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Molecular and genetic studies in high-risk 
neuroblastoma 

Ángela Martínez-Monleón 

Department of Laboratory Medicine, Institute of Biomedicine, Sahlgrenska 
Academy at University of Gothenburg, Sweden, 2021. 

Abstract 
Neuroblastoma is the most common and deadly cancer in the first year of life. 
Children with high-risk neuroblastoma have a very poor prognosis, despite heavy 
multimodal treatment, with less than 50% of 5 years of overall survival. 
Unfortunately, between 50-60% of high-risk neuroblastoma patients will 
eventually suffer a relapse with a survival rate of less than 10%. For this reason, 
a better understanding of the interplay between genetic abnormalities within 
the nervous system context is necessary to improve patient stratification or aid 
therapeutic strategies that can ultimately lead to increased patient survival. 

In order to find molecular profiles that predispose to development of high-risk 
neuroblastoma or contribute to the relapse, metastatic or non-responsive status 
of the tumor, we performed comprehensive molecular characterization of 
neuroblastoma tumors and cell lines by SNP-microarrays and next generation 
sequencing techniques in combination with functional exploration of novel 
recurrent somatic aberrations. 

Through our large-scale studies, we confirmed the genetic stability of 
neuroblastoma PDOXs over serial passaging, explored intra-tumoral 
heterogeneity of neuroblastoma and monitored a set of primary/relapsed 
neuroblastoma tumors, highlighting the recurrence of alterations of MAPK 
signaling, cell cycle progression and telomere activity pathways. Furthermore, 
we detected and investigated a recurrent structural alteration in LSAMP which 
appears to be a tumor suppressor gene in neuroblastoma. We also characterized 
a highly aggressive subgroup of neuroblastoma tumors, which presented a high-
grade amplification of two loci at 12q, and our in vitro results indicated possible 
tumor inhibition routes through CDK4 and MDM2 inhibition. 

To conclude, genome-wide analyses with powerful techniques, such as next 
generation sequencing, are useful not only for research purposes but also as a 
clinical tool. 

Keywords: Cancer, neural crest, neuroblastoma, heterogeneity, relapse, 
sequencing, CNVs, SVs, SNVs, LSAMP, CDK4, MDM2 
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Sammanfattning på Svenska 
Ángela Martínez-Monleón. Avdelningen för laboratoriemedicin, Institutionen för 
biomedicin, Sahlgrenska akademin vid Göteborgs universitet, Sverige, 2021. 

Neuroblastom (NB) är en cancerform där tumörer uppstår i det sympatiska 
nervsystemet och som orsakar 12–15% av alla cancerrelaterade dödsfall hos 
barn. Barn med högriskformen av neuroblastom (HR-NB) har en mycket dålig 
prognos som trots kraftig multimodal behandling, har lägre än 50% chans till 
överlevnad 5 år efter diagnos. Tyvärr är återfall hos patienter med HR-NB vanligt 
och för dessa är överlevnaden lägre än 10 %. Därför är det viktigt med en ökad 
kunskap kring underliggande genetiska avvikelser och hur dessa samspelar med 
utvecklingen av nervsystemet för att förstå hur NB uppkommer. Förhoppningen 
är att detta ska hjälpa till att urskilja vilka behandlingsstrategier som är lämpliga 
för en specifik patient eller identifiera nya behandlingsmål som i slutändan kan 
leda till ökad patientöverlevnad. 

För att identifiera genetiska förändringar som leder till ökad risk för utveckling 
av HR-NB eller återfall, metastasering eller behandlingsresistens så har vi i denna 
avhandling använt oss av storskaliga metoder som SNP-microarrays och den nya 
tekniken för DNA-sekvensering tillsammans med funktionella studier av 
återkommande tumörspecifika förändringar.  

Genom dessa studier har vi kunnat bekräfta att arvsmassan hos så kallade PDOX-
möss (musmodeller som bär mänskliga NB-tumörer) är stabila med liten 
genetisk heterogenitet inom PDOX-tumörer. PDOX-möss visar också stabilitet 
över tid med mycket liten tillkomst av ytterligare mutationer. Den nya tekniken 
för DNA-sekvensering har också använts för att studera genetiska förändringar 
som uppstår i samband med återfall av NB och visar att dessa tumörer har 
avvikelser som driver cellcykeln, aktiverar MAPK signalering eller påverkar 
telomererna och därmed cellernas kapacitet till obegränsad celldelning. Utöver 
detta så har vi detekterat en återkommande genetisk förändring i genen LSAMP 
som verkar kunna trycka ned tumörtillväxt i NB cellinjer men också identifierat 
en aggressiv undergrupp av NB-tumörer med amplifiering av två områden på 
kromosom 12. Studier i NB-cellinjer indikerar att denna undergrupp skulle kunna 
dra nytta av läkemedel som inhiberar CDK4 och MDM2, två proteiner som 
stimulerar celldelning.  

För att sammanfatta, storskaliga tekniker för genetisk analys, som till exempel 
den nya DNA-sekvenseringstekniken är mycket användbara, inte bara för 
forskningsändamål utan också som kliniska verktyg för individanpassad 
behandling.
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Introduction 

Cancer 
Cancer is a term used to determine a complex group of diseases that are 
characterized by uncontrolled cell proliferation and abnormal cell morphology, 
which produces a tumor mass with the potential to spread and invade other 
organs of the body.  

Approximately 4 million new cases and 1.9 million deaths were diagnosed with 
cancer in Europe in 20201. Sweden has about 50.000 new cancer cases and 
22.000 cancer deaths annually.  

Cancer is considered a multistep genetic disease in which key alterations occur 
in the DNA repair processes or checkpoint systems, producing genetic instability. 
This makes cancer cells have a higher mutagenic capacity compared to normal 
cells, producing genetic alterations such as small mutations, amplifications, 
deletions and translocations. The genetic alterations can cause changes in 
protein expression and function, which can lead to advantages for proliferation 
and survival of the cell, inducing the carcinogenesis. These acquired abilities are 
also known as “the hallmarks of cancer”, essential characteristics shared by all 
cancer types, which are: sustenance of proliferative signaling, evasion of growth 
suppressors, evasion of immune destruction, evasion of cell death, acquisition 
of replicative immortality, tumor-promoting inflammation, activation of tissue 
invasion and metastasis, induction of angiogenesis, genome instability and 
mutation, re-program of the energy metabolism and evasion of immune 
destruction2.  

Despite the fact that different types of cancer share biological characteristics, 
each cancerous tumor has a combination of unique genetic and epigenetic 
alterations3. Early diagnosis of the disease plays a key role in patient outcome. 
For this reason, it is crucial to study tumor genetic changes in a personalized way 
to be able to more accurately predict the prognosis of the disease and its 
possible treatments.  
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Oncogenes and tumor suppressor genes 

There are two principal types of genes involved in cancer: oncogenes and tumor 
suppressor genes. Oncogenes are derived from proto-oncogenes, which are 
genes that have a normal function in cell division, growth and/or survival. A 
proto-oncogene becomes an oncogene when abnormally activated, as it 
acquires a gain-of-function point mutation, gene amplification, gene duplication, 
genomic translocation or epigenetic modification. The genetical change causes 
a hyperactivation of signaling pathways producing an uncontrolled cell growth.  

On the other hand, tumor suppressor genes are generally involved in unrelenting 
cell growth by inducing senescence and/or apoptosis, as well as promoting DNA 
repair. In this case, the tumor suppressor gene can lead to tumorigenesis when 
this is inactivated, mainly due to loss-of-function mutations together with gene 
deletions or hypermethylation4. 

Pediatric cancer 

All cancers that affect children between 0-14 years old are considered as 
pediatric cancer. Although the incidence of cancer increases with age, showing 
a high increase from midlife5, it is one of the most common cause of death in 
children6,7.  

Cancer types diagnosed in adults and children are different. In 90% of the cases 
in adults, the cancer originates from epithelial tissue (carcinoma); the tumor 
arises from differentiated adult tissue. The stem cells of the epithelial tissue have 
a high risk of accumulating mutations since the tissue is continually self-renewed 
throughout life8. 

In pediatric cancer, tumors are not usually epithelial; they are originated from 
precursor cells of non-self-renewing tissue during the development of organs 
and tissues9,10. The most common cancer types diagnosed in childhood are acute 
lymphoblastic leukemia (26%), brain and central nervous system tumors (21%) 
and neuroblastoma (7%)11. 

Cancer in adults is a multistep process where mutations accumulate over several 
years or even decades12. However, pediatric cancer develops in a much shorter 
time period so there are fewer events for the initiation and progression of the 
tumor11. That is why pediatric cancer tends to have less single nucleotide 
variants and nucleotide insertions/deletions compared to the majority of 
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cancers in adults13. Pediatric cancer usually starts as a consequence of a defect 
in the signaling and differentiation of precursor cells during embryonic 
development, such as in neuroblastoma13,14.  

Neuroblastoma 
The term neuroblastoma (NB) was introduced for the first time by J. H. Wright 
in 1910 to describe a group of pediatric tumors with features of neuronal origin. 
NB is a childhood malignancy of the sympathetic nervous system originated from 
undifferentiated neural crest precursors, which has heterogeneous features 
ranging from patients with tumors that show spontaneous regression to patients 
with very aggressive tumors and fatal outcome. 

NB is the most common extracranial cancerous solid tumor in childhood, being 
the most diagnosed cancer during the first year of life with a prevalence of 20-
50 cases per million individuals15. Unfortunately, NB is the third most common 
pediatric cancer and constitutes approximately 12-15% of all pediatric cancer 
related deaths15-19. In Europe, about 1500 cases are diagnosed each year, of 
which 15-20 cases are diagnosed in Sweden20. 

This malignancy is an early childhood cancer where the median age of diagnosis 
is around 17-18 months and 90% of the cases are diagnosed before the age of 
five. NB is rarely diagnosed in children older than 10 years of age15,17. 

NB tumors are located in the sympathetic chain where the primary tumor arises 
in the adrenal medulla of the adrenal gland for approximately half of all cases or 
along the paraspinal sympathetic ganglia (abdomen, chest, pelvis and neck 
nerves) for the other half18,21,22 (Figure 1). About 50% of the NB cases present a 
metastatic disease where metastasis usually occurs in regional lymph nodes, 
bone or bone marrow, although it can also be found in liver and skin18. 

Depending on the prognosis of the disease, this cancer can be divided in 4 major 
risk groups: very low, low, intermediate and high-risk NB (HR-NB). Based on 
these tumor stages, a highly divergent response to the treatment is observed 
where low-risk patients have a 95% survival rate, while patients with HR-NB have 
a very poor prognosis with less than 50% of 5 years of overall survival, despite 
heavy multimodal treatment. Between 50-60% of the HR-NB patients will 
eventually suffer a relapse with a survival rate of less than 10%23,24. For this 
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reason, a better understanding of the interplay between chromosomal 
abnormalities, somatic and germline variants and other possible alterations 
within the nervous system context is necessary in order to improve the survival 
of these patients. Additionally, better biological understanding and clinical 
stratification is needed to find profiles that predispose to developing a HR-NB or 
to contribute to relapse, metastatic or non-responsive status of the tumor.  

 

 

 

 

Figure 1. Representation of the sympathetic nervous system showing the 

primary locations of NB tumors.  
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Origin of the disease 

NB is a disease of the sympathetic nervous system which arises from a cell 
differentiation failure of the sympathoadrenal linage of the neural crest cells 
(NCCs) during fetal development25. 

During embryogenesis, the NCCs begin to develop around the neural tube. They 
then begin to migrate and differentiate into several types of cells. In the case of 
the multipotent NCCs of the sympathetic linage, they differentiate into neurons, 
glia, sympathetic ganglia and adrenal medulla26. Recently, Furlan et al. found 
that part of the adrenal medulla is originated from peripheral stem cells called 
Schwann cell precursors (SCPs), which have neural crest origin as well27. 

According to the new finding, the formation process of the adrenal gland 
medulla is based on two different migration stages: the early migration and the 
late migration. The early migration of undifferentiated NCCs depends on 
chemoattractant signals of the dorsal aorta and gives rise to the 
sympathoadrenal precursor cells (SAPs), which will differentiate into 
sympathetic ganglion, sympathetic neurons and chromaffin cells. The late 
migration is nerve-dependent, meaning that NCCs migrate through the 
sympathetic neurons: in this case, the cells receive the name of SCPs. These cells 
invade the developing adrenal medulla through the sympathoadrenal neurites 
and once SCPs reach the medulla, they differentiate into chromaffin cells26,27 
(Figure 2). Linage tracing experiments in mice performed by Furlan et al. 
estimate that from the total amount of chromaffin cells (catecholamine-
secreting cells of the adrenal gland), around 80% are originated from SCPs, while 
20% arise from SAPs27. 

NB arises due to an alteration in the differentiation process of sympathetic 
linage cells, halting the development of neurons or chromaffin cells when the 
precursor cells reach the adrenal medulla18. This differentiation failure arises 
due to aberrations in genes involved in the development of the sympathetic 
nervous system, such as mutations in ALK or PHOX2B and MYCN-
amplifications25. Even though the exact origin of NB is still an enigma, these 
recent discoveries suggest at least two possible origins of NB: alterations in the 
differentiation of SAPs or of SCPs28.  
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Figure 2. Migration of the neural crest cells after neurulation. The 

sympathoadrenal precursor cells (SPAs) and Schwann cell precursors (SCPs) 

are believed to be the origin of neuroblastoma after a failure in differentiation. 

Adapted from Mohlin et al. 2011
29

, Cheung et al. 2013
30

, Furlan et al. 2017
27

 

and Tsubota et al. 2017
26

. 

Constitutional neuroblastoma 

Constitutional NB is an uncommon disease that corresponds to 1-2% of all NB 
cases23,31, in which the mutations occur in the germline arising de novo or being 
inherited (Familial NB). The segregation of the disease is considered as an 
autosomal dominant Mendelian trait with incomplete penetrance, since there 
are frequently unaffected obligate carriers32-35. This type of NB is characterized 
by an early age of diagnosis with the presence of multiple primary tumors in 
most of the cases. Familial NB is highly heterogenous with a wide variability in 
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the prognosis of the disease since both high-risk and low-risk tumors have been 
observed within the same family35. Two fundamental genes for which mutations 
predispose to NB are known to date: PHOX2B and ALK. 

The first gene found that predisposes to NB was the PHOX2B homeobox gene, 
located on chromosome 4p12. This gene encodes a transcription factor with a 
key role in the regulation of the autonomic nervous system development17, 
which is also the reason why its alterations are related with other neural crest-
derived disorders that can co-exist with familial NB, such as central congenital 
hypoventilation syndrome and Hirschprung’s disease31. Although germline 
mutations in PHOX2B have a clear role in the arise of NB, they are only found in 
approximately 10% of all familial NB tumors and are rarely found in sporadic NB 
cases (about 2% of the cases)35-38. 

In contrast, ALK activating mutations are found in 80% of the familial NB and in 
10% of sporadic NB cases31,35. The ALK gene, located in 2p23, encodes a receptor 
tyrosine kinase involved in proliferation and differentiation of the NCCs. The 
most common ALK mutation found in familial NB is R1275Q, which has a high 
penetrance, but other mutations with lower penetrance have also been 
reported, such as T1087I, T1151M, G1128A and R1192P31,39-41.  

Despite advances in the knowledge of familial cancer, there is a small fraction of 
these patients who do not have mutations in PHOX2B or ALK; for this reason, 
further investigations are needed to improve the understanding of the disease. 

Sporadic neuroblastoma 

Sporadic NB represents 98-99% of all NB cases and it is considered to mainly be 
a copy number variation (CNV) driven disease. These genetic variations include 
whole or segmental chromosomal gains and losses, amplifications, loss of 
heterozygosity (LOH) and chromothripsis. CNVs have already been detected in 
one month old NB patients indicating the arise of CNVs during the embryonal 
development; pointing out that chromosomal instability is a hallmark and one of 
the first events in NB tumorigenesis42 (described in more detail in page 15; 
Tumor ploidy).  

Chromosomal deletion of 1p, 3p, 4p, 11q, chromosomal gain of 1q, 2p, 17q and 
amplification of the MYCN oncogene are the recurrent CNVs with clinical 
importance in sporadic NB. Both MYCN-amplification and 11q deletion are 
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associated to aggressive HR-NB but they are normally mutually exclusive 
events43,44. The recurrence of segmental alterations indicates the presence of 
one or several genes with relevance in NB development, but the large size of 
these rearrangements make it difficult to pinpoint specific driver genes and 
thereby, possible therapeutic targets. (described in more detail in page 15; 
genetic segmental abnormalities). 

Recurrent somatic acquisition of small genetic alterations is relatively rare. 
Recent studies show recurrent alterations mainly in ALK followed by PTPN11, 
ATRX and TIAM145,46. Nevertheless, introduction of large scale, high throughput 
techniques such as next generation sequencing (NGS) is expected to detect 
additional aberrations that contribute to the etiology of NB47,48.  

Relapsed and refractory neuroblastoma  

Despite the efforts in the stratification and treatment of patients, approximately 
50% of patients with HR-NB suffer the appearance of a new tumor or relapsed 
tumor, even if a remission of the initial tumor was observed after treatment. 
Besides, in 15% of HR-NB cases the tumor does not respond to treatment from 
the beginning; these tumors are called refractory NB. The prognosis and 
treatment of patients with relapsed or refractory NB is similar. They have a very 
poor outcome since they usually develop resistance to the treatment. The 
average reported survival rate is 12.5% for refractory tumors and 5.7% for 
relapsed disease in Europe49. 

The genetic aberrations associated with the relapse are still not completely 
known but recent studies show that relapsed tumors exhibit a higher mutational 
content compared to primary tumors50-53. Moreover, studies of 
primary/relapsed tumor pairs have shown that the majority of relapsed tumors 
carried mutations that activate cell proliferation, differentiation and apoptosis 
through MAPK signaling pathway. These aberrations include activating 
mutations in ALK, RAS and PTPN11 as well as mutations in other genes involved 
in cell cycle progression and telomere activity51,53.  
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Tumor heterogeneity  

NB is a disease that has a wide clinical heterogeneity, from a tumor that 
disappears due to spontaneous maturation to aggressive tumor that is multi-
resistant to therapy. Two patients with the same type of tumor and with the 
same therapy strategy may have a different clinical outcome due to differences 
in the primary tumor location, the genetic and epigenetic changes and/or the 
tumor microenvironmental interaction, known as inter-tumor heterogeneity. NB 
has a high inter-tumor heterogeneity as the tumor can arise in the adrenal gland 
medulla and also along all the sympathetic chain ganglia; the number of 
recurrent gene mutations between patients is very limited3. The development 
of personalized therapies is needed as NB inter-tumoral heterogeneity makes 
the improvement of general therapies very difficult.  

NB tumors are also affected by intra-tumoral heterogeneity (ITH), where the 
tumor of a single patient can present genetic and/or epigenetic aberrations 
coexisting in the same tumor54. ITH is associated to progressive disease leading 
to refractory/relapsed tumors, probably due to a selection of the resistant 
clones after treatment55,56. ITH can be spatial and/or temporal; ITH spatial takes 
place when biopsies from different locations of a tumor are genetically different 
at the same moment in a single tumor and require time to form, while ITH 
temporal occurs later in time, usually after treatment or another significative 
event, when a new biopsy is obtained and shows a different genetic profile, 
normally a more aggressive one. It must be noted that, for ITH temporal to be 
developed, a previous underlying ITH spatial has to be in place56. 

Symptoms and diagnosis 

The symptoms of NB are diffuse and depend on where the primary tumor is 
placed as well as presence and location of metastases. Patients with a local 
tumor may have no symptoms and the tumor may be discovered accidentally in 
the intra-adrenal area during the prenatal ultrasonography; however, they can 
also present symptoms such as severe pain due to a large and invasive tumor, 
normally in the sympathetic chain. In cases where the tumor has metastasized, 
patients commonly present symptoms at the time of diagnosis; they usually have 
general symptoms such as weakness, fever, easy bruising or anorexia, and more 
specific symptoms of the disease such as bone pain and bone marrow failure23. 
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The diagnosis of NB can be made, according to the criteria established by the 
International Neuroblastoma Risk Group Task force, if there are high levels of 
the catecholamine metabolites homovanillic acid (HVA) and vanillylmandelic 
acid (VMA) present in the urine or serum, and if there are NB cells detected in 
the bone marrow or in the tumor biopsy57,58. More than 85% of NB patients show 
elevated urine levels of HVA and VMA, which is derived from adrenaline 
(epinephrine) and noradrenaline (norepinephrine) respectively; hormones 
secreted by the adrenal medulla of the adrenal glands. 

To determine the diagnosis, the following test can be used: (i) Blood and urine 
test to analyze the presence of anemia, evaluate liver and kidney functions and 
detect catecholamine metabolites; (ii) Tumor excision and histopathological 
assessment of tumor biopsy; (iii) Bone marrow aspiration and biopsy to 
determine presence of NB cells in this location; (iv) Computed tomography scan 
(CT), magnetic resonance imaging (MRI), MIBG scan and Positron emission 
tomography (PET) in order to detect possible abnormalities or tumoral 
formations in the body and to localize and measure the tumor59,60. 

Genetic studies are also performed in order to better determine the diagnosis, 
the risk-group of the patient and the prognosis of the tumor, and thereby define 
possible therapy targets. The methods used for the genetic analysis include: (i) 
Fluorescent in-situ hybridization (FISH) for the detection of specific copy number 
alterations (CNAs), (ii) Comparative genomic hybridization (aCGH) to screen 
genome-wide CNVs, (iii) Single nucleotide polymorphism array (SNP-array) to 
detect CNVs, polyploidies and loss of heterozygosity, (iv) Sanger sequencing and 
next generation sequencing61-63. 

Prognostic factors 

NB is a disease characterized by its clinical heterogeneity. The course of the 
tumor can greatly vary; some of the tumors may regress spontaneously while 
others may become highly aggressive, capable of progressing in spite of 
intensive and multimodal treatment. Due to the complexity of this disease, it is 
difficult to stratify and assess the prognosis and treatment strategy. The 
parameters utilized in the stratification of the patients are the age of the patient 
at the time of diagnosis, tumor histology, tumor stage, DNA ploidy, 
chromosomal alteration, MYCN oncogene status and TRKA (Neutrofic Tyrosine 
kinase receptor) expression44,64. 
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Tumor histology 

It is relevant to know that neuroblastic tumors can be histologically divided in 
three types: ganglioneuroma (GN), ganglioneuroblastoma (GNB) and NB, 
according to the degree of neuroblast differentiation, maturation of schwannian 
stroma cells and mitosis-karyorrhexis index (MKI)65. (i) GN is the most benign 
tumor of the three and is the most differentiated being composed of 
gangliocytes and mature schwannian stroma cells. (ii) GNB has intermediate 
malignant potential; it is a poorly differentiated tumor composed of mature 
gangliocytes and immature neuroblast. It is considered a heterogeneous tumor 
since it has characteristics of the other two types. Moreover, GNB can be divided 
in two subgroups, intermixed and nodular, depending on the degree of 
differentiation. (iii) NB is the most malignant, since it is a highly undifferentiated, 
stroma poor and the most immature tumor of the three66. 

The International Neuroblastoma Pathology Classification (INPC) considers that 
the tumors with favorable histology are: GN (stroma-dominant), GNB intermixed 
(stroma-rich), NB (stroma-poor) that is differentiating or poorly differentiated 
with low/intermediate MKI in children younger than 1,5 years of age at diagnosis 
and NB (stroma-poor) that is differentiating with low MKI in children between 
1,5-5 years at the time of diagnosis.  

Tumors considered with unfavorable histology are: GNB nodular (composite by 
stroma-rich/dominant and stroma-poor) and NB (stroma-poor) in all cases that 
are not contemplated in the favorable histology group65. 

Risk-stratification 

In 1986, the International Neuroblastoma Staging System (INSS) was proposed 
in order to categorize the stages of NB and facilitate the comparison of clinical 
trials. INSS stages (revised in 1993) are based on the age of diagnosis, the spread 
of the disease and the excision possibilities of the tumor67 (Table 1). The tumors 
are graded from 1 to 4, stage 4 being the most aggressive. To summarize the 
groups, stage 1 and 2 have a localized, non-metastatic tumor that usually 
responds favorably to radiation and chemotherapy while stages 3 and 4 are 
metastatic tumors which can present resistance to radiation and chemotherapy 
or tumor relapse in a high number of cases. Stage 4S constitutes an intriguing 
exception of metastatic disease. In the case of stage 4S, the patients have a very 
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good prognosis despite the metastatic appearance and the tumor may regress 
spontaneously even without the necessity of treatment17,23,57,68,69. 

However, since INSS conducts the classification of the tumor after the excisions 
of the primary tumor (INRG), it is not suitable as a pre-treatment staging system 
and risk assessment. As a consequence, in 2009 the International 
Neuroblastoma Risk Group Staging System (INRGSS) was established. This 
classification is based on tumor imaging instead of directly looking at the extent 
of the surgical resection (Table 2). Furthermore, in order to stratify the risk of 
the patients, the INRGSS classification also includes INRG classification, the age 
of diagnosis, histology of the tumor, grade of tumor differentiation, MYCN status 
(amplified or non-amplified), 11q status and tumor cell ploidy57 (Table 3). 

 

Table 1. International Neuroblastoma Staging System (INSS) 
INSS 
Stage Description 

1 
Localized tumor with complete gross excision; ipsilateral lymph nodes 
negative for tumor (Lymph nodes attached to and removed with the 
primary tumor may be positive). 

2A 
Localized tumor with incomplete gross excision; ipsilateral lymph nodes 
negative for tumor. 

2B 
Localized tumor with complete or incomplete gross excision; ipsilateral 
lymph nodes positive for tumor; Contralateral lymph nodes must be 
negative for tumor. 

3 

Tumor infiltrating across the midline (vertebral column) with or without 
regional lymph node involvement; or localized unilateral tumor with 
contralateral regional lymph node involvement; or midline tumor with 
bilateral extension by infiltration or by lymph node involvement. 

4 
Dissemination of tumor to distant lymph nodes, bone, bone marrow, liver, 
skin and/or other organs (except as defined in stage 4S).  

4S 
Localized primary tumor as defined for stage 1 or 2 with dissemination 
limited to skin, liver and/or bone marrow (<10% tumor of total nucleated 
cells) in infants <1 year of age. 

Adapted from Brodeur et al. 199367 
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Table 2. International Neuroblastoma Risk Group Staging System Image-defined 
risk factors  

INRG Stage Description 

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

L2 
Locoregional tumor with presence of one or more image-defined risk 
factors 

M Distant metastatic disease (except stage MS) 

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

Adapted from Monclair et al. 200957 

 
Table 3. International Neuroblastoma Risk Group Staging System (INRG) 

 
(GN = ganglioneuroma, GNB = ganglioneuroblastoma, NA = no amplified, Amp = amplified). 
Adapted from Cohn et al. 200944 

INRG 
stage

Age 
(mos)

Histologic 
category

Grade of 
differentiation

MYCN 
status

11q-
del Ploidy

L1/L2 GN maturing, 
GNB intermixed

A Very low

NA B Very low

AMP K High

No D Low

Yes G Intermediate

No E Low

Yes

Poorly differented 
or undifferented

NA

Amp N High

< 18 NA Hyper-
diploid

F Low

< 12 NA Diploid I Intermediate

12 to < 18 NA Diploid J Intermediate

< 18 Amp O High

≥ 18 P High

No C Very low

Yes Q High

Amp R High

MS

< 18
NA

L2

H Intermediate

Differentiating NA

M

Pretreatment 
Risk Group

NA< 18
Any, except GN 

maturing or GNB 
intermixed

≥ 18
GNB nodular, 
neuroblastoma

L1 Any, except GN 
maturing or GNB 

intermixed
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Treatment 

The treatment of NB is composed of induction chemotherapy to achieve 
remission followed by surgery and local radiotherapy. Autologous stem cell 
transplant and retinoic acid differentiation therapy are then conducted in order 
to consolidate the remission. Anti-GD2 immunotherapy may or may not be 
supplied to maintain the remission70,71. The therapy can also include novel 
treatment strategies based on targeted therapy, such as in patients with ALK 
mutated tumors, which can receive ALK inhibitors72. 

Neuroblastoma alterations 

Epigenetics 

Epigenetic processes modify gene expression by DNA alterations that do not 
change the genetic code per se, such as DNA methylation or histone 
modifications. This process is essential in normal development73,74, but 
alterations in epigenetic regulation can promote cancer. DNA hypermethylation 
frequently inactivates tumor suppressor genes, while hypomethylations can 
activate oncogenes and initiate chromosome instability75. Accumulation of 
epigenetic errors can aid in the transformation of a normal cell into a metastatic 
tumor cell. The number of methylated genes is associated with the stage of the 
disease in NB. Besides, inactivated genes via promoter methylations have been 
found in NB, such as RASSF1A, a tumor suppressor gene involved in cell cycle 
arrest, and CASP8, which is involved in cell apoptosis execution76. 

Expression profiling of neurotrophic receptors 

The expression pattern of different neutrophin receptors of the tyrosine kinase 
family (TrkA, TrkB and TrkC) and their ligands are involved in the regulation of 
the differentiation, tumorigenesis and metastasis of NB; therefore having an 
important role in the biology and clinical outcome of the disease77,78. 

TrkA expression is associated with good prognosis of NB, while low or absent 
expression of the receptor is related with poor prognosis. TrkA is activated by its 
ligand NGF (nerve growth factor), promoting neuronal differentiation78-80  
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TrkC expression is also related with a favorable tumor prognosis in the absence 
of MYCN-amplification81,82.  

TrkB expression is mainly found in MYCN-amplified poor-prognosis tumors. TrkB 
is activated by its ligand BDNF (brain derived neurotrophic factor), helping in the 
NB cell proliferation and survival77,78,83. Tumors lacking amplification of MYCN 
generally do not express TrkB83 

Tumor ploidy  

Recurrent genomic alterations with relevance in the diagnostic and prognostic 
evaluation of NB are related to tumor ploidy or CNVs44. Tumors with a 
“numerical only” genomic profile (gain/loss of the whole chromosomes) and 
near-triploid karyotypes are associated with good prognosis. Whole 
chromosome 7 gain is the most common numerical copy alteration in this cancer 
type84,85, followed by gain of chromosomes 18, 17, 12 and 1385. 

Genetic segmental abnormalities 

Tumors with segmental aberrations and near di- or tetraploid karyotypes are 
generally associated with poor prognosis86,87. The most common alterations 
found in HR-NB are 17q-gain, 1p-deletion MYCN-amplification and 11q-deletion 
(Figure 3).  

HR-NB with segmental aberrations can be divided into two main groups: MYCN-
amplified tumors and 11q-deleted tumors, since they are almost mutually 
exclusive events. MYCN-amplification has been detected in around 20-30% of all 
HR-NB cases88,89, while 11q-deletion has been found in around 35-45% of the 
tumors 90-92. In those cases with segmental aberrations without MYCN being 
amplified or 11q being deleted, 17q-gain is an indicator of worse prognosis 
compared to the cases lacking this alteration, which have a more favorable 
outcome92. 

Even though MYCN-amplified tumors and 11q-deleted tumors present a similar 
overall survival, they have a clearly different genetical pattern92. MYCN-
amplified tumors frequently present 1p-deletion and 17q-gain but very few 
other segmental aberrations. Nevertheless, 11q-deleted tumors often show 
17q-gain but a major chromosomal instability with a high chromosomal break, 
including several segmental losses of other chromosomes (Figure 4). 
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Rearrangements in TERT or ATRX, two genes related to the telomere length, are 
commonly detected in 11q-deleted tumors, but not in MYCN-amplified tumors. 
Furthermore, MYCN, TERT and ATRX have been noted to be almost mutually 
exclusive, leading to alterations in the maintenance of the telomers, and they 
are related with HR-NB93,94. 

These and other recurrent chromosomal segmental alterations are explained 
below in more detail. 

 
Figure 3. Representation of recurrent genetic alterations in HR-NB. 

Chromosomal segmental variants are marked in blue (losses) and red (gains); 

a line next to the chromosome indicates the most common area altered. 

Mutated genes are marked in bold, amplified genes are marked in bold red 

and genes that can be amplified or mutated are marked in bold green. 

Information based on our own data, Maris et al. 1999
88

 and Depuydt et al. 
2018

95
.  
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Figure 4. SNP-array genomic profile of two HR-NB tumors. Upper panel: a 

MYCN-amplified tumor showing few other segmental alterations. Lower panel: 

a 11q-deleted tumor, presenting a high degree of chromosomal instability and 

segmental changes, including an ATRX-deletion. 

1p-deletions 

Around 25-35% of NB tumors present a hemizygous deletion of part of the short 
arm of chromosome 1 (1p36)44,96,97. This aberration has a higher frequency in 
HR-NB: it has been detected in approximately 70% of the cases and it is 
correlated with MYCN-amplification98-100. Studies carried out to investigate the 
function of the 1p in NB showed that the transfer of the 1p arm into 1p-deleted 
NB cell lines induces neuronal differentiation, reduces proliferation and 
activates apoptosis101. Moreover, a recent study using genome editing showed 
that loss of the syntenic 1p36 locus caused impaired neuronal differentiation 
and led to increased proliferation and migration in mouse neural crest cells102. 

The shortest region of overlap (SRO) is usually located in 1p36.2-3 but there is 
not a final consensus about the specific SRO location43,100,103,104. Looking in more 
detail into 1p36 region, several tumor suppressor genes associated with the 
reduction of cell proliferation and the activation of apoptosis are identified, such 
as: CAMTA1, CHD5, KIF1B, CASZ1 and ARID1A105-112.  

2p arm: MYCN, ALK and ALKAL2 

MYCN, ALK and the ALK ligand encoding gene ALKAL2 (FAM150B) are all located 
on the short arm of chromosome 2.  

MYCN-amplification was identified in NB in 198339,113 and it still continues to be 
a relevant genetic marker to stratify risk in NB. MYCN is located at 2p24 and 
encodes a transcription factor that is normally expressed during the embryonic 
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development of the nervous system, even if it plays a key role in the NB 
development when amplified114. MYCN-amplification leads to high expression 
levels of MYCN, which has been associated with a poor prognosis and 
unfavorable outcome of the disease88,89,115. Additionally, high expression levels 
of MYC oncogene, another MYC family member located at 8q24, have been 
related with an independent subset of HR-NB cases89,116,117.  

ALK is located at 2p23.2 and encodes an anaplastic lymphoma kinase which is 
involved in differentiation, proliferation and apoptosis through PI3K/AKT, 
RAS/MAPK and STAT3 pathways118,119. Apart from being the most common 
mutated gene in familial NB, somatic ALK mutations has been detected in around 
10% and amplifications in 3-4% of the sporadic NB cases120,121. Interestingly, ALK 
amplification is almost only detected in conjunction with MYCN-amplification31. 

2p-gain has been detected as a recurrent chromosomal alteration in association 
with poor prognosis in NB, probably because of the alteration combination of 
the genes mentioned above (MYCN, ALK, ALKAL2), which affects ALK signaling 
that has a role in the development of the nervous system providing advantages 
to NB progression122,123. 

11q-deletion 

Hemizygous deletion of the long arm of chromosome 11 is mainly exclusive of 
non-MYCN-amplified tumors, as mentioned before. This alteration is seen as a 
biomarker for poor prognosis in tumors that do not have a MYCN-
amplification90-92. Given the frequent deletion of 11q, it is believed that this may 
cause loss of one or several tumor suppressor genes in this area with relevance 
in NB tumorigenesis. For this reason, it is important to investigate in more detail 
the genes located in this specific area in order to find specific genetic markers of 
this NB subtype. Several candidate genes involved in DNA-damage response 
have been observed in this region, such as ATM, CHEK1, MRE11 and 
H2AFX17,92,124. Recent studies have pointed at additional candidate genes located 
in this region, such as TENM4, DLG2 and SHANK2, to play a relevant role in 
neurodevelopment processes125-128. TENM4 regulates neurite outgrowth 
through the FAK signaling pathway129, while DLG2 and SHANK2 have been 
directly related to differentiation processes126,127. Interestingly, DLG2 has been 
described as downregulated target of oncogenic ALK signaling126. 
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17q-gain 

The gain of the distal part of chromosomal arm 17q is the most common genetic 
alteration in NB, which occurs in approximately 50% of the cases, and it has 
mainly been detected in the aggressive disease44,130,131. This alteration has been 
correlated with unbalanced translocations in other chromosomes, especially 
with the short arm of chromosome 1, where the translocation leads to 
chromosome 1p-loss with simultaneous chromosome 17q-gain, but not at a 
specific breakpoint132,133. The alternated 17q area contains several genes 
connected to cancer, such as NME1, BIRC5 (Survivin), BRIP1, RAD51 and PPM1D; 
the high expression of those genes contributes to NB growth134-136. Recent 
studies in mice indicate that WIP1-phosphatase, encoded by PPM1D, is activated 
by frequent segmental 17q-gain, but the tumor growth can be suppressed by 
pharmacological inhibition of WIP1137. 

9p-deletion  

Loss of chromosome 9p has been found in several NB cases, commonly 
producing homozygous or heterozygous deletions in CDKN2A, mainly on the 
11q-deleted tumor group. This gene is a well-known tumor suppressor gene 
which generates several transcripts, related to the inhibition of CDK4 kinase 
function, and also blocks the induction of p53 degradation by MDM2. In this way 
CDKN2A is involved in the cell cycle regulation, capable of inducing cell cycle 
arrest131.  

12q-amplification  

High-grade amplification of 12q13.3-14.1 and 12q15 has been reported by us 
and others in a subset of NB tumors where the two regions are usually co-
amplified138,139. Amplifications in chromosome 12 have also been detected in 
other types of cancer as sarcoma, glioma and melanoma among others140,141. 
The genes located in the amplified areas, 12q13.3-14.1 and 12q15, have an 
important role in cancer growth and progression, affecting mainly the CDK4 
gene, which is involved in the cell cycle progression, and the MDM2 proto-
oncogene. It is known that these two genes have an effect in NB tumor 
progression and both genes are therapeutic targets142,143. It should be noted that 
the FRS2 gene, located distally of MDM2, is frequently amplified together with 
MDM2. This gene has been related to the activation of MAKP pathway and 
tumorigenesis138,144,145.  
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Alterations related to telomeric maintenance 

Rearrangements in and around the TERT locus occur in around 23% of HR-NB 
cases, according to Versteeg et al. 2015 dataset. These cases are associated with 
very poor prognosis. TERT is located in the distal part of chromosomal arm 5p 
and its rearrangements promote TERT overexpression, leading to a maintenance 
of the chromosome telomere length, which increases the lifetime of the cell93. 

Rearrangements in TERT have been exclusively found in non-MYCN-amplified NB 
tumors. However, MYCN is a transcriptional activator of TERT, leading to 
overexpression of TERT in MYCN-amplified tumors93,94. Another mechanism for 
telomere length retention is achieved through ATRX loss-of-function 
alterations/mutations, that produce a telomerase independent alternative 
lengthening of telomeres (ALT) through an homologous recombination-
associated process146,147. ATRX is located in Xq21.1: mutations of this gene have 
been detected in around 11% of the patients, thereby becoming one of the few 
genes with recurrent mutations in NB.  

Interestingly, alterations in connection with TERT or ATRX have almost been 
exclusively found in non-MYCN-amplified NB tumors. However, MYCN is a 
transcriptional activator of TERT, leading to overexpression of TERT in MYCN-
amplified tumors93,94. 
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Aims 

The general aim of our studies is to find genomic profiles that predispose to 
develop a HR-NB or contribute to the relapse, metastatic or non-responsive 
status of the tumor in order to improve the biological understanding and the 
clinical stratification. To accomplish this goal, we performed comprehensive 
molecular characterization by NGS in combination with functional exploration of 
novel recurrent somatic aberrations. 

The specific aims of the investigation included in this thesis are: 

Paper I  

• To study the genetic stability of NB patient-derived orthotopic 
xenograft (PDOXs) models over time after in vivo passaging.  

• To explore NB ITH by multi-sample implantation from a single tumor 
into PDOXs. 

Paper II  

• To investigate the genetic differences between tumor at diagnosis and 
tumor at relapse by whole genome sequencing in order to identify 
alterations that can be used for prognostic purposes or for novel 
combination therapies. 

Paper III  

• To characterize and study the possible role of LSAMP, a recurrent 
genetic alteration in HR-NB patients, in the progression of NB tumors. 

Paper IV  

• To perform comprehensive genetic and clinical description of a 
subgroup of NB tumors that show high level of 12q-amplification. 

• To investigate in vitro if MDM2 and/or CDK4 targeted therapy can be 
beneficial for this patient subgroup. 
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Material and methods 

Samples and models 

Neuroblastoma patient cohort and ethics 

NB tumors were collected from Swedish patients after either written or verbal 
informed consent was obtained from parents/guardians according to ethical 
permits approved by the local ethics committee at: Karolinska Institutet and 
Karolinska University Hospital (03-736 and 2009/1369-31/1) in accordance with 
the Declaration of Helsinki, Regional Ethics Board of Southern Sweden (289-
2011), Valencia/INCLIVA University (for Spanish patients), Vienna University (for 
Austrian patients), Wroclaw medical University (for Polish patients) and Oslo 
University hospital (for Norwegian patients). Clinical data on all patients was 
obtained from hospital records and/or the Swedish Childhood Cancer Registry.  

Neuroblastoma cell lines 

NB1, NB69, SK-N-AS, SK-N-BE(2), SK-N-F1, SK-N-DZ, SK-N-SH, SH-SY5Y, KELLY, 
IMR-32, LS, NGP, CLB-GAR, CLB-BAR, CLB-PE and CLB-GE human cell lines were 
used. All cell lines were cultured in high glucose DMEM supplemented with 
glutaMAX and 10% FBS and without antibiotics, at 37°C in 5% CO2 environment. 
All cell lines were verified by SNP-Array analyses and routinely checked to be 
negative for mycoplasma, bacterial and fungal infection. 

Patient-derived orthotopic xenografts 

In paper I, patient-derived orthotopic xenografts (PDOXs) were established. For 
this purpose, undissociated patient tumor material was implanted into the 
tumor origin organ in immunodeficient NGS mice, in order to mimic the 
pathophysiology and biological characteristics of the patient tumor including the 
integration of the tumor with the host stroma and the development of tumor 
microenvironment. In this case, the fragment of the tumor was implanted into 
the para-adrenal space148,149.  
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Serial orthotopic transplantation of tumor material from 5 patients was 
performed establishing up to eight in vivo generations to study molecular 
stability. Additionally, ten PDOXs were established from a unique patient to 
study the ITH. Tissue sections in paraffin were analyzed by 
immunohistochemistry and microscopy. All animal experiments (M146-13) were 
approved by Malmö–Lund Ethical Committee for the use of laboratory animals. 

Molecular analyses 

DNA extraction 

DNA was extracted from tumor material, blood and cell line pellets using the 
DNeasy blood and tissue kit (Qiagen, Hilden, Germany) according to the 
manufacturer’s protocol. DNA preparations used in WES and WGS were 
evaluated using absorbance measurements, fluorometric quantitation and DNA 
integrity assessment on an Agilent TapeStation (Agilent, Santa Clara, CA) before 
sequencing. 

SNP-array analysis 

SNP-arrays analysis of tumor material of NB patients (paper I, III and IV), PDOXs 
(paper I) and NB cell lines (paper III and IV) were performed in order to 
investigate DNA segmental variants such as chromosome insertions, deletions, 
duplications, amplifications and LOH. The Affymetrix CytoScan HD platform was 
used to conduct SNP-array analysis for a substantial part of the patient samples 
as well as all the NB cell line samples. This type of array is currently able to detect 
more than 2.6 million markers, including 750.000 SNP positions, within the same 
chip. This provides a dense genome coverage enabling detection of multiple 
chromosomal aberrations from a single sample simultaneously. This technique 
is able to detect CNVs and LOH down to 25-50kb in size150-152. 

Sanger sequencing analysis 

In order to analyze and verify LSAMP breakpoints (paper III) and TP53 mutations 
(paper IV), PCRs were conducted at our laboratory using PCR primers designed 
by us, followed by sanger sequencing of the amplicons performed by GATC 
(GATC, Konstanz, Germany) following standard conditions.  
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Exome sequencing 

Exome sequencing was performed, for paper I, in order to find and compare 
possible changes in gene coding regions. The aim was to study the genetic 
stability in serial passaging PDOXs model and ITH. Tumor DNA from five NB 
patients and all consecutive developed PDOXs as well as constitutional DNA 
(from blood) from three NB patients were subjected for exome sequencing. 

The study was conducted by paired-end sequencing (2x125bp) on Illumina 
platforms after exome capture using SureSelect Human All Exon V6 (Agilent, 
Santa Clara, California) performed by GATC Biotech (Constance, Germany), 
finally generating about 60-70 million paired reads per sample. CLC Genomics 
Workbench software (https://www.qiagenbioinformatics.com) was used in 
order to perform the read trimming and the variant calling, mapping the human 
reference genome hg19. In the patients, only variants with a minimum of 10% 
allele frequency and a total read coverage of 10 were considered. In the case of 
the PDOXs, variants with allele frequency below 15 % were discarded to avoid 
possible variants called due to presence of DNA from mouse in the PDOX tumors.  

In parallel, with the aim of removing all mouse content and keep PDOX unique 
variant calls, reads uniquely mapping to mouse mm9 reference genome were 
removed before trimming and remapping to the human hg19 genome. The 
variant lists from both approaches were merged and reviewed by manual 
inspection using IGV.  

Furthermore, to avoid filtering out possible low allelic fraction variants, all 
variants detected in a PDOX linage were further inspected in all sequenced 
samples of that specific PDOX linage in order to confirm their presence. 

Whole genome sequencing 

Whole genome sequencing (WGS) is a highly sensitive technique that provides 
information about single nucleotide variants as well as structural variants and 
CNAs along the genome.  

WGS was used to investigate possible genetical changes that potentially drive 
tumor relapse (paper II) and to look for recurrent alterations between different 
NB patients (paper II, III and IV). For this purpose, DNA from tumor material (at 
diagnosis and at relapse) and corresponding constitutional DNA from the blood 
of NB patients was analyzed.  
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WGS was conducted with Illumina xTen or NovaSeq instrumentation (Illumina, 
San Diego, CA, USA) located at Clinical Genomics, SciLife Laboratories, 
Stockholm/Gothenburg, Sweden. Mapping to human reference genome hg19 
and variant calling was done using Sentieon analysis pipelines and tools 
(Sentieon Inc, San Jose, CA, USA). Only high-quality somatic called variants with 
a minimum 10% variant allele frequency and a total read coverage of ten were 
considered for further analysis. The germline variants were analyzed using a 
more stringent filtering approach excluding all variants with a population allele 
frequency above 1.0%; unless being an already established pathogenic variant 
or gene variants with connections to hereditary and/or sporadic cancer genes. 
All synonymous variants or variants in non-coding regions were excluded, except 
those affecting canonical splice sites. Remaining variants were assessed 
manually using the Integrative Genomics Viewer (IGV) to remove calls due to 
mapping artifacts and paralogs. The filtering of somatic and germline variants 
was done using the ingenuity variant analysis software v5.6 (Qiagen, Hilden, 
Germany). The Canvas tool (version 1.38.0.1554) was used to call CNAs, with 
gains and losses of genomic regions as well as LOH regions.  

Gene expression analyses 

RNA was extracted and reverse transcribed from NB tumor material and cell 
lines using commercially available kits, under manufacturer’s recommendations, 
and stored at -80 °C. 

In paper III, qPCR was conducted, in order to investigate LSAMP gene expression 
in 14 NB cell lines and also in transfected cells. LSAMP TaqMan pre-designed 
probes cover three different exon boundaries (exon 1-2, exon 2-3 and exon 4-5), 
with the aim of studying possible effects of the structural alterations on the gene 
expression.  

In paper IV, cDNA of 36 NB tumors and 2 NB cell lines (LS and NGP) was loaded 
into TLDA cards to determine the expression levels of 31 genes located within 
the two common 12q-amplified regions. TLDA cards were conducted according 
to Applied Biosystem protocol. 

In both studies, the analysis of gene expression data was conducted following 
the “Delta Delta C(t) method”, prior to normalization against multiple 
housekeeping genes. 
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Western blot 

In paper IV, protein expression analysis of CDK4/6 and MDM2 and their pathway 
partners has been conducted using the western blot technique, in order to 
investigate the downstream effects of CDK4/6 and MDM2 inhibition. Proteins 
from 72h treated cells, at their corresponding IC50 concentrations, were 
extracted using RIPA lysis buffer and a cocktail of proteinase and phosphatase 
inhibitors.  

Protein levels were analyzed and quantified, prior to normalization against 
KU80, using Image J. 

Transcriptome, proteomic and phosphoproteomic analyses 

In paper I, RNA sequencing (RNA-seq) was conducted to analyze the whole 
transcriptome pattern in order to study the transcriptional stability of serial 
passaging in PDOX models as well as in the possible ITH. RNA-seq of all primary 
tumors and all PDOX tumors was performed following Ion AmpliSeq 
Transcriptome Human Gene Expression indications from Thermo Fisher 
Scientific. In addition, proteomic and phosphoproteomic analyses were 
performed on ten different tumors of PDOX #5 (G1) for further investigations of 
ITH.  

Cell culture 

Cell transfection, proliferation and viability 

In order to evaluate the role of LSAMP in NB tumor progression, in vitro 
experiments were conducted in four NB cell lines in paper III. 

Silencing of LSAMP was performed in two expressing LSAMP NB cell lines using 
shRNA lentivirus particles from Santa Cruz Biotechnology (Santa Cruz, CA). The 
transformation was performed using Polybrene following the standard protocol.  

Re-/over-expression of LSAMP was performed in two LSAMP deleted NB cell 
lines (one homozygous and one heterozygous) using pCMV6-AC plasmids 
(GeneArt, Thermo Fisher). The transformation was conducted using 
Lipofectamine 3000.  
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The LSAMP silenced cells were selected with puromycine while the LSAMP re-
/over-expressed cells were selected with neomycin to obtain stable transfects 
during time.  

Proliferation of the transfects was monitored in real-time during 96h using the 
xCELLigence RTCA DP instrument; the experiment was repeated in triplicate. 2-
way Anova was used for the statistical analysis of the proliferation results during 
time. 

Viability of LSAMP transfects was measured after 72h of seeding using a Presto 
Blue HS cell viability reagent (Thermo Fisher). T-test was performed to 
statistically analyze the results of viability. Moreover, the expression levels of 
LSAMP were confirmed by qPCR. 

Single drug and combination drug treatment  

In paper IV, ten NB cell lines with different genetic backgrounds were used to 
study the cell viability effects after CDK4/6 and/or MDM2 inhibition. The cells 
were seed in 96-well plates 24h prior treatment. For a single drug assay, the cells 
were treated with CDK4/6i (Abemaciclib or Ribociclib) or with MDM2i (Nutlin-
3a) during a total of 72h. Cell viability was measured at 24, 48 and 72h using a 
Presto Blue HS.  

IC50 values, for each drug and cell line, were calculated with Graph Pad Prism 
software version 8.4.3 using the dose response sigmoidal curve with variable 
slope analysis (the log [inhibitor] vs. normalized response – Variable slope). In 
order to analyze the statistical significance of the IC50 values of p53wt vs. p53mut 

cell lines, t-test was conducted. 

With the aim of investigating a possible synergy effect of dual MDM2 and 
CDK4/6 inhibition, the cells were treated with single drugs and with different 
drug combinations following the dose-response matrix suggested by Synergy 
Finder153. The viability was measure using Presto Blue SH after 72h of treatment. 
The synergy score of the different drug combination responses was calculated 
based on HAS reference model using Synergyfinder.  
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Results and discussion 

Paper I 
This paper was a collaborative project with Daniel Bexell’s laboratory at Lund 
University in which our lab contributed with the genetic studies.  

In order to study NB tumor stability over time (a lapse of 2 years) in PDOXs after 
serial in vivo passaging (up to eight generations), PDOXs were established from 
tumor material of five different NB patients. Besides, ten PDOXs from multi-
sample implantation of the same patient tumor (linage #5, generation 1) were 
established to investigate NB ITH (Figure 5). 

 

Figure 5. Schematization of the PDOXs established from five different 

neuroblastoma patients in order to study the tumor stability (#1 to #5) as well 

as the multi-sample implantation to study intra-tumoral heterogeneity (#5 – 

G1). Tumor material from the generations (G) represented in the figure was 

used in the molecular analyses.  

PDOXs were cataloged according to the generation as LowG-PDOXs (G1-2) and 
HighG-PDOXs (G5-8) in reference to the serial passage. Previous studies of 
Braekeveldt et al. showed that LowG-PDOXs maintained cellular morphology, 
protein marker expression and a similar behavior to the tumors of the 
patients154,155. These features are also retained in HighG-PDOXs, including poor 
differentiation, expression of NB markers as well as spontaneous metastatic 
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capacity to lungs, bone, bone marrow and liver, as it was observed in this study. 
Parallelly, whole-transcriptome analysis (RNA-seq) was performed in patient 
tumor material and corresponding PDOXs. According to the gene expression 
results, each linage was located in a different cluster, meaning that different 
linages had patient specific patterns of gene expression that was maintained 
over time within each linage.  

During WES analysis, mutations in genes previously associated with NB 
progression and/or relapse were detected, such as NRAS (p.Q61K), ALK 
(p.F1174L; p.L1240V), ARID1B (splice site mutation) and MYCN (p.44L). The 
variants in MYCN and ALK (L1240V) in linage #5 and NRAS in linage #3 were all 
present in the tumor material of the patient and remained at least until G6-8. 
Whereas in linage #4, ALK (F1174L) and ARID1B were detected in G1 and G4 
respectively but not in the initial patient sample, highlighting the possibility of 
ITH, as the mutations may have existed in another area of the primary tumor. 
Even though all PDOX samples had unique variants, PDOXs from each linage 
remained genetically stable, as the majority of alterations found in the patient 
tumor material were retained in the PDOXs along the time, including NB markers 
and gene expression signatures. Besides, CNV characterization showed that 
large chromosomal changes typically associated with NB, such as 1p36 deletion, 
MYCN-amplification and 17q-gain, were also maintained in the PDOXs.  

For the analysis of spatial heterogeneity of NB tumors, PDOXs from ten different 
regions of a tumor from a single patient were established. Interestingly, a 
striking difference in time-to-tumor burden was noted between PDOXs, thus 
classifying them in three groups based on this feature. In spite of the remarkable 
differences based on the tumor in vivo growth time in the PDOXs, SNP-
microarray and WES analysis did not detect any significant genetic changes 
between the samples. Gene ontology (GO) analysis from RNA-seq as well as from 
proteomic and phosphoproteomic data reveals molecular changes in pathways 
associated with neuronal differentiation, neurogenesis, mesenchymal 
transition, cell cycle regulation, stromal composition and angiogenesis. This 
demonstrates a phenotypic heterogeneity between the different samples, 
although the changes were not significantly matched with the growth group 
classification previously mentioned. Differences in growth dynamics as well as 
gene expression and functional diversity in genetically identical tumor samples 
have also been detected in in vivo colorectal cancer models156. 
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The differences in the tumor in vivo growth time in the distinct PDOXs can derive 
from the tumor microenvironment prior to tumor implantation or once 
implanted in the mouse. The tumor material implanted in group 3 could for 
instance derive from a hypoxic area of the tumor, inducing a slower in vivo 
tumoral growth, or could instead derive from a hypoxic microenvironment after 
the implantation in the mouse157. 

Despite genetic analysis not detecting any significant genetic changes between 
the samples, variations in their gene expression and protein/phosphoprotein 
expression revealed molecular spatial ITH in NB.  

We showed that NB PDOXs can have phenotypic, genetic and transcriptional 
characteristics that remain stable for more than two years of growth in 
immunodeficient NSG mice. The relationship between ITH, tumor evolution and 
treatment response has been identified in different cancer types as well as in 
NB. The PDOX model for the study of ITH can be used to find new biomarkers 
and to predict the possible response to the diverse treatments. Only one patient 
was included in the ITH study in our case, hence limiting the investigation. In the 
future, it would be interesting to add more patients in this analysis, in order to 
continue studying the difference in the clonal development of a tumor as well as 
the ITH over time. 

Paper II 
Triplicate samples of tumor at diagnosis together with their corresponding 
relapsed/refractory tumors and constitutional DNA from seven HR-NB patients 
were genetically characterized in order to explore possible molecular features 
related to NB disease progression despite multimodal treatment. All patients 
presented a metastatic disease at time of diagnosis and all of them were under 
similar treatment conditions: including chemotherapy, surgery, irradiation, stem 
cell rescue and retinoids maintenance therapy. Six of the patients responded to 
the treatment showing a complete remission of the tumor prior to tumor 
recurrence, while one of them experienced a refractory disease in which the 
tumor progressed during treatment.  

During genetical analysis, constitutional alterations in genes involved in cancer 
predisposition were found in 3 out of 7 patients. Relevant recurrent mutations 
associated with constitutional and sporadic NB are PHOX2B and ALK31,158,159. 
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Germline mutations in PHOX2B have not been detected in the studied cohort, 
but one of the patients (NB67R5) presented a somatic frameshift mutation, 
p.G230fs, in both primary and relapsed tumors. PHOX2B (p.G230fs) is expected 
to produce a truncated protein with dominant-negative effect in the 
differentiation of the sympathetic nervous system leading to susceptibility to 
other transforming events160. Furthermore, a novel constitutional frameshift 
mutation in ALK (p.V1471fs*6) has been found in one of the patients (NB63R4), 
which is predicted to produce a truncated protein. Despite the relevance of ALK 
alterations in NB, it is difficult to predict the possible oncogenic role of this novel 
variation, as it is expected to lose essential ALK activation phosphorylation sites. 
Moreover, rare variants in cancer predisposition genes in the germline DNA 
were detected: BARD1 nonsense variant in patient NB63R4, WRN missense 
mutation in NB59R9 and missense variants in CHEK2 and BRCA2 in NB67R9. 
Constitutional mutations in BARD1 and CHEK2 have been described as enriched 
in NB patients51,161, while BRCA2 mutations have been described in pediatric 
cancer patients162. WRN is relevant in the genome instability maintenance, since 
the constitutional missense variant detected (p.S1141L) affects an essential ATM 
phosphorylation site promoting high genomic instability163. 

With regards to somatic mutations, 529 nonsynonymous variants were detected 
in total in the analyzed tumors. Comparing the overall somatic variants between 
time of diagnosis and time of recurrence, the mutational ratio of 
relapsed/progression tumors was significantly higher than the tumors at the 
time of diagnosis. Additionally, the increase of non-synonymous single 
nucleotide variants (SNVs) were also correlated with the age of the patients at 
the time of diagnosis or at the time of relapse, in line with previous studies of 
relapsed and refractory NB51,52. Approximately 50% of all the mutations detected 
in the tumors at the time of diagnosis were maintained in the 
relapsed/refractory tumor, constituting around 23% of the mutations for the 
latter tumor. This excludes patient NB60R6: no shared somatic nonsynonymous 
SNVs could be detected in this case (but the tumor set shares an identical 
translocation between chromosomes 11 and 17) (Figure 6).  
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Figure 6. Case-by-case overview of biologically relevant somatic SVs and 

SNVs in primary and relapsed/progressive tumors
53

.  

Tumors from 4 out of 7 patients presented somatic alterations related to ALK-
MAPK-RAS signaling pathway, which has previously been associated with 
relapsed NB50. The mutations found were ALK, MAP3K14, RAS, FGR1 and 
indirectly FAT1, which is a tumor-suppressor gene that regulates the activity of 
YAP, a critical effector of RAS.  

CNVs and SVs were also increased at the time of relapse/progression compared 
to the primary tumors. Relapsed tumors presented CNVs that are related to poor 
prognosis and were already present in the primary tumor such as 17q-gain 
(present in 6 out of 7 patients), whole chromosome 17 gain (in 1 patient), 11q-
deletion (in 4 patients), MYCN-amplification (in 1 patient), CDK4/MDM2/FRS2 
amplification (in 1 patient) and 1p-deletion (in 3 patients). Besides, 1p-deletion 
was also found in NB60R6 only in the primary tumor, in NB53R2 only in the 
relapsed tumor and in both primary and relapsed tumors of NB67R5, but at 
different breakpoints.  



Molecular and genetic studies in high-risk neuroblastoma 
 

 34 

Recurrent SVs in association with TERT (3 cases, 1 relapsed specific) were 
detected, which is a gene involved in telomere maintenance. Interestingly, two 
of the patients had a tandem duplication that causes ATRX disruption, a gene 
involved in chromatin remodeling. CCND1 SVs (3 cases, 1 relapsed specific), a 
gene involved in the cell cycle progression, were also found. Surprisingly, TERT 
SVs in NB67R5 and CCND1 SVs in NB60R6 are present in both the primary and 
relapsed tumors, but they have different breakpoints and different translocation 
partners, which indicates that those alterations may have emerged as parallel 
events. It should be noted that in addition to two different TERT SVs in NB67R5, 
this patient also presented two different mutations in the chromatin-associated 
genes, ARID1A and ARID1B, at time of diagnosis and time of relapse, 
respectively.  

From all determined genetic variants, recurrent genetic alterations in 32 genes 
have been detected in two patients of which 8 were relapse specific: MUC16, 
LSAMP, CDK5RAP1, CFAP44, NUBPL, POLR2A, PRR12 and SC6A18.  

To sum up, we detected recurrent somatic mutations in genes related with RAS-
MAPK pathway including: ALK (in primary and relapse), KRAS (relapse specific), 
FGFR1 (relapse specific), MAP3K14 (in primary and relapse) and FAT1 (in primary 
and relapse). Apart from the MYCN-amplified case, in which TERT expression 
may be elevated driven by MYCN producing sustained telomer length, all six 
non-MYCN-amplified NB cases contain alterations in genes related to telomere 
maintenance or chromatin remodeling. Three of the cases presented 
rearrangements in TERT (one of these cases also has mutations in ARID1A at 
diagnosis, and ARID1B at relapse), two of the cases had alterations in ATRX, and 
one presented a mutation in ARID2. 

This study remarks the complexity of NB tumors and the high intra-tumoral and 
inter-patient heterogeneity, hindering the prognosis and treatment of the 
disease. The findings of this project highlight the relevance of developing a 
possible combination therapy inhibiting MAPK signaling, cell cycle progression 
and telomere activity. 
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Paper III 
The analysis of the SVs, performed in our lab, detected a recurrent focal 
chromosomal rearrangement at chromosomal region 3q13.31 using WGS, which 
was confirmed by SNP-array. This rearrangement is affecting directly inside of 
the limbic system-associated membrane protein gene (LSAMP) (Figure 7). 
LSAMP has been reported to be present in chick neural crest cells, at level of the 
trunk and also in the notochord, suggesting that it could be involved in the 
interaction and segregation of neural crest cells164. Furthermore, this gene has 
been found to play a selective role during neuronal growth and axon guidance 
in the developing limbic system, affecting neurite outgrowth165. Apart from that, 
LSAMP has also been implicated as a tumor suppressor gene in myeloid 
leukemia, ovarian cancer, osteosarcoma, prostatic cancer, epithelioid 
glioblastoma166-173 and with mental disorders174,175 . 

 
Figure 7. SNP-array profile of a NB cell line, showing a focal chromosomal 

deletion in LSAMP. 

Due to the relationship of LSAMP in cell adhesion, neurite growth and its 
demonstrated implication as a tumor suppressor gene in other cancer types, we 
wanted to further study the implication of LSAMP in NB. 

LSAMP SVs were detected by WGS analyses of tumor DNA in 6 out of a total of 
35 patients, which was confirmed by SNP-microarray analysis. Two of the 
patients with LSAMP SVs presented the alteration only in the relapsed tumor, as 
we described in our primary/relapse investigation53. SNP-microarray performed 
on NB cell lines showed that 7 out of 16 cell lines were positive for 
rearrangements in LSAMP. These rearrangements are targeting the gene and are 
expected to produce an expressional or structural dysregulation. The higher 
occurrence in cell lines relative to patient tumor samples indicates that this 
might be a later event contributing to tumor progression rather than initiation. 
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Functional evaluations using in vitro experiments indicate that LSAMP has a 
tumor suppressor role in NB, as silencing of this gene causes an increase of cell 
proliferation and viability while re-/over-expression of it produces the opposite. 

Moreover, a study of 498 NB patients in the R2 genomic analysis and visualization 
platform shows that patients with low LSAMP expression have worse overall and 
eventfree survival probability than those with high expression. 

Further investigations regarding LSAMP should be performed in order to 
completely understand the mechanisms by which this gene may be involved in 
the progression of NB. 

Paper IV 
Although amplifications in chromosome 12 are not common in primary NB 
tumors, high-grade amplification of one or both chromosomal regions 12q13.3-
14.1 and 12q15 were detected in a subset of NB tumors, commonly involving the 
CDK4 (12q14.1) and MDM2 (12q15) genes (Figure 8), which are potential 
oncogenic targets. Interestingly, amplifications between these amplicons, such 
as an amplification block, have not been detected. The two loci were co-
amplified in 13 out of 17 tumors from this subset. Three other tumors presented 
CDK4 amplification in the absence of MDM2 amplification, while one showed 
MDM2 amplification without CDK4 amplification. Interestingly, some of the 
tumors with 12q-ampification had unique clinical features, including initial 
suspicion of Wilms’ tumor and an atypical metastatic pattern. Besides, specific 
12q-amplifications have also been detected in other cancer types such as 
sarcoma, glioma and melanoma140,141. 

 
Figure 8. SNP-array profile of a NB cell line, which presents 12q13.3-14.1 and 

12q15 amplifications.  
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The genes CDK4 and MDM2, commonly included in the amplicons, play an 
important role in cancer growth and progression. CDK4 is involved in the cell 
division cycle, helping to drive the progression of the cells into DNA synthetic (S) 
phase176, whereas MDM2 is a negative regulator of the tumor suppressor p53, 
having a relevant role in its transcriptional activity and protein stability177.  

Gene expression status of 31 genes located in the 12q-amplified regions were 
investigated for better understanding of the possible implications of these 
alterations, showing that 23 of these genes responded to the amplification with 
a significant increase in the expression levels.  

Taking into consideration that CDK4 and MDM2 are pharmacological targets 
already used in cancer therapy investigations, we were interested in the study 
of the effects of their inhibitors, either as single drug or in combination (MDM2i 
and CDK4/6i), in the progression of NB, and if a combinational therapy would be 
beneficial for this subset of patients. Ten NB cell lines with different genetic 
background were used for this purpose. Viability experiments show that almost 
all studied cell lines, except one, were sensitive to CDK4/6 inhibitors, Ribociclib 
and Abemaciclib. Interestingly, the resistant cell line, SK-N-FI, has high 
expression levels of MDR1 (Multidrug Resistance Protein 1), which could 
possibly lead to the mentioned resistance. Regarding MDM2i (Nutlin-3a), the 
response of the cell lines to the treatment was related to the p53 mutational 
status. Cell lines with wild type p53 function were sensitive to Nutlin-3a, 
including the two cell lines (LS and NGP) with CDK4 and MDM2 co-amplification 
that showed a level of sensitivity similar to the other p53wt cell lines, while the 
ones with p53mut showed resistance to the treatment.  

In connection with combined MDM2 and CDK4/6i therapy, even though non-
significant synergetic effects were observed in p53wt cell lines, the viability 
results showed an additive effect between the drugs; the same result has been 
obtained in CDK4 and MDM2 co-amplified cell lines. In the case of p53mut cell 
lines, no positive response (even lightly antagonistic effect) of the drug 
combination was detected, probably due to lack of response to Nutlin-3a in 
these cells. 

Considering that less than 2% of NB patients present p53 mutations at the time 
of diagnosis and about 15% at relapse time178,179, a large group of NB patients 
may benefit from MDM2i and from a possible combination with CDK4/6i. 
Further investigations are required in order to analyze, in vivo, the efficacy of 
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the drug combination as well as the toxicity and the possibility of long-term 
treatment resistance. 
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Conclusions 

Paper I 

• Molecular analyses of NB PDOXs show that this model maintains strong 
intrinsic genetic, transcriptional and phenotypic stability after serial 
passaging for more than 2 years, preserving NB associated gene 
signatures. 

• Multiple PDOXs established from a single patient tumor reveal 
functional and molecular spatial ITH presenting diverse growth rates as 
well as transcriptional, proteomic and phosphoproteomic profiles. 

Paper II 

• Relapsed tumors generally present higher mutational load and 
additional segmental variants compared to tumors at the time of 
diagnosis. 

• WGS of recurrent NB tumors reveals somatic alterations in the relapsed 
tumors which affects crucial promotors of tumor progression, including 
genes involved in RAS-MAPK signaling, cell cycle progression and 
telomere maintenance. 

• Rare genetic germline variants in DNA repair genes were detected 
which may be cooperating with the acquisition of somatic variants, 
contributing to the development of highly aggressive recurrent NB. 

Paper III 

• Focal rearrangement in the chromosomal region 3q13.31 within the 
LSAMP gene was detected. 

• LSAMP presented a tumor suppressing function in NB. 

Paper IV 

• High grade amplification on 12q was detected in a subgroup of NB 
patients involving the oncogenes CDK4, located at 12q13-14 and/or 
MDM2, located at 12q15.  

• The majority of 12q-amplified tumors arose in the abdominal area, 
some with an atypical metastatic pattern. 
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• MDM2 inhibition by Nutlin-3a is highly dependent on TP53 status. 

• Combined inhibition of CDK4/6 and MDM2 presented an additive effect 
in p53 wild-type cell lines. 
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Future perspectives 

In spite of the neuroblastoma multimodal treatment advances, scientific efforts 
and substantial prognosis during the last decade, the long-term survival of HR-
NB children remains below 50% at the time of diagnosis and below 10% in case 
of relapsed and refractory metastatic disease. Furthermore, the therapy in many 
cases produces long-term side effects due to the toxicity of the treatment, which 
commonly targets fast growing cells, being especially problematic for children 
whose bodies are growing. 

We believe that the incorporation of next generation sequencing analysis, such 
as WGS, into clinical practice could increase the survival rate of the patients. 
WGS is a versatile tool which provides reliable patient specific information of 
somatic mutations in tumors including SNV, CNVs and SVs as well as 
constitutional alterations in germline. WGS can provide a more comprehensive 
approach for detection of genomic abnormalities with rapid determination of 
biomarkers for diagnosis/prognosis, and most importantly, it is a suitable 
starting point for personalized treatment, based on specific tumor targets for a 
specific patient. The new findings can lead not only to a better stratification of 
the patients, but also to avoid unnecessary treatment. 

During these studies we have, by using SNP-microarrays and next generation 
sequencing, characterized a neuroblastoma subset (12q13.3-14.1 and 12q15 co-
amplified) that shares distinct clinical presentation as well as genetical 
alterations, allowing us to analyze possible therapeutic targets. We also 
detected recurrent breakpoints affecting LSAMP, a gene which seems to have an 
anti-proliferative effect in NB cell lines. Moreover, we could explore the ITH in 
PDOXs and genetical differences between primary/relapsed tumor sets which 
highlighted the importance of MAPK signaling, cell cycle progression and 
telomere activity in this specific group. 

Tumors with high degree of ITH are often more aggressive due to subclones that 
can escape to the therapy leading to chemoresistance and relapse. Capturing 
ITH and clonal evolution during time can guide us to relevant information in 
order to establish appropriate specific therapeutic strategies. Consequently, we 
believe in the need to build routine protocols in the clinic for cell-free DNA 
extraction (liquid biopsies), a technique based on circulating cell-free DNA from 
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the tumors that will allow us to study the genetics of the tumor over time in a 
non-invasive way. 

Our ultimate goal is to better understand the genetic alterations that leads to 
HR-NB to facilitate the prognosis, helping also to approach to a truly 
personalized therapy for NB patients, although this is a complex task due to the 
complications of ITH and sub-clonal evolution.  
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The mind is not a vessel to be filled but a fire to be kindled. 

     Plutarch 


