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ABSTRACT

Neuroblastoma, the most common solid tumour in early childhood, is characterized by very
frequent chromosomal copy number variations (CNVs). While chromosome 2p amplification, 17q
gain, 1p and 11q deletion in human neuroblastoma tissues are well-known, the exact frequencies
and boundaries of the chromosomal CNVs have not been delineated. We analysed the publicly
available single nucleotide polymorphism (SNP) array data which were originally generated by the
Therapeutically Applicable Research to Generate Effective Treatments (TARGET) initiative,
defined the frequencies and boundaries of chromosomes 2p11.2 - 2p25.3 amplification, 17q11.1-
17925.3 gain, 1p13.3-1p36.33 deletion and 11913.3-11g25 deletion in neuroblastoma tissues, and
identified chromosome 7ql14.1 (Chr7:38254795-38346971) and chromosome 14ql11.2
(Chr14:21637401-22024617) deletion in blood and bone marrow samples from neuroblastoma
patients, but not in tumour tissues. Kaplan Meier analysis showed that double deletion of Chr7g14.1
and Chr14q11.2 correlated with poor prognosis in MYCN gene amplified neuroblastoma patients. In
conclusion, the oncogenes amplified or gained and tumour suppressor genes deleted within the
boundaries of chromosomal CNVs in tumour tissues should be studied for their roles in
tumourigenesis and as therapeutic targets. Focal deletions of Chr7q14.1 and Chr14q11.2 together in
blood and bone marrow samples from neuroblastoma patients can be used as a marker for poorer

prognosis and more aggressive therapies.



Introduction

Neuroblastoma is derived from primordial neural crest cells that eventually reside in the
sympathetic nervous system, and is the most common extracranial solid tumour in children.!?
Neuroblastoma most commonly occurs in the abdomen, particularly in the adrenal medulla, but also
at other parts of the human body where sympathetic ganglia or other sympathetic nervous system
components are present, such as chest, neck and pelvis. Importantly, patients with neuroblastoma
show poor prognosis, and neuroblastoma accounts for more than 10% cancer death in children.>*

Single nucleotide polymorphisms (SNP) or mutations contribute to aggressive
neuroblastoma. Genome-wide linkage analysis of neuroblastoma pedigrees identifies anaplastic
lymphoma kinase (ALK) as the main familial neuroblastoma predisposition gene.>® ALK mutations
can also occur somatically in a significant portion (6-8%) of sporadic cases.”® Paired-like
homeobox 2b (PHOX2B), a key regulator in the process of nervous system development, has been
demonstrated to be mutated in some neuroblastoma patients.® The other gene mutated in human
neuroblastoma is a-thalassaemia/mental retardation syndrome X-linked (ATRX).22' ATRX
mutation leads to complete loss of function and causes neuroblastoma in older children.****

Nevertheless, the most prominent feature of human neuroblastoma, unlike adult cancers, is
gene copy number variations (CNVs), and CNVs target large genomic regions encompassing a
number of genes.>? Regions that are frequently associated with CNVs include chromosomes 2p,
179, 1p and 11q in primary neuroblastoma tissues.?***3

While chromosomes 2p amplification, 17q gain, 1p and 11q deletion are well-known to be
associated with neuroblastoma, the frequencies and boundaries of CNVs at different regions of 2p,
17q, 1p and 11q are not clear. In this study, we analysed the publicly available SNP array data

which were originally generated by the Therapeutically Applicable Research to Generate Effective

Treatments (TARGET) initiative (https:/target-data.nci.nih.gov/),* to define the frequencies and

boundaries of CNVs at different regions of 2p, 17q, 1p and 11q in tumour tissues, and identified


https://target-data.nci.nih.gov/

chromosome 7 and chromosome 14 deletion in blood and bone marrow samples from

neuroblastoma patients.



Results

Chromosome 2p11.2-2p25.3 amplification in human neuroblastoma tissues
To define the frequencies and boundaries of genome-wide chromosomal CNVs in paediatric
neuroblastoma tissues, we made use of the publicly available SNP array data which were originally

generated by the TARGET initiative (https://target-data.nci.nih.gov/). While amplification of the

MYCN oncogene at chromosome (Chr) 2p24 is well-known as the most important CNV marker for

poor patient prognosis,?

our chromosomal CNV analysis confirmed chromosome 2p regional
amplification. As shown in Fig. 1, chromosome 2p amplification occurred in less than 10% of
tumours from Chr2p11.2 to Chr2p14, in approximately 10% of tumours at Chr2p15, in 10-20% of
tumours from Chr2p16.1 to Chr2p16.3, and in 20-25% of tumours from Chr2p21 to Chr2p25.3 (Fig.
1A-H). Our visualisation also confirmed that the Chr2p24.3 region containing the MYCN
(15940438-15947007), NCYM (15936265-15941723) and IncUSMycN (15920399-15936018) genes

were amplified in one quarter of neuroblastoma tissues (Fig. 1G).

Chromosome 17g11.1-17925.3 gain in human neuroblastoma tissues

The most common chromosomal CNV in human neuroblastoma tissues is chromosome 17¢g21-25
gain.”® Our analysis of the TARGET SNP array data revealed that chromosome 17q gain occurred
at Chr17g11.1 and Chrl17g11.2 in less than 10% and 15% tumours respectively (Fig. 2A-B). The
incidence of chromosome 17q gain reached 25% from Chr17qg12 to Chr17g21.1, further increased
to 25-50% from Chr17g21.2 to Chr17g21.31, and remained at 50-60% thereafter from Chr17¢21.32

to Chr17g25.3 (Fig. 2C-H).

Chromosome 1p13.3-1p36.33 deletion in human neuroblastoma tissues
Chromosome 1p36 deletion in human neuroblastoma tissues is a well-known marker for poor

patient prognosis.'? However, the exact region of chromosome 1p deletion is not clear. Our analysis
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of the TARGET SNP array data revealed that chromosome 1p deletion in human neuroblastoma
tissues occurred at less than 10% at Chrlpl3.2, at approximately 10% at Chr1p13.3, at 10-20%

from Chrlp21.1 to Chrlp22.3, and at 25%-40% from Chr1p31.2 to Chr1p36.33 (Fig. 3A-F).

Chromosome 11q13.3-11g25 deletion in human neuroblastoma tissues

Chromosome 11g23 deletion is also a known common genetic abnormality in human
neuroblastoma tissues which predicts poor patient survival.”? However, the exact region of
chromosome 11q deletion is not clear. Our analysis of the TARGET SNP array data revealed that
chromosome 11qg deletion started in less than 10% of neuroblastoma tumours at Chr11g13.3,
increased to just below 25% at Chrl1ql3.4, reached above 25% at Chrl1ql4.1, maintained at
approximately 30% from Chrl1g22.3 to Chrl1g23.1, and then reduced to approximately 25%

thereafter at Chr11g25 (Fig. 4A-F).

Chromosomes 7g14.1 and 14qg11.2 focal deletion in blood and bone marrow samples from
neuroblastoma patients

In addition to the above common CNVs in tumour tissues, we identified two additional regions of
interest where CNVs were found to be more frequent in blood and bone marrow samples from
neuroblastoma patients than in tumour samples and blood samples from healthy children controls.
The first region was within chromosome 7q14.1 (Chr7:38254795-38346971) (Fig. 5A). 35.29%
(72/204) of blood and bone marrow samples from neuroblastoma patients showed a single copy
deletion within this region, in contrast to only 1.45% (2/137) of primary tumour samples and 0.83%
(17/2026) of blood samples from heathy controls. At its maxima site, 30.39% of blood and bone
marrow samples (62/204 samples) from neuroblastoma patients have a single copy deletion at the
same position (Fig. 5A). The second region of chromosomal deletion was within chromosome
14911.2 (Chrl4: 21637401-22024617) (Fig. 5B). 55.88% (114) of blood and bone marrow samples

from neuroblastoma patients showed a single copy deletion within the region, in contrast to 9.48%



(13) of primary tumour samples and 1.87% (38) of blood samples from healthy controls. At its
maxima site, 41.66% (85) of blood and bone marrow samples from neuroblastoma patients showed
a single copy deletion at the same position (Fig. 5B).

To identify genes deleted at Chr7:38254795-38346971 and Chrl14:21637401-22024617, we
made use of University of California Santa Cruz Genome Browser. The analyses showed that genes
located at Chr7:38254795-38346971 included T Cell Receptor Gamma Constant 1 (TRGC1), T Cell
Receptor Gamma Joining P, P1 and P2 (TRGJP, TRGJP1 and TRGJP2), T cell receptor gamma
joining 1 (TRGJ1), T cell receptor gamma variable 5, 8, 9, 10 and 11 (TRGVS5, 8, 9, 10 and 11), T-
cell receptor gamma locus antisense RNA 1 (TRG-AS1) and T-Cell Receptor Gamma-Chain
Constant Region (TARP) genes (Fig. 5C). In comparison, genes located at Chrl4:21637401-
22024617 mainly included T Cell Receptor Alpha Variable 1-19 (TRAV1-19) genes as well as

Olfactory Receptor Family 4 Subfamily E Member 1 and 2 (OR4E1 and OR4E2) genes (Fig. 5D).

Chromosomes 7ql4.1 and 14qg11.2 focal deletion predicts poorer survival in MYCN gene-
amplified neuroblastoma patients

Using the TARGET data, we further performed Cox proportional hazard regression analysis, and
found that single copy deletion of chromosome 7914.1 (Chr7:38254795-38346971) or chromosome
14911.2 (Chr14: 21637401-22024617) in either region alone was not predictive of overall survival
(Chr7g14.1: HR = 0.936, 95% CI = 0.6236-1.407, p = 0.753; and Chr14g11.2: HR = 1.010, 95% CI
= 0.686-1.48, p = 0.96) (Fig 6A-B). However, a single copy deletion in both regions was predictive
of poor overall survival for MYCN amplified neuroblastoma patients (n = 54, HR = 2.296, 95% CI =
1.065-4.951, p = 0.034), and dichotomised these patients into different survival distributions (p =
0.029), as compared to all patients irrespective of MYCN amplification status (n = 204, p = 0.579)
(Fig. 6C-D). The data indicate that single copy deletion of chromosome 7ql14.1 (Chr7:38254795-

38346971) and chromosome 14q11.2 (Chr14:21637401-22024617) regions together in the blood



and bone marrow samples is a marker for poor survival in MYCN gene-amplified neuroblastoma

patients.

Discussion

Unlike adult cancers, neuroblastoma is characterized by very frequent chromosomal CNVs®. While
chromosome 2p amplification, 17q gain, 1p and 11q deletion in human neuroblastoma tissues are
well-known, the exact frequencies and boundaries of the chromosomal CNVs have not been
delineated. In this study, we have analysed the SNP array data from tumour tissues and matched
blood and bone marrow samples from neuroblastoma patients in the TARGET initiative,'* as well
as SNP array data from normal blood samples from healthy children in the CHOP Copy Number
Variance project,™ and delineated the frequencies and the boundaries of chromosomal CNVs.
Chromosome 2p amplification in tumour tissues is one of the best known markers for poor
prognosis in neuroblastoma patients.? The amplification of the MYCN, NCYM and IncUSMycN

genes at chr2p.24 is generally believed to be the main oncogenic event,'®*

and other genes in the
region, such as the DDX1 gene upstream of the MYCN gene at chr2p.24, have been suggested to be
up-regulated in human neuroblastoma tissues due to its proximity to the MYCN gene.® In this
study, we have found that chromosome 2p amplification starts from Chr2pl11.2, albeit at a low
frequency, and peaks at a frequency of 20-25% throughout Chr2p21 to Chr2p25.3. As there are
many genes between Chr2p21 to Chr2p25.3, in addition to MYCN, NCYM and IncUSMycN, our
data suggest that the potential roles of other genes at Chr2p21 to Chr2p25.3 in neuroblastoma
tumourigenesis and as therapeutic targets warrant investigation.

Chromosome 17q gain is the most common CNV in human neuroblastoma.** Unbalanced
gain of Chrl7g21-25 is associated with advanced disease stage and is a significant predictive

marker for adverse outcome in patients, as five year overall survival for patients with 17q gain is

less than half of those with normal 17q status.*® While the IGF2BP1 and BIRC5 (Survivin) genes at
8



17921.32 and 17925 respectively have been suggested to contribute to neuroblastoma

tumourigenesis,?®%

it is not clear which genes are crucial for chromosome 17q gain-induced
neuroblastoma. In the current study, we have found that Chr17q gain occurs at a rate of 25% from
Chrl7912 to Chrl7qg21.1, at a rate of 25% to 50% from Chr17g21.2 to Chr17g21.31, and at 50-60%
from Chrl7921.32 to Chrl7g25.3. Our data suggest that oncogenic genes from Chrl7ql2 to
Chrl7925.3 are likely to be involved in the tumourigenesis of neuroblastoma characterized by
chromosome 17q gain and are therefore potential therapeutic targets.

Chromosome 1p36 deletion in neuroblastoma tissues is also well-known as one of the most
powerful markers for poor prognosis in neuroblastoma patients.”*? Several candidate tumour
suppressor genes have been identified at Chr1p36, including CHD5, CAMTA1, KIF1B, CASZ1 and
miR-34A.% In the current study, we have found that chromosome 1p deletion occurs in less than
10% of tumours at Chr1p13.2, in 10-20% of tumours at Chr1lp21.1 to Chrlp22.3, and in 25-40% of
tumours at Chrlp31.2 to Chrlp36.33. Our data suggest that deletion of tumour suppressor genes
from Chrlp21.1 to Chrlp36.33 is likely to be involved in the tumourigenesis of neuroblastoma
characterized by chromosome 1p deletion and is therefore a potential therapeutic target.

The other well-known CNV in human neuroblastoma is chromosome 11923 deletion which
also correlates with poor patient survival.***2 However, it is not clear which genes are critical for
chromosome 11q deletion-medicated neuroblastoma. Our analysis reveals that chromosome 11q
deletion occurs in just below and above 25% of tumours at Chrl1gql3.4 and Chrllql4.1
respectively, in approximately 30% of tumours from Chrl1g22.3 to Chrllq 23.1, and in 25%
tumours at Chr11g25. Our data suggest that deletion of tumour suppressor genes from Chr11ql3.4
to Chrl1g25 is likely to be involved in the tumourigenesis of neuroblastoma characterized by
chromosome 11q deletion and is therefore a potential therapeutic target.

Little studies on CNVs in non-tumour tissues from neuroblastoma patients has been
reported. In this study, we have confirmed chromosomes 7q14.1 (chr7:38254795-38346971) and

14911.2 (chrl4:21637401-22024617) deletion in blood and bone marrow samples from



neuroblastoma patients, but not in tumour tissues. Importantly, genes deleted in both of the two
chromosome regions are T cell receptor genes, and Kaplan-Meier analysis shows that double
deletion of the two regions correlates with poor prognosis in MYCN gene-amplified neuroblastoma

patients. These findings are consistent with the data reported by Diskin et al 2

and suggest that
Chr7g14.1 (chr7:38254795-38346971) and Chr14q11.2 (chr14:21637401-22024617) deletion in the
blood from neuroblastoma patients can be used as a marker for poor prognosis and therefore for
more aggressive therapies.

In conclusion, chromosomes 2p amplification, 17q gain, 1p and 11q deletion are well-
known to be associated with neuroblastoma, however, the frequencies and boundaries of the CNVs
are not clear. In this study, we have delineated the frequencies and the boundaries of the CNVs in
human neuroblastoma tissues, and identified chromosome 7 and 14 deletions in blood and bone
marrow samples from neuroblastoma patients. The oncogenes amplified or gained and tumour
suppressor genes deleted within the boundaries of chromosomal CNVs in tumour tissues should be
studied for their roles in tumourigenesis and as therapeutic targets. Chr7q14.1 and Chr14q11.2

deletion in blood and bone marrow samples from neuroblastoma patients can be used as a marker

for poorer prognosis and for the application of more aggressive therapies.
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Materials and Methods

Analyses of chromosomal copy number variations in tumours, blood and bone marrow samples
from neuroblastoma patients and matched healthy paediatric control samples

Publicly available SNP array data from primary tumour, blood and bone marrow samples from
neuroblastoma patients and relevant clinical data were obtained from the TARGET initiative
(https://target-data.nci.nih.gov/, last accessed June 12, 2013).* The SNP data were generated from
Illumina HumanHap550 SNP arrays and had been described in detail by the original researchers.**
Signal intensity data in the form of Log R Ratios and B Allele Frequencies from individual
genotyped samples were processed with PennCNV?® for the detection and quality assessment of
regions of CNV. Samples that did not pass the quality control criteria were discarded and the
remaining dataset consisted of 137 tumour samples and 204 normal blood and/or bone marrow
samples of which 87 were matched pairs from neuroblastoma patients. In order to compare our
results to a healthy population, regions of CNVs from 2,026 healthy children were retrieved from
the Copy Number Variance project at The Children’s Hospital of Philadelphia (CHOP)

(http://cnv.chop.edu/, last accessed Nov 23, 2016)."> Genome coordinates for both TARGET and

CHOP data were relative to build hg18.

A custom script was used to calculate, at single-base resolution, the percentage of samples
with deletions and gains in neuroblastoma tumours, blood and bone marrow samples from
neuroblastoma patients and blood samples from healthy paediatric controls. The data were then

visualised using R?® and regions of frequent deletions or gains were identified.

Analysis of CNVs as a marker for patient prognosis
Two regions of frequent copy number deletion in the normal blood and bone marrow from
paediatric neuroblastoma patients were identified in chromosomes 7 and 14. The association of

copy number deletion within these regions in patients harbouring MYCN-amplification with

11
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prognosis was assessed using Kaplan-Meier survival curves.?’ Clinical data were retrieved from the
TARGET initiative and survival analyses were performed with R using the survival® and
survminer® packages. The log-rank test was used to test the null hypothesis that there is no

difference in survival between the curves.®
Availability of materials and data

The datasets generated during and/or analysed during the current study are available from the

corresponding author on reasonable request.
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Figure Legends

Figure 1. Chromosome 2p11.2-2p25.3 gain in human neuroblastoma tissues. SNP array data

originally generated by the TARGET initiative (https://target-data.nci.nih.gov/) and the CHOP

Copy Number Variance project were analysed. Chromosome amplification frequencies in
neuroblastoma tissues, compared with blood and bone marrow samples from the neuroblastoma
patients and blood samples from healthy children, at different regions of chromosome 2 were
plotted against all genomic locations, including the following representative regions: Chr2pl1.2
(A), Chr2pl4 (B), Chr2pl5 (C), Chr2p16.1 (D), Chr2p16.3 (E), Chr2p21 (F), Chr2p24.3 (G) and
Chr2p25.3 (H). Tumour = tumour samples; Blood and bone marrow from patients = normal blood
and bone marrow samples from neuroblastoma patients; Blood from control = blood samples from

heathy children from The Children’s Hospital of Philadelphia.

Figure 2. Chromosome 17¢11.1-17¢g25.3 gain in human neuroblastoma tissues. SNP array data
originally generated by the TARGET initiative and the CHOP Copy Number Variance project were
analysed. Chromosome gain frequencies in neuroblastoma tissues, compared with blood and bone
marrow samples from the neuroblastoma patients and blood samples from healthy children, at
different regions of chromosome 17 were plotted against all genomic locations, including the
following representative regions: Chr17g11.1 (A), Chrl7q11.2 (B), Chr17q12 (C), Chrl7qg21.1 (D),
Chrl7g21.2 (E), Chrl7g21.31 (F), Chrl7g21.32 (G) and Chr17g25.3 (H). Tumour = tumour
samples; Blood and bone marrow from patients = normal blood and bone marrow samples from
neuroblastoma patients; Blood from control = blood samples from heathy children from The

Children’s Hospital of Philadelphia.

Figure 3. Chromosome 1p13.3-1p36.33 deletion in human neuroblastoma tissues. SNP array data
originally generated by the TARGET initiative and the CHOP Copy Number Variance project were

analysed. Chromosome deletion frequencies in neuroblastoma tissues, compared with blood and
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bone marrow samples from the neuroblastoma patients and blood samples from healthy children, at
different regions of chromosome 1p were plotted against all genomic locations, including the
following representative regions: Chrip13.2 (A), Chr1lpl3.3 (B), Chrlp21.1 (C), Chrip22.3 (D),
Chr1p31.2 (E) and Chr1p36.33 (F). Tumour = tumour samples; Blood and bone marrow from
patients = normal blood and bone marrow samples from neuroblastoma patients; Blood from

control = blood samples from heathy children from The Children’s Hospital of Philadelphia.

Figure 4. Chromosome 11g13.3-11925 deletion in human neuroblastoma tissues. SNP array data
originally generated by the TARGET initiative and the CHOP Copy Number Variance project were
analysed. Chromosome deletion frequencies in neuroblastoma tissues, compared with blood and
bone marrow samples from the neuroblastoma patients and blood samples from healthy children, at
different regions of chromosome 11q were plotted against all genomic locations, including the
following representative regions: Chrl1gl3.3 (A), Chrl1gl13.4 (B), Chrl1gl4.1 (C), Chrl1g22.3
(D), Chrllqg 23.1 (E) and Chr11g25 (F). Tumour = tumour samples; Blood and bone marrow from
patients = normal blood and bone marrow samples from neuroblastoma patients; Blood from

control = blood samples from heathy children from The Children’s Hospital of Philadelphia.

Figure 5. Chromosomes 7g14.1 and 14911.2 focal deletion in blood and bone marrow samples
from neuroblastoma patients. (A) and (B) SNP array data originally generated by the TARGET
initiative and the CHOP Copy Number Variance project were analysed. Chromosome deletion
frequencies in blood and bone marrow samples from neuroblastoma patients, compared with
neuroblastoma tissues and blood samples from healthy children, at different regions of chromosome
7914.1 (A) and 14q11.2 (B) were plotted. Tumour = tumour samples; Blood and bone marrow from
patients = normal blood and bone marrow samples from neuroblastoma patients; Blood from

control = blood samples from heathy children from The Children’s Hospital of Philadelphia. (C)
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and (D) Genes located at Chr7:38254795-38346971 (C) or Chrl4:21637401-22024617 (D),

according to University of California Santa Cruz Genome Browser.

Figure 6. Chromosomes 7914.1 and 14q11.2 focal deletions in blood and bone marrow samples
from MYCN-amplified neuroblastoma patients predict poor survival. Kaplan Meier curve for overall
survival in all patients with Chr7ql14.1 deletion (A), Chr14q11.2 deletion (B) or both Chr7q14.1 and
Chr14g11.2 deletions (C), and in MYCN-amplified neuroblastoma patients with focal deletions at

both 7q14.1 and 14911.2 (D).
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