygote 
contain the exact genetic material

REPLICATION>>>> DIFFERENTIATION

Malignancy is a loss of cell cycle 
coordination



Domande in cerca di risposta:

-Siamo predisposti?
-Si può prevedere la risposta alla                         
terapia?
-Si puo prevedere la ricaduta?
-Trovare l’alterazione sul DNA può 
servire a curare il tumore?
-Se si, come?



Neuroblastoma (NBL)
• Tumors can arise anywhere 

along the sympathetic nervous 
system, with the majority 
occurring in the adrenal medulla

• No proven environmental risk 
factors

• Median age dx = 17 months
• Remarkable clinical 

heterogeneity (Stage 4 and 4s)
• Sporadic and Familial (1%) 

Neuroblastoma



Era III: 1997-2002

Stage 1, 2a, 2b, 3, 4s

Stage 4

Unknown

Era II: 1990-1996

Stage 1, 2a, 2b, 3, 4s

Unknown

Stage 4

Era I: 1974-1989

Unknown

Stage 1, 2a, 2b, 3, 4s

Stage 4

Moroz V et al., European Journal of Cancer, 2010
Data from 11,307 children with neuroblastoma 
(1974-2002)

Stage 4 patients still have very low rate of event free survival



Genomics discoveries in neuroblastoma

1977-
1989

Brodeur et al 
1977:

1p deletion

Biedler et al, 
1980:

17q gain

Shawb et al 1983:
MYCN ampl

Look et al 1984 :
DNA diploid and 
high stage tumor

1990-
1999

Svrivastan et al. 
1993: 

11q deletion

Nakagawara et al. 
1993: 

low expression 
TrkA

2000-
2009
Trochet et al. 2004:
PHOX2B mutations 

in familial 
neuroblastoma

Mosse et al. 2008:
ALK mutations in 

familial and sporadic 
neuroblastoma

Maris et al. 2008:
CASC15 

susceptibility locus 

Capasso et al. 2009:
BARD1 

susceptibility gene

2010-
present

Versteeg et al. 2010:
ATRX somatic 

mutations

Diskin, Capasso et  
al.2012:
LIN28B 

susceptibility gene

Diskin, Capasso  et 
al. 2014:

TP53 susceptibility 
gene

Capasso et al. 2014
NEFL susceptibility 

gene



The International Neuroblastoma Risk Group 
(INRG) Classification System

Poor prognosis:

Genetic Markers                      

DNA di-ploidy

MYCN amplification

Deletion 11q

17q gain and 1p36 deletion

ALK mutations

BARD1 polymorphisms

Clinical Markers

Age>18 months

INSS stage = 4

40
%

96
%

Survival rate

Survival 
rate



Familial vs Sporadic 
Neuroblastoma 

Genetics of 
Familial NBL

Genetics of 
Sporadic NBL

ALK mutations (50%)
PHOX2b mutations (9-
8%)

Somatic variants
Hereditable variantsA

L
K



Complex disease

Complex disease: many variants of small effect contribute to disease risk, along with 
many environmental factors.



GWAS analysis:
Thousands of cases and controls and 1 million of SNPs 

Cases

Controls

P-value<5x10-8



6p22
20p11

Genome-wide 
significance 

threshold

Maris et al, NEJM 2008

Manhattan plot



GWAS: Replication Study 
approach

Whole genome 
scan 

(500 kb SNPs)

Replication 
Study 1 

(GWAS hits)

Replication 
Study 2 

(GWAS hits)

Cases Controls

Cases Controls

Cases Controls

P-value<5x10-8

P-value<0.05

P-value<0.05





The Children’s Hospital of Philadelphia

GWAS  of neuroblastoma 
2007

Università di Napoli “Federico II” DMMBM- CEINGE



Genetic Etiology of NBL

• 99% of cases sporadic
– Genetic etiology not known

Hypothesis: Neuroblastoma is a complex genetic 
disease that results from the interaction of 
variant alleles with relatively low to moderate 
effect on tumor initiation

Experiment: Genome-wide association study 
comparing neuroblastoma cases to children 
without cancer as controls



GWAS of neuroblastoma 

Cases 

Children affected 
by neuroblstoma

Controls

Healthy subjects

10.000 constitutional DNAs5.000 constitutional DNAs

vs.

Illumina CHIP

USA

500 constitutional DNAs 1000 constitutional DNAs

ITA

RealTime PCR 
genotyping



Neuroblastoma susceptibility loci

2,101 cases and 4,202  genetically matched controls 
(European ancestry)
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Chromosome 

10

TP53
5.6 x 10-9

(J. Nat Canc Inst, 2014)

BARD1
3.2 x 10-15

(Nature Genetics, 2009)

LMO1
6.9 x 10-15

(Nature, 2010
Nature, 2015)

HACE1/LIN28B
6.9 x 10-8

(Nature Genetics, 2012)
HSD17B12

8.4 x 10-8
(PLoS Genetics, 2011)

CASC15
6.9 x 10-16

(NEJM, 2008)

NEFL
5x10-3

(Canc Res, 2014) 
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Replication of GWAS-identified neuroblastoma risk loci strengthens the role of BARD1 
and affirms the cumulative effect of genetic variations on disease susceptibility

Mario Capasso1,2,*, Sharon Diskin3–5, Francesca Totaro1,2, 
Luca Longo6,7, Marilena De Mariano6,7, Roberta Russo1,2, 
Flora Cimmino1,2, Hakon Hakonarson4,8,9, Gian 
Paolo Tonini7, Marcella Devoto4,9–11, John M.Maris3–5  
and Achille Iolascon1,2

1Dipartimento di Medicina Molecolare e Biotecnologie Mediche, Università 
degli Studi di Napoli “Federico II”, Naples, Italy, 2CEINGE - Biotecnologie 
Avanzate, Naples, Italy, 3Division of Oncology and Center for Childhood 
Cancer Research, The Children’s Hospital of Philadelphia, Philadelphia, 
PA, 4Department of Pediatrics, Perelman School of Medicine, University 
of Pennsylvania, Philadelphia, PA, 5Abramson Family Cancer Research 
Institute, Perelman School of Medicine at the University of Pennsylvania, 
Philadelphia, PA, 6Terapia Immunologica, IRCCS AOU San Martino-IST, 
National Cancer Research Institute, Genoa, Italy, 7Italian Neuroblastoma 
Foundation, Genoa, Italy, 8The Center for Applied Genomics, The Children’s 
Hospital of Philadelphia, Philadelphia, PA, 9Division of Genetics, The 
Children’s Hospital of Philadelphia, Philadelphia, PA, 10Department of 
Biostatistics and Epidemiology, Perelman School of Medicine, University 
of Pennsylvania, Philadelphia, PA and 11University of Rome “La Sapienza”, 
Department of Molecular Medicine, Rome, Italy

*To whom correspondence should be addressed. Tel: +390813737889;  
Fax: +390813737804;  
Email: capasso@ceinge.unina.it

Several neuroblastoma (NB) susceptibility loci have been identi-
fied within LINC00340, BARD1, LMO1, DUSP12, HSD17B12, 
DDX4, IL31RA, HACE1 and LIN28B by genome-wide associa-
tion (GWA) studies including European American individuals. To 
validate and comprehensively evaluate the impact of the identi-
fied NB variants on disease risk and phenotype, we analyzed 16 
single nucleotide polymorphisms (SNPs) in an Italian popula-
tion (370 cases and 809 controls). We assessed their regulatory 
activity on gene expression in lymphoblastoid (LCLs) and NB 
cell lines. We evaluated the cumulative effect of the independ-
ent loci on NB risk and high-risk phenotype development in 
Italian and European American (1627 cases and 2575 controls) 
populations. All NB susceptibility genes replicated in the Italian  
dataset except for DDX4 and IL31RA, and the most significant 
SNP was rs6435862 in BARD1 (P = 8.4 × 10–15). BARD1 showed 
an additional and independent SNP association (rs7585356). This 
variant influenced BARD1 mRNA expression in LCLs and NB 
cell lines. No evidence of epistasis among the NB-associated vari-
ants was detected, whereas a cumulative effect of risk variants 
on NB risk (European Americans: Ptrend  =  6.9 × 10–30, Italians: 
Ptrend  =  8.55 × 1013) and development of high-risk phenotype 
(European Americans: Ptrend = 6.9 × 10–13, Italians: Ptrend = 2.2 × 10–1)  
was observed in a dose-dependent manner. These results provide 
further evidence that the risk loci identified in GWA studies con-
tribute to NB susceptibility in distinct populations and strengthen 
the role of BARD1 as major genetic contributor to NB risk. This 
study shows that even in the absence of interaction the combina-
tion of several low-penetrance alleles has potential to distinguish 
subgroups of patients at different risks of developing NB.

Introduction

Neuroblastoma (NB) is a neuroendocrine tumor, arising from any 
neural crest element of the sympathetic nervous system. Despite its 

relative low incidence accounting for <1000 cases in the USA and 
150 cases in Italy per year, NB accounts for 15% of childhood cancer 
mortality (1). Currently, clinical trials stratify patients into four prog-
nostic subgroups with expected very low risk, low risk, intermediate 
risk, and high risk of death from disease, and 16 pretreatment desig-
nations (2). Stratifying patients according to risk subgroups represent 
an important strategy to choose an appropriate and effective therapy. 
However, children with severe clinical course and widespread metas-
tases categorized as ‘high risk’ have survival rates <35% despite 
aggressive and intensive therapies (1).

Recent genome-wide association studies (GWAS) demonstrated 
that common single nucleotide polymorphism (SNP) alleles were 
associated with NB. Some of these SNP associations were particu-
larly enriched in the high-risk group for long intergenic non-pro-
tein coding RNA 340 (LINC00340) (3), BRCA1-associated RING 
domain 1 (BARD1) (4), and LIM domain only 1 (LMO1) (5), and 
in the low-risk group for dual specificity phosphatase 12 (DUSP12), 
hydroxysteroid (17-beta) dehydrogenase 12 (HSD17B12), DEAD 
(Asp-Glu-Ala-Asp) box polypeptide 4 (DDX4) and interleukin 31 
receptor A (IL31RA) (6). Additional SNPs within HECT domain and 
ankyrin repeat containing E3 ubiquitin protein ligase 1 (HACE1) and 
lin-28 homolog B (C. elegans) (LIN28B) have been found to be asso-
ciated with NB but not with disease phenotype (7). These findings 
suggested that in NB common variants affect both tumor initiation 
and malignant progression.

All of the NB GWAS have been performed in European American 
population samples. Some associated SNPs at LINC00340 (1), BARD1 
(4), and LMO1 (5) have been replicated in a North European sample 
from the UK and in an African American sample (8). It is well known 
that European Americans form a structured population due to historical 
immigration from diverse source populations, and this can create false-
positive genetic associations (9). Furthermore, among Europeans there 
is a consistent and reproducible distinction in SNP frequencies between 
‘‘northern’’ and ‘‘southern’’ population groups (10). Based on these 
observations, it is evident that confirmatory studies are needed through 
replication in diverse populations to validate the GWAS findings.

In this study, we assessed the association of NB with eight SNPs 
(rs6939340 and rs4712653 located in LINC00340, and rs6435862, 
rs3768716, rs7585356, rs2070094, rs2229571 and rs1048108 located 
in BARD1) in a southern European population sample composed of 
370 cases and 809 controls of Italian origin. In addition, we extended 
to this larger group the study of rs110419 and rs4758051 (LMO1), 
rs1027702 (DUSP12), rs11037575 (HSD17B12), rs2619046 (DDX4) 
and rs10055201 (IL31RA) already genotyped in a smaller sample 
(5,6). The results of the Italian case-control study were compared with 
those of the European American GWAS composed of 1627 cases and 
2575 controls (6).

In our previous studies, we demonstrated that rs110419 in LMO1 
(5), rs6435862 in BARD1 (11), and rs17065417 in LIN28B (7) are 
functional regulatory variants and are involved in NB tumorigenicity. 
In this study, we tested for SNP–gene expression associations in 
lymphoblastoid (LCL) and NB cell lines. Finally, we evaluated the 
cumulative effect of each GWAS identified and replicated genetic 
variants on NB risk and development of high-risk phenotype, and 
their potential interactions (epistasis), in both European American and 
Italian populations.

Materials and methods

Study subjects
This study consisted of 370 NB patients and 809 cancer-free controls of Italian 
origin. Case subjects were defined as children with a diagnosis of NB or gan-
glioneuroblastoma and collected through the Italian Neuroblastoma Group. 
The eligibility criterion for genotyping was the availability of DNA. All 

Abbreviations: CI, confidence interval; GWA, genome-wide association; 
LCLs, lymphoblastoid cell lines; LD, linkage disequilibrium; NB, neuroblas-
toma; OR, odds ratio; SNPs, single nucleotide polymorphisms.
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NBL

BARD1 
rs6435862, 
rs7585356  

LMO1 
rs110419 

DUSP12 
rs1027702 

HSD17B12 
rs1103757 

HACE1 
rs4336470 

LIN28B 
rs17065417 

CASC15
rs6939340 

7 independent NB-associated SNPs robustly validated in Italian population
350 cases and 800 controls

Capasso et al., 2013 Carcinogenesis
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Case vs. Control
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The risk of neuroblastoma increases with increasing of number 
of risk genetic variants

High- risk vs. Not High- risk

Cumulative effect of genetic variations on disease susceptibility

Capasso et al., 2013 Carcinogenesis



Genetic Model of  Sporadic Neuroblastoma

Capasso M, Diskin SJ. Cancer Treat Res. 2010

LMO1
LIN28b

HACE1



Neuroblastoma

LMO1

BARD1
HACE1

LIN28b
DUSP12

HSD17B12

CASC15

ALK

PHOX2B
?

?

?

?
?

?

?

?

?
?

?

?
?

?

TP53 ?

Cancer-
prone 

condition

Somatic 
Mutations

Environmental 
factors

Sporadic NB: POLYGENIC INHERITANCE

Familial NB: 
MONOGENIC 

DEFECTS



Next Generation Sequencing  of 
neuroblastoma

Novel Biology and 
actionable genomic 

alterations

Acquired
Somatic
Variants

Predisposing
Rare

variants
De novo
variants



Number of somatic mutations in representative human 
cancers, detected by genome-wide sequencing studies

Bert Vogelstein, Science 2013 

In pediatric tumors:
1. Low rate 

mutations
2. Only genes, 

frequently 
mutated, have 
been discovered

3. Larger  role of 
germline variants  
in cancer 
pediatric



• Low rate of somatic mutations
• Few genes frequently mutated (10-20%) 

across patients



Exome Sequencing of relapsed/high-risk
neuroblastoma

Molecular Tumor Board 
• oncologists 
• genetics
• pathologists
• biologists
• bioinformaticians
• genetic counselors

Find patients eligible for novel treatments based on the somatic mutation   

DNAseq

PREME
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8 ALK mutations in 27 relapsed/refractory NB
2018-2021

• Hot-spot mutation F1174L in 6 patients
• Less frequent mutation R1275Q in 1 patient
• Novel pathogenic mutation S104R in 1 patient

-5 patients received crizotinib (3 patients died before starting treatment) in combination 
with chemotherapy and 2 in monotherapy

-All patients showed a clinical improvement, and one had a CR after 2 cycles of 
combined treatment

MTB recommendations were delivered in 43 days (range: 31 to 96 days), including the time for 
DNA preparation, for sequencing and bioinformatic analyses.

33
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Case 1

• 3-year-old male with early relapsed NB
• G320C in CUL4A gene -> Lenalidomide mieloma multiplo, sindromi mielodisplasiche

• Lenalidomide at the dose of 25 mg daily for 21 days every 28 days 
together with temozolomide at the dose of 250 mg daily for 5 days every 
28 days

• The patient experienced good clinical conditions until the end of the 
3th cycle when a headache recurred . Gadolinium-enhanced brain MRI 
showed disease progression. Clinical conditions rapidly worsened, the 
patient did not respond to treatment and died. 

• The combination of temozolomide and lenalidomide was well tolerated 
in term of hematologic toxicity. 

Phase I Trial of Dasatinib, Lenalidomide, and Temozolomide in 
Children with Relapsed or Refractory Central Nervous System 
Tumors

Nathan J. Robison, MD*, Kee Kiat Yeo, MD*, Adrian P. Berliner, BS, Jemily Malvar, MS, 
Michael A. Sheard, PhD, Ashley S. Margol, MD MS, Robert C. Seeger, MD, Teresa Rushing, 
PharmD, Jonathan L. Finlay, Mb ChB, Richard Sposto, PhD, and Girish Dhall, MD
Children’s Center for Cancer and Blood Diseases, Division of Hematology, Oncology and Blood & 
Marrow Transplantation, Children’s Hospital Los Angeles, University of Southern California Keck 
School of Medicine, Los Angeles, CA (NJR, KKY, JM, MAS, AM, RCS, TR, RS, GD), Department 
of Chemistry and Chemical Biology, Harvard University, Cambridge, MA (ABP), Nationwide 
Children’s Hospital and The Ohio State University, Columbus, OH (JLF)

Abstract
Background—Single agent studies targeting the tumor microenvironment in central nervous 
system (CNS) tumors have largely been disappointing. Combination therapies targeting various 
pathways and cell types may be a more effective strategy. In this phase I study, we evaluated the 
combination of dasatinib, lenalidomide, and temozolomide in children with relapsed or refractory 
primary CNS tumors.

Methods—Patients 1–21 years old with relapsed or refractory CNS tumors were eligible. 
Starting doses of dasatinib and lenalidomide were 65 mg/m2/dose twice daily and 55 mg/m2 once 
daily, respectively, while temozolomide was constant at 75 mg/m2 daily. The study followed a 3+3 
phase I design, with a 4-week dose-limiting toxicity (DLT) evaluation period. Serial peripheral 
blood lymphocyte subsets were evaluated in consenting patients.

Results—Fifteen patients were enrolled and thirteen were DLT-evaluable. DLTs occurred in 5 
patients, including somnolence and confusion (1 patient), hypokalemia (1 patient) and 
thrombocytopenia (3 patients). The maximum tolerated dose for the combination was dasatinib 65 
mg/m2 twice daily, lenalidomide 40 mg/m2 daily, and temozolomide 75 mg/m2 daily, for 21 days 
followed by 7 days rest in repeating 28-day cycles. Transient increases in natural killer effector 
cells and cytotoxic T-cells were seen after 1 week of treatment. One out of 6 response-evaluable 
patients showed a partial response.

Corresponding Author: Nathan J. Robison, MD, Children’s Hospital Los Angeles, 4650 Sunset Boulevard, MS #54, Los Angeles, 
CA, 90027. Telephone: 323-361-8147, Fax: 323-361-7128, nrobison@chla.usc.edu.
*Both authors contributed equally to the manuscript
Conflict of Interest: The authors declare that they have no conflict of interest.
Preliminary data were presented at the Society for NeuroOncology Meeting in 2013 and at the International Symposium on Pediatric 
Neuro-Oncology in 2014
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Case 2

• 20 year-old male who relapsed 10 years after the first 
diagnosis of NB

• c.A484G in the PSMC2 gene ->Bortezomib 
(inhibitor of proteosome)

• Off label target therapy with 3 cycles of Bortezomib 
and Irinotecan and 2 cycles of TEMIRI with 
standard treatment

• Patient is in complete remission

35
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Liquid Biopsy

Monitoring: 
-diease progression 
-treatment response vescicole 

extracellulari 

DNA 
tumorale 
circolante

Cellule
tumorale 
circolante

Liquid biopsy for label-free detection of 
“circulating tumor cells” through digital 
holographic microscopy and  artificial 
intelligence

Stain-free identification of cell nuclei 
using tomographic phase microscopy 
in flow cytometry

A Targeted Gene Panel for
Circulating Tumor DNA Sequencing
in Neuroblastoma
Flora Cimmino1†, Vito Alessandro Lasorsa1,2†, Simona Vetrella3, Achille Iolascon1,2

and Mario Capasso1,2*

1 CEINGE Biotecnologie Avanzate, Napoli, Italy, 2 Dipartimento di Medicina Molecolare e Biotecnologie Mediche, Università
degli Studi di Napoli Federico II, Napoli, Italy, 3 Department of Pediatric Oncology, Santobono-Pausilipon Children’s Hospital,
Naples, Italy

Background: Liquid biopsies do not reflect the complete mutation profile of the tumor but
have the potential to identify actionable mutations when tumor biopsies are not available
as well as variants with low allele frequency. Most retrospective studies conducted in small
cohorts of pediatric cancers have illustrated that the technology yield substantial potential
in neuroblastoma.

Aim: The molecular landscape of neuroblastoma harbors potentially actionable genomic
alterations. We aimed to study the utility of liquid biopsy to characterize the mutational
landscape of primary neuroblastoma using a custom gene panel for ctDNA targeted
sequencing.

Methods: Targeted next-generation sequencing (NGS) was performed on ctDNA of 11
patients with primary neuroblastoma stage 4. To avoid the detection of false variants, we
used UMIs (unique molecular identifiers) for the library construction, increased the
sequencing depth and developed ad hoc bioinformatic analyses including the hard
filtering of the variant calls.

Results:We identified 9/11 (81.8%) patients who carry at least one pathogenic variation.
The most frequently mutated genes were KMT2C (five cases), NOTCH1/2 (four cases),
CREBBP (three cases), ARID1A/B (three cases), ALK (two cases), FGFR1 (two cases),
FAT4 (two cases) and CARD11 (two cases).

Conclusions: We developed a targeted NGS approach to identify tumor-specific
alterations in ctDNA of neuroblastoma patients. Our results show the reliability of our
approach to generate genomic information which can be integrated with clinical and
pathological data at diagnosis.

Keywords: genetic mutation, bioinformactics analysis, next generation sequencing, neuroblastoma, liquid biopsy
and circulating tumor DNA
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CREBBP (three cases), ARID1A/B (three cases), ALK (two cases), FGFR1 (two cases),
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and circulating tumor DNA
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